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Abstract 

Background: The relationship between vascular endothelial growth factor (VEGF) and the risk of venous throm-
boembolism (VTE) has always been one of the concerns in the medical field. However, the causal inferences from 
published observational studies on this issue may be affected by confounders or reverse causality. We performed a 
two-sample bidirectional Mendelian randomization (MR) to infer the associations between VEGF and VTE.

Methods: Summary statistics from genome-wide association studies (GWAS) for VEGF and VTE were obtained from 
published meta-analysis studies and the FinnGen consortium, respectively. Independent genetic variables signifi-
cantly associated with exposure were selected as instrumental variables. Linkage disequilibrium score regression 
(LDSC) and five robust MR analytical approaches were conducted to estimate the genetic correlations and causal 
inference. The MR-Egger intercept, Cochran’s Q, and MR pleiotropy residual sum and outlier (MR-PRESSO) were per-
formed to evaluate the horizontal pleiotropy, heterogeneities, and stability of these genetic variants on outcomes. 
Notably, replication analyses were performed using different subgroups of VTE.

Results: LDSC failed to identify genetic correlations between VEGF and VTE. Based on 9 SNPs, the circulating VEGF 
level was positively related to the risk of VTE using inverse variance weighting (IVW) method (odds ratio (OR) = 1.064, 
95% confidence interval (CI), 1.009–1.122). Reverse MR analyses showed that genetic liability for VTE was not associ-
ated with increased VEGF level (β = -0.021, 95% CI, -0.087-0.045). Pleiotropy-robust methods indicated no bias in any 
estimates.

Conclusions: Our findings failed to detect coheritability between VEGF and VTE. The suggestive positive effect of 
the higher VEGF level on the VTE risk may have clinical implications, suggesting that VEGF as a possible predictor and 
therapeutic target for VTE prevention need to be further warranted.
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Background
Venous thromboembolism (VTE) is a chronic disease 
that can be divided into deep vein thrombosis (DVT) and 
pulmonary embolism (PE) according to the site of embo-
lism, and is the third leading cause of vascular mortality, 
affecting nearly 10  million population worldwide each 
year [1, 2]. VTE is a multicausal disorder influenced by 
both acquired and inherited risk factors, and is associ-
ated with reduced survival, high recurrence rates, and 
substantial healthcare costs [3–5]. Previous studies have 
focused on clinical risk factors (cancer, major surgery, 
immobilization, etc.) and some specific genetic condi-
tions (i.e. Factor V, protein C or protein S) that account 
for less than one-fifth of population attributable risk in 
the elderly [6, 7], but most VTE are provoked by weak 
risk factors or even no apparent risk factors [1, 8]. Given 
the lack of public awareness that unprovoked thrombus 
is common and preventable as well as the few reliable 
and sensitive biomarkers to identify those patients, new 
biomarkers are still needed to alleviate cost and time of 
diagnosis [9]. One such possible biomarker is vascular 
endothelial growth factor (VEGF), a neurotrophic and 
angiogenic factor secreted by endothelial cells, which is 
known to affect a variety of physiological and pathologi-
cal processes [10, 11]. Observational studies highlight the 
role of VEGF as an inflammatory marker in thrombosis 
[12, 13]. Besides, the formation of DVT may also stimu-
late the expression of VEGF [14]. However, inconsistent 
conclusions were also existed, such as the use of VEGF-
inhibitors did not increase the risk of VTE in patients 
with ovarian cancer [15], but significantly increased 
the risk of VTE in patients with malignant glioma [16]. 
Therefore, whether there are causal associations of VEGF 
with risk of VTE require further investigations as the 
potential confounders as well as the above conflicting 
results.

The design of Mendelian randomization (MR) study 
follows Mendelian law of inheritance, which is similar 
to randomized controlled trails and could provide more 
robust evidence for causal estimation between VEGF 
and VTE risk. Genetic variants robustly related to VEGF 
and VTE would be selected as instrumental variables 
(IVs), respectively. IVs are less likely to be influenced by 
confounders and reverse causality due to the random 
assignment of parents to offspring at conception [17, 18]. 
Linkage disequilibrium score (LDSC) regression was per-
formed to explore the coheritability of VEGF with VTE 
by assessing the genetic correlation [19]. This study was 

focus on the circulating VEGF, a possible regulator influ-
encing the risk of VTE, the correlations of which with 
risk of VTE are not yet well defined [20]. Therefore, we 
applied the univariable MR (UVMR) and bidirectional 
MR analyses to infer causal association of circulating 
VEGF level with the risk of VTE using summary GWAS 
data from European population.

