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Abstract 

Aim:  At present, the relationship between serum homocysteine (Hcy), fibrinogen (FIB), lipoprotein-a (LPa), and PAD is 
uncertain, and there has been no meta-analysis to establish the dose–response relationship between their exposure 
levels and PAD.

Methods and results:  Relevant literature published in PubMed, Embase, and Web of Science was retrieved. The 
robust error meta-regression method was used to assess the linear and non-linear dose–response relationship 
between exposure level and PAD risk. A total of 68 articles, involving 565,209 participants, were included. Combined 
with continuous variables, the serum Hcy, FIB, and LPa levels of PAD patients were significantly higher than those of 
healthy individuals. The odds ratios (ORs) of PAD for individuals with high Hcy, FIB, and LPa levels compared with those 
with low levels were 1.47, 1.14, and 1.76, respectively. The study also showed that circulating Hcy, FIB, and LPa were 
significantly elevated in patients with PAD compared with controls. The level of Hcy and the risk of PAD presented 
a U-shaped distribution. The nonlinear dose–response model showed that each 1 μmol/L increase in serum Hcy 
increased the risk of PAD by 7%. Similarly, for each 10 mg/dL FIB and 10 mg/dL LPa increases, the risk of PAD increased 
by 3% and 6%, respectively.

Conclusions:  This meta-analysis provided evidence that elevated Hcy, PIB, and LPa levels may increase the risk of 
PAD, and the risk of PAD increases with the increase in serum exposure within a certain range. By controlling Hcy level, 
the incidence of PAD may be reduced to control the PAD growing epidemic.

Trial registration number: PROSPERO (CRD42021250501), https://​www.​crd.​york.​ac.​uk/​prosp​ero/
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Introduction
Peripheral arterial disease (PAD) is characterized by 
atherosclerosis of the lower limbs. It is the third most 
common manifestation of atherosclerotic vascular dis-
ease after coronary artery disease (CAD) and stroke. 

PAD affects individuals all over the world [1, 2]. At 
present, the incidence of PAD is steadily increas-
ing, accounting for 2–10% of the total population and 
even 20% of patients over 70 years [3, 4]. Although the 
diagnosis of the ankle/brachial index (ABI) is specific 
and patients with PAD have a high risk of cardiovas-
cular events, PAD is still often undiagnosed or under-
estimated [5, 6]. The diagnosis of PAD heralds severe 
dysfunction, which is characterized by lower limb 
pain during exercise, called claudication, and severe 
limb ischemia and limb loss [7, 8]. Symptomatic PAD 
is usually characterized by intermittent claudication, 
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adversely affecting patients’ quality of life and result-
ing in functional impairment [9]. Therefore, PAD 
results in a heavy burden and great pain in the affected 
families, patients, and even the society as a whole.

Although the etiology and pathogenesis remain 
unclear, PAD is considered a multifactorial disease; the 
pathophysiological factors causing peripheral arterial 
occlusion are complex, and atherosclerosis is the main 
pathophysiological basis of PAD [10]. The formation of 
atherosclerotic plaque is based on the gradual accumu-
lation of lipids and inflammatory cells in the arterial 
wall [11, 12]. Several circulating biomarkers have been 
proposed to diagnose PAD, especially fibrinogen (FIB), 
homocysteine ​​(Hcy), lipoprotein a (LPa), C-reactive 
protein (CRP), D-dimer, and IL-6. Simple, inexpen-
sive, and easy-to-detect markers of inflammation and 
thrombosis would play an important role in the posi-
tive diagnosis or risk stratification of PAD. However, 
there is no ideal and specific serum biomarker for clin-
ical detection of PAD.

Reducing Hcy level may decrease the risk of PAD, 
and Hcy level has prognostic significance. However, 
the association between a mildly elevated Hcy level 
and risk of PAD is controversial. Although the rela-
tionship between circulating FIB and PAD has widely 
been reported in previous original studies and meta-
analyses, inconsistent results have also been obtained 
in recent studies. For example, Small et al. determined 
hemostatic factors and their contribution to PAD; they 
suggested that circulating FIB level was not associated 
with PAD [13]. Several studies found that increased 
serum FIB concentration was associated with the 
presence of symptomatic PAD, independent of tradi-
tional and nontraditional cardiovascular risk factors 
[6, 14]. At present, the relationship between serum 
apolipoprotein-a (LPa) and PAD is still controversial, 
and there have been no meta-analyses to evaluate the 
dose–response relationship between these circulating 
biomarker levels and PAD.