Methods
Study Design
This is a two-sample bidirectional MR study. The genetic 
variants significantly related to VEGF and VTE were 
selected as instrumental variants, respectively. Schematic 
diagram of the study design and three major assump-
tions of forward MR are shown in Fig.  1. First, the IVs 
should be strongly correlated with VEGF. Second, the 
IVs have no associations with confounders. Last, the IVs 
should only be linked with VTE via VEGF. VTE (inci-
dence rate: 115–269/100,000 persons/year [3]) includes 
DVT (incidence rate: 88–112/100,000 persons/year [7]) 
and PE. The lower extremities are the most common site 
for DVT, while PE occurs in pulmonary arteries, when 
thrombi dislodge from the vein walls and travel with the 
blood into the pulmonary arteries [21]. Therefore, rep-
lication analyses were performed using different sub-
groups of VTE (DVT_PE: DVT of the lower extremities 
and pulmonary embolism and DVT: DVT of the lower 
extremities (no controls excluded)). All statistical analy-
ses in our study were based on available summary data 
and therefore no ethical approval was required.

GWAS of VEGF
The summary data of VEGF were derived from the larg-
est published GWAS meta-analysis based on 16,112 
individuals (mean age: 54.8 years, 54% females) from 
ten cohorts of European ancestry. Of these, six cohorts 
(the Age Gene/Environment Susceptibility Reykjavik 
Study (AGES), the Cilento study (Cilento), the Framing-
ham Heart Study (FHS), the Ogliastra Genetic Park 
(OGP), the Prospective Investigation of the Vasculature 
in Uppsala Seniors Study (PIVUS), and the Val Borbera 
study (VB)) were used as discovery datasets, another two 
cohorts (the Gioi and the Sorbs population) were served 
as discovery and in-silico replication cohorts, and the last 
two cohorts (the STANISLAS Family Study (SFS) and a 
sample of hypertensive adults (HT)) were served as dis-
covery, in-silico and de-novo replication cohorts. In this 
association analyses, age and gender were adjusted as 
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covariates. Ultimately, a total of 10 independent vari-
ants located in 7 chromosomal loci were identified in 
this GWAS meta-analysis of circulating VEGF levels. The 
unit of VEGF level was pg/ml and was natural log-trans-
formed, other details was provided elsewhere [11].

GWAS of VTE (DVT_PE and DVT)
We used summary statistic from a GWAS which was 
made public by the FinnGen consortium [22] (Release 
5, https:// www. finng en. fi/ en). FinnGen is a growing pro-
ject, containing many biobanks and cohorts (e.g., Auria 
Biobank, Biobank Borealis of Northern Finland, Finnish 
Clinical Biobank Tampere). A total of 218,792 samples 
and 16,962,023 variants were used for core analysis, with 
sex, age, and genotyping batch adjusted in this model. 
VTE, DVT_PE and DVT were defined according to the 
International Classification of Diseases (ICD) revision 
9. VTE, the primary outcome, included 9,176 patients 
and 209,616 controls (https:// stora ge. googl eapis. com/ 
finng en- public- data- r5/ summa ry_ stats/ finng en_ R5_ 
I9_ VTE. gz). Replication analyses were performed using 
7,988 patients and 210,804 controls for DVT of the lower 
extremities and pulmonary embolism (https:// stora ge. 

googl eapis. com/ finng en- public- data- r5/ summa ry_ stats/ 
finng en_ R5_ I9_ DVTAN DPULM. gz), and 4,576 patients 
and 214,216 controls for DVT of the lower extremities 
(no controls excluded) (https:// stora ge. googl eapis. com/ 
finng en- public- data- r5/ summa ry_ stats/ finng en_ R5_ I9_ 
PHLET HROMB DVTLOW_ EXNONE. gz).

The GWAS summary data on exposure and outcomes 
were all based on European populations.

Genetic instrumental variable selection
Single nucleotide polymorphisms (SNPs), that sig-
nificantly (P threshold = 5 ×  10− 8) associated with the 
circulating VEGF level and VTE risk, were selected 
as instrumental variables, respectively. Independent 
variants (linkage disequilibrium (LD), r2 < 0.001) were 
retained based on European ancestry reference data 
from the 1000 Genomes Project. Since the number of 
independent SNPs of VEGF was limited (only 3 SNPs 
retained after harmonizing VEGF with VTE), referring to 
similar studies that set  r2 to 0.01 [23–25], we selected eli-
gible SNPs by relaxing the LD  r2 threshold to 0.01 when it 
was treated as exposure.

Fig. 1 Schematic diagram of the study design. The dashed lines represent pathways that violate the MR assumptions. SNP: single-nucleotide 
polymorphism; GWAS: genome-wide association study; VEGF: vascular endothelial growth factor; VTE: venous thromboembolism; DVT: deep vein 
thrombosis; DVT_PE: deep vein thrombosis and pulmonary embolism

https://www.finngen.fi/en
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_VTE.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_VTE.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_VTE.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_DVTANDPULM.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_DVTANDPULM.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_DVTANDPULM.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_PHLETHROMBDVTLOW_EXNONE.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_PHLETHROMBDVTLOW_EXNONE.gz
https://storage.googleapis.com/finngen-public-data-r5/summary_stats/finngen_R5_I9_PHLETHROMBDVTLOW_EXNONE.gz
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MR analysis
Forward MR analyses were performed to estimate the 
causal effect of circulation VEGF (exposure) on the risk of 
VTE (DVT_PE and DVT) (outcomes). Then, reverse MR 
was conducted using genetic variants with VTE (DVT_
PE and DVT) (exposures) respectively to investigate their 
causal effects on VEGF (outcome). The effects (i.e. beta) 
and corresponding standard errors (SE) of SNPs were 
obtained from the GWAS-VEGF and GWAS-VTE [26]. 
Next, palindromic SNPs were removed via harmonizing 
VEGF and VTE data [27].

Inverse variance-weighted (IVW) analysis was per-
formed as the main method, actually that was a single 
variable weighted linear regression of outcome (SNPs) 
effects on exposure (SNPs) effects and the intercept 
was constrained to zero [28]. Results may be imprecise 
if IVs exhibit horizontal pleiotropy, meaning that IVs 
may affect outcomes via pathways other than exposures 
[29]. Therefore, we supplementarily applied several MR 
methods based on different IVs assumption, including 
MR-Egger regression, weighted median (WM), penalty 
weighted median (PWM) and causal analysis using sum-
mary effect estimates (CAUSE), as sensitivity analyses to 
verify the robustness of the main IVW estimate [29]. The 
MR-Egger regression (the intercept is not constrained 
to zero [29, 30]) gives consistent estimates with IVW 
method if all IVs are invalid; while WM and PWM meth-
ods require more than half of the IVs to be valid [31]. For 
efficiency, WM estimates are generally as accurate as 
IVW estimates, both are more accurate than MR-Egger 
estimates, and MR-Egger regression estimates are espe-
cially imprecise if IVs are all similarly associated with the 
exposure [31]. Horizontal pleiotropy may be correlated 
(IVs affect exposure and outcome through shared fac-
tors) or not correlated (IVs affect exposure and outcome 
via independent pathways) with a shared factor but both 
of which are not violated the major MR assumption [32]. 
The CAUSE analysis, a recent method that accounts for 
correlated or uncorrelated horizontal pleiotropy effects, 
was conducted, which includes more IVs by LD pruning 
(r2 < 0.10) with its built-in function based on pre-com-
puted LD estimates [32].

Horizontal pleiotropy was assessed by the intercept test 
of MR-Egger method (the intercept p-value < 0.05 implied 
the presence of horizontal pleiotropy) [33] and the MR 
pleiotropy residual sum and outlier (MR-PRESSO) test 
(potential outlier SNPs which violated of the IV assump-
tions could be detected) [34]. In addition, heterogeneity 
was estimated by Cochran Q test and I2 statistics in IVW 
and MR-Egger methods (the Cochran Q_P value < 0.05 or 
I2 statistics > 25% indicated the presence of heterogene-
ity) [35, 36], which could help to evaluate the horizontal 

pleiotropy. Funnel plots were also used to assess potential 
asymmetry visually [29].