Evaluating whether there is a dose–response rela-
tionship between certain exposure levels and disease 
outcomes is an important task of epidemiological 
research. It provides strong evidence for pathogenic 
inference and can promote the exploration of disease 
prevention and treatment measures. Therefore, this 
dose–response meta-analysis evaluated the relation-
ship between serum FIB, Hcy, LPa and PAD, which 
may be of great significance for identifying the risk 
of PAD and improving the clinical course of PAD 
patients. We conducted this updated overall and dose–
response meta-analysis to further explore the associa-
tion between circulating biomarkers and risk of PAD.

Methods
Search strategy
This systematic review was registered at PROS-
PERO (www.​crd.​york.​ac.​uk/​PROSP​ERO) as CRD 
CRD42021250501 on June 1, 2021. We carried out the 
meta-analysis in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-analyses 
(PRISMA) guidelines [15]. The PubMed, Embase, and 
Web of Science databases were searched by two of the 
authors until April 20, 2021, without the restriction of 
language and publication date for eligible studies. Tak-
ing the relationship between serum Hcy and PAD as 
an example, the other two studies on the relationship 
between exposure levels and PAD can be deduced by 
analogy. We selected articles that reported on the rela-
tionship between homocysteine and PAD. Our search 
combined keywords and MeSH terms, and the search 
strategy for all databases is shown in Additional file 1: 
Table  S1. In addition, reference lists of the retrieved 
articles and reviews on the subject were manually 
evaluated to identify any other relevant published arti-
cles. We did not include abstracts, grey literature, and 
unpublished studies.

Eligibility criteria and study selection
The eligibility criteria were in accordance with the Pop-
ulation, Intervention/Exposure, Control, Outcomes, 
and Study design (PICOS) framework. Taking Hcy as 
an example, PICOS were included based on the follow-
ing selection criteria:

Population: Patients had to have an ankle–brachial 
index (ABI) value of ≤ 0.90 with intermittent clau-
dication or asymptomatic PAD or chronic limb 
ischemia, and without diabetes, chronic renal fail-
ure, or metabolic syndrome.
Intervention/Exposure: The level of fibrinogen had 
to be measured according to the Clauss method; 
the level of total homocysteine (free and protein 
bound) had to be determined by fluorescence 
polarization immunoassay; and Lp(a) concentra-
tion had to be determined by ELISA.
Control: Healthy people had to be without PAD. 
Control individuals had be from the same geo-
graphic region, and the same exposure measure-
ment methods had to exist between cases and con-
trols.
Outcomes: OR, mean ± SD.
Study design: Cohort study, case–control study, and 
cross-sectional study.

http://www.crd.york.ac.uk/PROSPERO
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Title/abstract screening: The study had to investigate 
the association between Hcy and PAD.

Full-text review: (1) the study had to be designed as an 
epidemiological study (e.g., cohort study, case–control 
study, or cross-sectional study); (2) the research had to 
report the Hcy levels of cases and controls and the stand-
ard deviation that we were able to estimate, or to report 
odds ratios (ORs), relative risks (RRs), or hazard ratios 
(HRs) with 95% confidence intervals (95% CIs) for Hcy 
and PAD; (3) patients had to have asymptomatic PAD, 
intermittent claudication, or chronic limb ischemia, and 
they did not have diabetes, chronic renal failure, or meta-
bolic syndrome; (4) control individuals had to be healthy 
individuals without PAD from the same geographic 
region and matched with patients with respect to age, 
gender, and presence of type 2 diabetes mellitus.

Study selection was performed by two independent 
reviewers (H. W. and P. W.), and any discrepancies were 
resolved through discussion with a third reviewer (Y. H.).

Data extraction and quality assessment
We extracted the following information from each study: 
author; country; year; ethnicity; study design; number 
of control individuals and PAD patients; gender ratio of 
controls and PAD patients; exposure level; ORs and 95% 
CIs for the highest vs the lowest level of the exposure var-
iables; ORs and 95% CIs for different levels of the expo-
sure variables; adjusting for confounders. As randomized 
control trials were not retrieved and only four articles 
from all the databases involved cross-sectional research, 
the Newcastle–Ottawa Scale (NOS) guidelines were used 
to evaluate the quality of the literature in this study. The 
NOS guidelines-modified studies that achieved six or 
more stars were considered to be of high quality, other-
wise they were marked as low-quality studies.