Odds ratios (ORs) and the corresponding 95% confi-
dence intervals (CIs) of VTE correspond to VTE risk per 
standard deviation (SD) increase in log odds of the circu-
lating VEGF, alternatively, β and the corresponding 95% 
CI of VEGF represent the reverse association. Bonferroni 
correction was performed to account for 3 outcomes, 
with the significance threshold for forward and reverse 
causality set at P = 0.017 (0.05/3). Referring to previous 
articles [37–39], we considered the results to be strong 
significant when P < 0.017, and suggestive evidence when 
0.017 < P < 0.05. MR analyses were conducted by using the 
following R (version 4.0.3, https:// www.r- proje ct. org/) 
packages: “TwoSampleMR” [40, 41], “MR-PRESSO” [42] 
and “CAUSE” [32].

Variance explained by IVs and F‑statistic of MR analyses
To estimate the variance explained for each SNP, we cal-
culated  R2 by formula as follow: R2 = 2×MAF× (1-MAF) 
×  Beta2. Then, we summed the  R2 to calculate the over-
all  R2 and F-statistics for exposure (F-statistic =  R2 × 
(N-2) / (1-R2)). N means the number of individuals of the 
GWAS- exposure [43]. The higher the  R2 and F-statistics 
are, the lower the risk of weak IVs bias [44].

Heritability and genetic correlations analyses
LDSC regression regressed Chi-square statistics for 
one trait to calculate SNP-based heritability  (h2) or two 
traits to estimate SNP-based coheritability (http:// ldsc. 
broad insti tute. org/ ldhub/, LD score tool, version 1.0.1). 
Cross-trait LDSC regression was conducted to assess 
the genetic correlations between VEGF and VTE by the 
regression slope using GWAS summary data [19]. If the 
heritability z-score is small (i.e. < 4), the genetic cor-
relation estimates are generally too noisy to report [45]. 
Likewise, the results are probably not suitable for LDSC 
regression with small Chi-square (e.g., < 1.020) [46].

Results
The detailed information for the characteristics of SNPs 
used for each trait was shown in supplementary material 
(Table S1 and Table S2). The brief information of GWAS 
data were listed in Table 1.

Causal effect of VEGF on the risk of VTE via forward MR
In the forward MR analyses, a total of 11 SNPs were 
screened out and the F-statistics ranged from 291 
to 29,703. Nine independent SNPs (rs7030781 and 
rs10761731 were excluded for being palindromic struc-
ture) were selected as the IVs for VEGF after harmoniz-
ing SNP-exposure and SNP-outcomes.

https://www.r-project.org/
http://ldsc.broadinstitute.org/ldhub/
http://ldsc.broadinstitute.org/ldhub/
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Table 1 Brief information of GWAS used in the MR analyses

VEGF Vascular endothelial growth factor, VTE Venous thromboembolism, DVT Deep vein thrombosis, DVT_PE Deep vein thrombosis and pulmonary 
embolism, MR Mendelian randomization, R2 Variance for SNPs; nIVs Number of instrumental variables

Exposure Outcome

Trait Sample Trait Sample nIVs R2 F-statistic

VEGF  (r2 < 0.01) 16,112 VTE 218,792 9 0.166 39967.866

VTE  (r2 < 0.001) 218,792 VEGF 16,112 10 0.130 29895.544

DVT_PE  (r2 < 0.001) 218,792 VEGF 16,112 7 0.125 28358.117

DVT  (r2 < 0.001) 218,792 VEGF 16,112 5 0.177 42556.074

Fig. 2 The causal effect of VEGF on the risk of VTE, DVT_PE and DVT estimated using five MR methods. A: VEGF to VTE; B: VEGF to DVT_PE; C: VEGF 
to DVT. The causal effect from VEGF to VTE, DVT_PE and DVT was expressed as OR per unit. Error bars represent the 95% CIs of the estimates. CAUSE 
recruited independent instrumental SNPs with GWAS p-value < 1 ×  10− 3. SNP: single-nucleotide polymorphism; GWAS: genome-wide association 
study; VEGF: vascular endothelial growth factor; VTE: venous thromboembolism; DVT_PE: deep vein thrombosis and pulmonary embolism; DVT: 
DVT of the lower extremities; IVW: inverse-variance weighted; WM: weighted median; PWM: penalty weighted median; CAUSE: causal analysis using 
summary effect estimates; OR: odds ratio; CIs: confidence intervals; MR: Mendelian randomization
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Figure  2  A-C and Table S3 (supplementary material) 
showed the MR estimates for VEGF on VTE risk using 
different methods. MR provided suggestive evidence 
(three of the five methods with P < 0.05) for a causal 
effect from VEGF to VTE using 9 SNPs. The IVW, WM 
and PWM estimates showed that individuals with higher 
VEGF levels may have high risk in VTE development 
 (ORIVW = 1.064, 95% CI, 1.009–1.122, PIVW = 0.022) 
(Fig.  2  A). Besides, the suggestive causal effect from 
VEGF to VTE is unlikely to be affected by the pleiotropy 
because of the limited MR-Egger intercept (-0.005) and 
non-significant results (Pintercept = 0.683) in the pleiotropy 
test. CAUSE analyses indicated that the causal model was 
better than the sharing model (Table S4), but the differ-
ence did not reach the threshold of significance (PCAUSE 
= 0.270), which possibly was due to the low power of the 
VEGF and VTE GWAS. For IVs, no potential outlier SNP 
was detected by MR-PRESSO.