Statistical analysis
The studies including the serum levels of Hcy, FIB, and 
LPa of the PAD group and the control group were used 
to analyze the differences in serum Hcy, FIB, and LPa 
between patients with PAD and healthy individuals. We 
combined continuous variables into standard mean dif-
ference (SMD) and weighted mean difference (WMD). 
To find the relationship between the levels of exposures 
(Hcy, FIB, and LPa) and the risk of PAD, the summarized 
ORs and 95% CIs were assessed by random-effects mod-
els. Because of the low incidence of PAD (approximately 
22.4/1000 person-years, with 95% CI of 20.8–24.0) [3], 
risk ratios were treated as ORs in most studies. We com-
pared the ORs and 95% CIs of the highest level of expo-
sures to the lowest level of exposures.

A potential linear and nonlinear dose–response rela-
tionship of Hcy, FIB, and LPa with the risk of PAD was 

examined by robust error meta-regression (REMR) 
approach described by Xu and co-workers, namely, we 
used inverse-variance weighted least squares (WLS) 
regression with cluster robust error variances [16] and we 
calculated study-specific slopes (linear trends) and stand-
ard error (SE) from the natural logarithms of the reported 
ORs and CIs across categories of anthropometric meas-
ures. The mean levels of Hcy, FIB, and LPa were assigned 
to the corresponding OR of each study; when these mean 
levels for this category were not reported, we calculated 
the average of the upper and the lower cutoff point to 
estimate the approximate midpoint [17]. When the high-
est or lowest category was open-ended, we assumed that 
the open-ended interval length was the same as the adja-
cent interval when estimating the midpoint [18].). In our 
data set, as the reference dose of exposures varied from 
study to study, the data first had to be centered [19]. Tak-
ing the average of the lowest dose of each study as the 
initial value of the exposure dose level, a restricted cubic 
spline model with knots was used to fit the potential non-
linear dose–response relationship. Thus, we calculated 
summary ORs and SEs for 1  μmol/L increase in Hcy, 
10 mg/dL increase in FIB, and 10 mg/dL increase in LPa 
concentrations. Then, we run the same process without 
splines (using the linear dose fit) to calculate the linear 
trend.

Statistical heterogeneity was assessed using the Q test 
and I2; P < 0.1 and I2 > 50% indicated high heterogeneity 
between the studies. If there was a conflict between the 
Q statistic and the I2 statistic, the I2 statistic prevailed. 
Potential publication bias was assessed by Egger’s test 
and Begg’s test, with P < 0.05 indicating publication bias. 
To judge the robustness of the meta-analysis results, we 
carried out sensitivity analyses, including changing the 
effect model, trim-and-fill method, and analyses with 
excluding one study at a time.

Results
Study selection
The process of literature screening is presented in Fig. 1. 
Searching the databases (PubMed, Embase, and Web of 
Science), a total of 5423 literature records were obtained. 
After eliminating duplicate articles, the titles and 
abstracts of 4315 obtained articles were scanned. A total 
of 3357 references were excluded based on type, corre-
lation, and duplication. Then, the remaining 958 articles 
were scanned in full text and screened in accordance with 
the inclusion and exclusion criteria mentioned above. 
Finally, the 108 articles that met the requirements were 
evaluated for quality. We excluded the articles with unus-
able outcome data, unqualified study design or outcome, 
and data that had not been adjusted for confounders. In 
the end, a total of 68 papers were included in this study, 
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among which 30, 32, and 18 papers explored the relation-
ships between serum Hcy, FIB, LPa and PAD, respec-
tively. A total of 68 articles, involving 565,206 women and 

men, published between the year of 1989 and 2021, were 
included in this meta-analysis.

The detailed characteristics of the included studies are 
summarized in Table  1 and Additional file  2: Table  S2. 

Fig. 1  Flow chart for study inclusion and exclusion
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The quality assessment results are shown in Tables 2 and 
3, and studies with more than six stars were considered 
high-quality studies.

Association of Hcy, FIB, and LPa concentration with PAD
Sixteen articles, with 11,687 participants, were included 
to compare the serum Hcy levels of PAD patients and 
healthy individuals. Using the random-effects model, 
the estimated value of the combined effect size of the 
SMD point was 0.429 (95% CI: 0.285–0.573, I2 = 81.6%, 
P < 0.001), i.e., the serum Hcy concentration of PAD 
patients was significantly higher than that of the controls 
(Fig. 2A). The point estimate of WMD was 2.252 (95% CI: 
1.501–3.002), meaning that the serum Hcy concentration 
of PAD patients on average was 2.252 μmol/L higher than 
that of controls (Additional file 3: Fig. S1A). There was no 
indication of publication bias with Begg’s test (P = 0.096) 
and Egger’s (P = 0.207). Three studies were added with 
trim-and-fill method. The results did not change signifi-
cantly, suggesting that the combined effect size results 
were robust. We also examined the impact of a single 
study on the results; the removal of any single study did 

not make a large change in the SMD, i.e., the result of the 
combined effect size was robust (Fig. 2B).

There were 21 studies, with 17,998 participants, explor-
ing the difference in serum FIB level between patients 
with PAD and healthy individuals. The estimated value 
of the combined effect size of the SMD point was 0.631 
(95% CI: 0.506–0.757, I2 = 78.4%, P < 0.001), indicating 
that the serum FIB concentration of PAD patients was 
significantly higher than that of the controls (Fig.  2C). 
The point estimate of WMD was 39.071 (95% CI: 
30.120–48.022), indicating that the serum FIB concen-
tration of PAD patients on average was 39.071  mg/dL 
higher than that of controls (Additional file 3: Fig. S1B). 
No significant publication bias was observed with Begg’s 
test (P = 0.284) and Egger’s test (P = 0.279). Four studies 
were added with trim-and-fill method; the SMD did not 
change significantly, suggesting that the combined effect 
size results were robust. Examination of the impact of 
a single study on the result revealed that the removal of 
any single study did not make a large change in the SMD 
(Fig. 2D).

Five studies, with 2,533 participants, were included to 
compare serum LPa levels between patients with PAD 

Table 2  Newcastle–Ottawa Scale of cohort studies

Study Years SELECTION COMPARABILITY OUTCOME

Representativeness 
of exposed cohort

Selection 
of the non‐
exposed 
cohort

Ascertainment of 
exposure

Outcome 
of interest 
was not 
present

Comparability of 
exposure and non‐
exposure

Ascertainment of 
outcome

Follow-up 
enough for 
outcome

Adequacy 
of follow-up

Small 2020 ★ ★ ★ ★ ★★ ★ ★ ★
Grenon 2014 ★ ★ ★ ★ ★★ ★ ★ ★
Reich 2007 ★ ★ ★ ★ ★ ★
Wildman 2005 ★ ★ ★ ★ ★★ ★
Smith 2003 ★ ★ ★ ★ ★ ★ ★ ★
Meijer 2000 ★ ★ ★ ★ ★★ ★
LI 2013 ★ ★ ★ ★ ★★ ★
Liu 2020 ★ ★ ★ ★ ★★ ★ ★ ★
Bertoia 2014 ★ ★ ★ ★ ★★ ★
Mohamad 2011 ★ ★ ★ ★ ★ ★ ★
Garofolo 2007 ★ ★ ★ ★★ ★
Guallar 2005 ★ ★ ★ ★★ ★
Allison 2006 ★ ★ ★ ★ ★★ ★ ★
ELLER 2005 ★ ★ ★ ★ ★★ ★ ★
Aronow 1998 ★ ★ ★ ★ ★★ ★
Pedoe 2017 ★ ★ ★ ★★ ★ ★
Forbang 2016 ★ ★ ★ ★★ ★
Gurdasani 2012 ★ ★ ★ ★ ★★ ★ ★
Volpato 2010 ★ ★ ★ ★ ★ ★ ★ ★
Pradhan 2008 ★ ★ ★ ★★ ★ ★ ★
Diehm 2004 ★ ★ ★ ★ ★★ ★
Tyrrell 1995 ★ ★ ★ ★ ★★ ★
Trinder 2020 ★ ★ ★ ★ ★ ★
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and controls. The estimated value of the combined effect 
size of the SMD point was 0.420 (95% CI: 0.231–0.609, 
I2 = 75.4%, P = 0.003), meaning that the serum LPa 

concentration of PAD patients was significantly higher 
than that of the controls (Fig. 2E). The point estimate of 
WMD was 39.071 (95% CI: 30.120–48.022), indicating 

Table 3  Newcastle–Ottawa Scale of case–control studies

Study Years Selection Comparability Exposure

Case 
definition 
adequate

Representativeness 
of the cases

Selection of 
controls

Definition 
of control

Comparability 
of cases and 
controls

Ascertainment 
of exposure

Same method 
of cases and 
controls

Non‐
response 
rate

Ceasovschih 2020 ☆ ☆ ☆ ☆☆ ☆ ☆

Celebi 2020 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Mancho 2014 ☆ ☆ ☆☆ ☆ ☆

Undas 2010 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Bruijne 2010 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

MANGIAFICO 2006 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Kaperonis 2006 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Nasir 2005 ☆ ☆ ☆ ☆ ☆ ☆

Selvin 2004 ☆ ☆ ☆ ☆ ☆ ☆

Bozkurt 2004 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Makin 2003 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Giunta 2001 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Blann 1998 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Mustonen 1998 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Poredoš 1996 ☆ ☆ ☆ ☆ ☆ ☆