According to the main IVW analyses, the results of sub-
group analyses of the causal effect of VEGF on DVT_PE 
(OR = 1.067, 95% CI, 1.008–1.129, P = 0.026) were con-
sistent with above (Fig. 2B), but no causal association of 
VEGF with DVT risk (OR = 1.068, 95% CI, 0.992–1.149, 
P = 0.082) was identified (Fig. 2C). The causal inferences 
were both robust without heterogeneity and horizon-
tal pleiotropy. No potential outlier SNP was detected by 
MR-PRESSO (Table S3).

No directional pleiotropy was found, as the funnel plots 
showed no evidence of asymmetry (Figure S1). Please see 
Table S3 and S4 in supplementary material for detailed 
results.

Causal effect of VTE on VEGF via reverse MR
In the reverse MR analyses, a total of 11 SNPs for VTE, 
9 SNPs for DVT_PE, and 7 SNPs for DVT were selected 
and the F-statistics were ranged from 948 to 12,694 for 
VTE, 958 to 12,821 for DVT_PE, and 1,641 to 29,967 for 
DVT, respectively. At last, 10 (rs13377102 was excluded 
for being palindromic with intermediate allele frequen-
cies), 7 (rs13377102 and rs17092456 were excluded) and 
5 (rs13377102 and rs11602537 were exclude) independ-
ent SNPs were selected as the IVs for VTE, DVT_PE and 
DVT after harmonizing SNP-exposure and SNP-out-
comes, respectively.

All five methods in reverse MR analyses consist-
ently suggested no significant association of geneti-
cally instrumented VTE, DVT_PE and DVT with VEGF 
(IVW: β VTE = -0.021; 95% CI, -0.087-0.045; P = 0.539; 
β DVT_PE = -0.017; 95% CI, -0.092-0.058; P = 0.653; 
β DVT = -0.034; 95% CI, -0.092-0.024; P = 0.252) 
(Fig. 3 A-C, Table S5 and Table S6). There were no evi-
dence of heterogeneity between IV estimates with IVW 
methods from individual SNPs (VTE: Q_pval = 0.660, 

I2 = 0.000; DVT_PE: Q_pval = 0.281, I2 = 0.194; DVT: 
Q_pval = 0.426, I2 = 0.000) and no pleiotropy effect (VTE: 
intercept = 0.014, Pintercept = 0.274; DVT_PE: inter-
cept = 0.033, Pintercept = 0.103; DVT: intercept = 0.020, 
Pintercept = 0.245). No potential outlier SNP was detected 
by MR-PRESSO. No directional pleiotropy was found, as 
the funnel plots showed no evidence of asymmetry (Fig-
ure S2).

LDSC regression analyses
The total heritability of VEGF (3.5%, Mean Chi-square = 1.020) 
and VTE (1.3%, Mean Chi-square = 1.091) was relatively 
small (Table  2). No result of genetic correlation was 
obtained from VEGF with VTE, as genetic correlation 
estimates for two traits with small heritability are generally 
too noisy to report [45].

Discussion
VEGF plays an important role in impacting various phys-
iological of cancer and disease processes, but its func-
tion in the formation and progression of VTE remains 
unclear. Benefitting from the large sample-based GWAS 
results and less-bias MR approaches, we found that 
VEGF was a suggestive risk factor for the risks of VTE or 
DVT_PE, which was not reported by previous literatures.