LENG 1995 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Herren 1994 ☆ ☆ ☆ ☆ ☆☆ ☆

Fabsitz 1998 ☆ ☆ ☆ ☆ ☆ ☆

Bylica 2012 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Rong 2017 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Weragoda 2016 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Sartori 2010 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Sabino 2007 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Mueller 2005 ☆ ☆ ☆ ☆ ☆ ☆ ☆ ☆

Mueller 2004 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Bosch 2003 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Bloemenkamp 2002 ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Bloemenkamp 2002 ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Stricker 2001 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Loncar 2001 ☆ ☆ ☆☆ ☆ ☆

Bunout 2000 ☆ ☆ ☆ ☆☆ ☆ ☆

Todesco 1999 ☆ ☆ ☆ ☆☆ ☆

Malinow 1989 ☆ ☆ ☆☆ ☆ ☆

Taylor 1991 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Kheirkhah 2020 ☆ ☆ ☆ ☆☆ ☆ ☆

Tmoyan 2017 ☆ ☆ ☆ ☆☆ ☆ ☆

Laschkolnig 2014 ☆ ☆ ☆ ☆ ☆ ☆ ☆

Ye 2012 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Bertoia 2013 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Be´rard 2013 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Ix 2008 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆

Dieplinger 2007 ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Vigna 2006 ☆ ☆ ☆ ☆ ☆ ☆

Sof 2005 ☆ ☆ ☆ ☆ ☆☆ ☆ ☆ ☆

Ridker 2001 ☆ ☆ ☆ ☆☆ ☆ ☆
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that the serum LPa concentration of PAD patients on 
average was 39.071  mg/dL higher than that of controls 
(Additional file  3: Fig. S1C). No significant publication 
bias was found by Begg’s test (P = 0.806) and Egger’s 
(P = 0.503). Two studies were added with trim-and-fill 
method and the SMD did not change significantly, sug-
gesting that the combined effect size results were robust. 
Examining the impact of a single study on the result 

revealed that the removal of any single study did not 
make a large change in the SMD (Fig. 2F).

Elevated Hcy, FIB, Lpa, and risk of PAD
Data extracted from 13 articles (21,630 participants) 
that compared the relative risk of PAD between indi-
viduals at the top level of Hcy and those at the bot-
tom level of Hcy yielded a summary OR of 1.470 (95% 

Fig. 2  Circulating homocysteine levels A and trim-and-fill method analysis (B); fibrinogen level C and trim-and-fill method analysis (D); and 
lipoprotein-a level E and trim-and-fill method analysis F in patients with PAD and control subjects
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CI: 1.274–1.696, I2 = 78.9%, P < 0.001; in Fig.  3A). No 
significant publication bias was found by Begg’s test 
(P = 0.913). We examined the impact of a single study 
on the results; removing two studies [14, 20] made the 
result exceed the confidence interval, but it did not 
reverse the result, and removing other studies did not 
change the results significantly (Fig. 3B).

Twelve studies, including 303,710 participants, were 
used to evaluate the risk of PAD in individuals with the 
highest FIB levels compared with those with the lowest 
FIB levels. The summary OR was 1.142 (95% CI: 1.005–
1.237, I2 = 79.0%, P < 0.001; in Fig.  3C). There was no 
indication of publication bias with Begg’s test (P = 0.541). 
We examined the impact of a single study on the results; 

Fig. 3  Prevalence of PAD in patients with homocysteine levels homocysteine ≥ 10 μmol/L vs those with less than 10 μmol/L A and two studies 
were added with trim-and-fill method B for homocysteine levels and PAD. Distribution of fibrinogen levels upper and lower status in controls and 
PAD patients and odds ratios (C), and trim-and-fill method analysis (D). Prevalence of PAD in patients with upper lipoprotein-a levels vs those with 
lower lipoprotein-a levels E and trim-and-fill method analysis (F)
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removal of two studies [21, 22] made the result larger 
than the confidence interval, but it did not reverse the 
result, and removing other studies did not change the 
results significantly (Fig. 3D).

Nine studies, including 5,764 participants, were used 
to evaluate the risk of PAD in individuals with high FIB 
levels; the summary OR was 1.755 (95% CI: 1.438–2.143, 
I2 = 83.6%, P < 0.001; in Fig.  3E). There was no evidence 
of publication bias with Begg’s test (P = 0.118). The result 
of the combined effect size was robust, because there 
was no significant change in the result after applying the 
trim-and-fill method, and the removal of any single study 
did not significantly change the result of the combined 
effect size (Fig. 3F).