It is well known that blood flow change, hyper-coagula-
ble state and vessel wall damage are three critical factors 
for the pathogenesis of thrombosis [47]. VEGF is closely 
associated with the vascular endothelial system and is a 
specific vascular permeability factor and chemotactic fac-
tor [48]. Previous studies have shown that VEGF plays an 
important role in the formation process of deep venous 
thrombosis (DVT), a common complication in patients 
with different diseases (cancer, Behçet’s disease, etc.) 
[49–51]. However, another study identified that VEGF 
did not affect the coagulation function in colorectal can-
cer patients not complicated by VTE [52]. The possibility 
that specific VEGF-SNPs may be related to the develop-
ment of VTE was raised from a comparative study in 
2006 [53], indicating a difference in the distribution of 
VEGF-A + 936 C/T between cancer patients who devel-
oped or did not develop VTE (OR = 2.3, 95% CI, 0.9–5.7). 
In addition, a single-center clinical trial showed that the 
circulating level of VEGF-D was moderately correlated 
with the mean pulmonary artery pressure (r = 0.481, 
P = 0.010), and a cutoff of 370.1 pg/ml for VEGF-D had 
relatively high sensitivity (91.4%) and specificity (67.0%) 
in the intermediate and high risk PE patients [54]. Fur-
thermore, several observational studies also highlighted 
the role of VEGF as an inflammatory marker in thrombo-
sis [12, 13]. Meanwhile, according the main MR estimates 
from IVW analyses of this study, we quantified that one 
SD increase in VEGF level may increase 6.4% probability 
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Fig. 3 The causal effects of VTE, DVT_PE and DVT on VEGF estimated using five MR methods. A: VTE to VEGF; B: DVT_PE to VEGF; C: DVT to 
VEGF. The causal effects from VTE, DVT_PE and DVT to VEGF were expressed as β. Error bars represent the 95% CIs of the estimates. CAUSE recruited 
independent instrumental SNPs with GWAS p-value < 1 ×  10− 3. SNP: single-nucleotide polymorphism; GWAS: genome-wide association study; 
VEGF: vascular endothelial growth factor; VTE: venous thromboembolism; DVT_PE: deep vein thrombosis and pulmonary embolism; DVT: deep vein 
thrombosis; IVW: inverse-variance weighted; WM: weighted median; PWM: penalty weighted median; CAUSE: causal analysis using summary effect 
estimates; CIs: confidence intervals; MR: Mendelian randomization

Table 2 Heritability and genetic correlations of VEGF and VTE

VEGF Vascular endothelial growth factor, VTE Venous thromboembolism

Heritability Genetic correlation

Traits h2 (SE) Mean Chi-square Intercept Ratio rg(se) P h2_obs(se) h2_int(se)

VEGF 0.035 (0.029) 1.020 1.009 0.454 - - 0.012(0.003) 1.038(0.011)

VTE 0.013 (0.004) 1.091 1.034 0.371
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for VTE development and 6.7% probability for DVT_PE 
development, which were consistent with above obser-
vational studies to some extent and further strengthened 
the potential evidence that VEGF is a suggestive causal 
risk factor for VTE (independent of cancer or other rela-
tive diseases), suggesting that cancer or relative diseases 
are not likely mediator or confounder of VEGF-VTE rela-
tionship. We did not consider the negative results from 
CAUSE analyses, as CAUSE has a little lower power than 
other MR methods (i.e. IVW and WM) when there was 
a assured causal effect of VEGF on VTE and no shared 
factor [32]. As an aggregate illness that includes DVT, PE, 
or both, DVT with PE is the most severe type and has a 
higher diagnostic accuracy than DVT alone [55]. Repli-
cation analysis using DVT of lower extremities and pul-
monary embolism summary data in our study exhibited 
consistent results with that of VTE. Unexpectedly, we 
failed to identify the causal effect of VEGF on DVT of 
lower extremities in replication analyses. Observational 
studies indicated that circulating level of VEGF was sig-
nificantly higher in PE patients than that of healthy con-
trols [56], and plasma level of VEGF-D can be used as a 
biomarker for thrombus burden assessment in patients 
with acute PE [54]. The significance influence of VEGF 
on DVT of lower extremities and pulmonary embolism 
may hint that the key potential mechanisms underlying 
the link between VEGF and VTE lying in PE other than 
DVT alone. Potential mechanisms could be related to 
hypoxia, low PH or inflammatory cytokines, but not all 
of the mechanisms have been entirely understood [12, 
20]. Taken together, all of the above results are consistent 
with those of our MR study, which strengthens the reli-
ability of the findings.