Dose–response analysis
Six studies (34,898 participants) were included to analyze 
the dose–response relationship between Hcy and PAD. 
The data were fitted using an RCS with three knots (at 7, 
9, and 12) allowing for a potential nonlinear relationship. 
The regression parameter estimates of the first spline 
and the second spline were − 0.4353 (β1) and 0.4180 
(β2), respectively (Table 4, Additional file 4: Table S3 and 
Additional file 5: Table S4). An increase in the Hcy con-
centration of 1  μmol/L resulted in a 7% increase in the 
risk of PAD (P = 0.398). The level of Hcy and the risk of 
PAD presented a U-shaped distribution (Fig. 4A). When 
the concentration of Hcy was higher than 11.7  μmol/L, 
the risk of PAD increased sharply. We used the same pro-
cess to calculate the linear trend over the entire range 
of doses, and the risk of PAD increased 3% per each 
1 μmol/L increase of Hcy concentration (Fig. 4B).

Five studies (37,933 participants) were used to ana-
lyze the dose–response relationship between FIB and 
PAD. An RCS was created (with three knots at 268, 318, 
and 370 of the dose distribution), which generated two 
splines, and these were then employed for the potential 
nonlinear dose-specific modeling. The regression param-
eter estimates of the first spline and the second spline 
were 0.0005 (β1) and 0.0020 (β2), respectively (Table  4, 
Additional file 4: Table S3 and Additional file 5: Table S4). 
The risk of PAD increased by 3% for each 10  mg/dL 
increase of FIB concentration (P = 0.882). Nonlinear 

Table 4  Estimated regression parameters and standard errors by 
REMR model

Hcy and PAD FIB and PAD Lpa and PAD

Knots 7, 9, 12 268, 318, 370 2, 19, 74

β1(SE) − 0.4353 (0.4765) 0.0005 (0.0036) 0.0074 (0.0018)

β2(SE) 0.4180 (0.4254) 0.0020 (0.0028) − 0.0026 (0.0036)

P for nonlin-
earity

0.398 0.882 0.722

β1(nonspline 
model)

0.0320 0.0028 0.0060

Fig. 4  Linear and nonlinear dose–response analyses of circulating Hcy levels, FIB level and LPa level and risk of AAA. The nonlinear dose–response 
analysis of homocysteine, per 1 μmol/L (A), fibrinogen level, per 10 mg/dL (B), and lipoprotein-a level, per 1 mg/dL C and risk of PAD. The linear 
dose–response analysis of homocysteine, per 1 μmol/L (D), fibrinogen level, per 10 mg/dL (E), and lipoprotein-a level, per 1 mg/dL F and risk of PAD
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dose–response analysis showed that the risk of PAD con-
tinued to increase as FIB increased (Fig.  4C). However, 
the nonlinear dose–response relationship also showed a 
flat curve over the typical range of FIB concentrations, 
suggesting that higher risks were associated with higher 
concentrations. Under the linear model, the risk of PAD 
increased by 3% for the same increment (Fig. 4D).

Five studies (247,709 participants) were included 
to analyze the dose–response relationship between 
LPa and PAD. There were three knots (at 2, 19, and 74 
across the reported dose distribution) using RCSs. Esti-
mated regression parameters were 0.007384 for β1 
and − 0.002629 for β2 (Table 4, Additional file 4: Table S3 
and Additional file  5: Table  S4). An LPa increment of 
1  mg/dL resulted in a 6% increase in the risk of PAD. 
Nonlinear dose–response analysis (Fig.  4E) showed a 
consistently increasing risk with increased LPa. Given the 

linear relationship (Fig. 4F), the linear trend (for 10 mg/
dL increase) was 1.06, that is, the risk of PAD increased 
by 6% for each 10 mg/dL increase in LPa concentration.

Subgroup analysis
Subgroup analysis was performed based on study design, 
and studies were divided into prospective and retrospec-
tive studies. Retrospective studies include case–control 
studies and cross-sectional studies, while prospective 
studies are cohort studies. Due to limitations in the data 
included in the study, we performed subgroup analyses 
only to assess the risk between Hcy, FIB, and LPa and 
PAD. As shown in Fig.  5A, whether it is a combination 
of prospective studies or retrospective studies, the results 
show that HCY is a risk factor for PAD. When evaluat-
ing the relationship between FIB and PAD risk, combined 
prospective research results show that FIB is a risk factor 
for PAD, while combined retrospective studies have no 

Fig. 5  Subgroup analysis forest plot shows the OR and 95% CI for the association between circulating Hcy levels (A), FIB level B and LPa level C and 
risk of PAD
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effective results, as shown in Fig. 5B. As for the relation-
ship between LPa and PAD risk, both prospective stud-
ies and retrospective studies have shown that LPa is a risk 
factor for PAD, as shown in Fig. 5C.

Discussion
PAD commonly results from progressive narrowing of 
arteries in the lower extremities due to atherosclero-
sis. Previous studies have shown that PAD is associated 
with a significantly elevated risk of cardiovascular disease 
morbidity and mortality [23, 24]. PAD is also a common 
macrovascular complication of T2DM, which not only 
may contribute to initiation and aggravation of diabetic 
foot ulcer but is also an efficient predictor of cardiovas-
cular mortality and morbidity.

Main implications
In the present study, we found that the serum homocyst-
eine levels of PAD patients were significantly higher than 
those of healthy individuals. In addition, the risk of PAD 
in individuals with high serum homocysteine was 1.47 
times higher than that of the corresponding low-level 
population. Meanwhile, Hcy was significantly higher 
(pooled mean difference 2.25 μmol/L; 95% CI: 1.50–3.00, 
P < 0.0001) in patients with PAD compared with con-
trols. Previously, a meta-analysis of 14 relevant studies 
showed that Hcy was significantly elevated (pooled mean 
difference + 4.31  μmol/L; 95% CI: 1.71–6.31, P < 0.0001 
with significant heterogeneity) in patients with PAD 
compared with controls [25]. However, that study only 
reported the pooled relative risk of PAD when comparing 
the highest Hcy category group with the lowest Hcy cat-
egory group and failed to explore the quantitative dose–
response association between Hcy levels and risk of PAD. 
The present study is the first systematic dose–response 
meta-analysis of serum homocysteine levels and the risk 
of PAD. Regarding the nonlinear dose–response rela-
tionship between serum Hcy levels and PAD, we found 
that when the concentration of Hcy was higher than 
11.7  μmol/L, every increase of 1  μmol/L in serum con-
centration of Hcy increased the risk of PAD by 7%. More 
importantly, we found that the relationship between 
serum Hcy level and the risk of PAD showed a U-shaped 
curve distribution. When the Hcy concentration was 
lower than 11.7  μmol/L, Hcy was not considered a risk 
factor for PAD; in contrast, when the Hcy concentration 
was higher than 11.7 μmol/L, the risk of PAD increased 
sharply with the increase of Hcy level. This conclu-
sion is supported by the previously reported relation-
ship between PAD and Hcy. [26]. Our findings may have 
important implications for public health. Elevated Hcy 
level may be a modifiable risk factor for PAD.

According to the results of our meta-analysis, control-
ling and maintaining a healthy fibrinogen level should be 
recommended to benefit health. Here, the risk of PAD 
in individuals with high serum fibrinogen levels was 
1.14 times higher than that of the corresponding low-
level population. Kremers et al. identified fibrinogen as a 
promising biomarker that represents different pathophys-
iological processes implicated in lower extremity PAD; in 
that meta-analysis, increased fibrinogen levels have been 
associated with an increased relative risk of mortality of 
2.08 [27]. However, the study designs included in that 
meta-analysis were inconsistent, including prospective 
nested case–control studies, prospective cohort stud-
ies, and case–control studies. Thus, here we performed a 
meta-analysis focusing only on prospective cohort stud-
ies to investigate the dose–response association between 
the FIB level and risk of PAD. We also found that the rela-
tionship between serum FIB levels and the risk of PAD 
presented an approximately J-shaped curve distribution. 
When the FIB concentration was higher than 319.7 mg/
dL, every 10 mg/dL increase in serum FIB concentration 
increased the risk of PAD by 3%. When the FIB concen-
tration was lower than 319.7 mg/dL, the risk of PAD did 
not change significantly with the increase of FIB level; in 
contrast, when the FIB concentration was higher than 
319.7 mg/dL, the risk of PAD increased sharply with the 
increase in FIB level.

We found that the serum lipoprotein-a (LPa) levels 
of PAD patients were significantly higher than those of 
healthy individuals. In addition, the risk of PAD in indi-
viduals with high serum LPa levels was 1.76 times higher 
than that of the corresponding low-level population. The 
dose–response relationship between serum LPa level and 
PAD indicated that as the LPa level increased, the risk of 
PAD increased. In addition, every 10 mg/dL increase in 
serum LPa concentration increased the risk of PAD by 
6%.

Potential mechanism
The pathogenesis of PAD is complex, involving a vari-
ety of genetic and environmental factors related to ath-
erosclerosis and thrombosis, and the interaction between 
them [28]. The most common cause of PAD is athero-
sclerosis [29]. Atherosclerotic plaque causes narrowing 
or occlusion of the arteries, thereby reducing blood flow 
to the affected limb [29]. Thrombin-mediated conversion 
of plasma fibrinogen to fibrin, forming a relatively insol-
uble clot, is the final step in the clotting cascade. Fibrin 
has been shown to be a stable component of atheroscle-
rotic plaque and to promote its growth [30]. In addition, 
FIB is also a determinant of inflammation biomarkers, 
acute phase reactants, and blood viscosity. Hyperho-
mocysteinemia has been reported to reduce thrombus 
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permeability and solubility sensitivity, and the current 
study confirmed that Hcy is associated with certain 
fibrin clot markers in patients with PAD, despite a num-
ber of potential confounding factors [31]. In addition, 
Hcy is involved in various pathological processes, such 
as endothelial dysfunction, oxidative stress, and vascular 
remodeling, which further aggravate the impairment of 
vasodilation in PAD patients during exercise, resulting in 
motor dysfunction [32]. These mechanisms may explain 
how Hcy increases the risk of PAD. LPa is the main car-
rier of oxidized phospholipids in plasma, and it induces 
the activation of monocytes. The increased migration 
of these monocytes between endothelial cells leads to 
the production of proinflammatory cytokines and other 
cellular effects that contribute to the progression of ath-
erosclerotic disease [33–35]. At present, the pathophysi-
ological effects of serum Hcy, FIB, LPa, and PAD are still 
not fully understood, and more studies on the correlation 
mechanism are needed in the future.

Advantages and limitations
Our meta-analysis has several strengths. To our knowl-
edge, this is the first systematic dose–response meta-
analysis of serum exposure levels of Hcy, FIB, and LPa 
and the risk of PAD, and the results obtained have a 
mutual collaborative relationship with previous research 
conclusions. Compared with the sample size limit of a 
single study, this meta-analysis included a total of 68 arti-
cles, with a total sample size of 565,209 patients, includ-
ing > 56,754 PAD cases. The total sample size of the 
studies on the relationship between Hcy, FIB, LPa and 
PAD reached 65,886, 320,756, and 255,456, respectively. 
A large number of cases allowed us to determine the 
relationship between exposure levels and PAD risk. In 
addition, the 68 included articles were of high quality (all 
studies scored ≥ 6 stars). The method used in this study 
was the REMR method. Compared with previous stud-
ies using Generalized Least Squares (GLST) as a dose–
response meta-analysis method, the REMR method 
eliminated the bias generated by the GLST method using 
the non-intercept model, resulting in better error estima-
tion and a better visual fit to the data [16]. Moreover, our 
meta-analysis included prospective cohort studies, which 
may effectively avoid the possibility of a reverse relation 
and enhance the possibility of an etiological hypothesis. 
Finally, all the included studies have a relatively high 
quality, and the main results were robust after sensitivity 
analyses and Egger’s test.

Several potential limitations should be mentioned in 
this meta-analysis. First, according to previous reports, 
the relationship between exposure levels and the risk 
of PAD may vary slightly by gender and region [36–38], 

but we did not perform the subgroup analysis based on 
sex and region due to the limited data. Second, although 
the included studies adjusted for potential risk factors 
of PAD, residual confounders might exist because of the 
observational nature of the data. In addition, there was a 
large heterogeneity among the included studies, but the 
results of the sensitivity analysis showed that the com-
bined effect size results were robust. Of course, the three 
exposure factors in this study are inherently controver-
sial as risk factors for PAD, which may have led to high 
heterogeneity between the studies. Moreover, differences 
in the measurement of exposure levels may have also 
increased the heterogeneity. However, overall, the results 
of this study were stable, and the direction of exposure 
factors on PAD had never changed.

Conclusions
Based on the above results, it can be reasonably con-
cluded that serum Hcy, FIB, and LPa are related to the 
risk of PAD, and within a certain range of their serum 
levels, the risk of PAD increases with the increase in the 
serum level. These three exposure factors are expected 
to become serum biomarkers of PAD. Individuals with 
high serum Hcy, FIB, and LPa levels should be highly 
concerned about the risk of PAD, and early screening 
and appropriate treatment are crucial. By controlling 
the Hcy level, the incidence of PAD may be reduced to 
control the growing epidemic. Therefore, our research is 
of great significance for the prevention of PAD and for 
improving the diagnosis of the disease. Certainly, further 
observational studies with large sample sizes are needed 
to verify our results, and more studies are also needed 
to explore the underlying physiological and pathological 
mechanisms.
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