Additionally, the results of this study provided genetic 
evidence, which is less susceptible to confounders and 
reverse causality bias, for the causal inference of VEGF 
and VTE. Currently, the diagnosis of VTE relies on a 
sequential work-up using a combination of a clinical 
score (e.g., Wells score), D-dimer testing, and imaging 
(ultrasonography for a suspected DVT, CT scan or ven-
tilation-perfusion scintigraphy for a suspected PE when 
required) [57]. VTE can be ruled out in patients with both 
lower clinical probability and the normal D-dimer limits, 
but patients with higher clinical probability or elevated 
D-dimer concentration require imaging test to confirm 
the diagnosis [57, 58]. However, D-dimer test has a high 
sensitivity of 95% but a low specificity for the diagnosis 
of VTE [59], which may be influenced physiologically by 
age, cancer, infection or other inflammatory states, even 
differences in quantitative, enzyme-linked, immunosorb-
ent assays methods [57]. The aforementioned clinical way 
to detect D-dimer is easy and efficient, which is of great 
significance in the diagnosis of DVT and evaluation of 

the prognosis but has little significance for prevention. A 
study indicated that VEGF levels in the thrombosis group 
after operation were closely related to the D-dimer and 
fibrinogen content [51]. All of the above evidence sug-
gests that the results of MR are not only consistent with 
other forms of evidence but are a key complement to cur-
rent forms of evidence for diagnosis and prevention of 
VTE.

Previous study also indicated that the formation of 
DVT may stimulate the expression of VEGF [14]. Dis-
appointingly, all analytical methods found no evidence 
of a causal effect of VTE as well as DVT_PE and DVT 
on VEGF. Differences in findings between the reverse 
MR and observational studies may have several reasons. 
First, down-regulation of VEGF appeared in the early 
stage of thrombosis, and up-regulation of VEGF can pro-
mote the organization and recanalization of thrombus 
[51], suggesting that VEGF levels may vary with differ-
ent stages of diseases and even be modified by different 
drugs [11]. Moreover, in addition to cancer-related and 
hospitalization-related VTE, unprovoked-VTE accounts 
for 20–30% of the disease burden of VTE [3]. Patients 
with unprovoked VTE are younger, which is consistent 
with the estimation of the higher attributable risk for 
genetic factors in younger patients, while the attributable 
risk of some specific genetic conditions in elderly patients 
is only about 7–22% [3]. Therefore, the age composi-
tion of the population may also be one of the potential 
reasons affecting our results. Although the underlying 
mechanism between VEGF level and VTE risk is still 
unclear, our study has provided suggestive genetic evi-
dence for a clinical concern to support the importance 
of VEGF assessments in monitoring and preventing the 
risk of VTE, especially DVT complicated by pulmonary 
embolism.

Although the design of MR study is less susceptible 
to potential confounders and inverse causality, limita-
tions exist. First, our study focused on circulating levels 
of VEGF and the conclusion cannot be generalized to 
the function of intracellular levels of VEGF on VTE risk; 
second, the summary GWAS data used in this study were 
derived from European population, so our conclusions 
may not generalize to other ethnic populations; third, 
the VEGF family includes multiple subtypes (VEGF-A, 
VEGF-D, etc.) [60], and limited by current knowledge 
and the inability to obtain both individual-level and sum-
mary data for GWAS of VEGF-subtypes and risk factors 
of VTE to assess potential genetic correlations, we cannot 
explore other exposures and cannot rule out the possibil-
ity of pleiotropy effects. Nonetheless, we performed MR-
Egger regression and CAUSE analyses, which were more 
robust to invalid SNPs and considered the correlated and 
uncorrelated pleiotropy effects; fourth, the difference in 
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the sample size of GWAS-VEGF and GWAS-VTE may 
lead to unstable statistical results, and the identified 
SNPs may exhibit potential weak instrument bias, but 
this is less likely because the F-statistics for each SNP 
used was significantly higher than ten. However, small 
sample size of VEGF could be one of the important rea-
sons for the failure of gene association analysis (LDSC). 
Therefore, the data of larger samples needs to be discov-
ered and verified. Last but not least, a well conducted MR 
design, which reasonably satisfies the three key assump-
tions, usually provides more reliable evidence than a 
traditional observational study. The MR results should 
be interpreted cautiously based on the existing evidence 
of different study designs [61]. Therefore, a clinical trial 
or large observational study, especially in Asian popula-
tions, could be considered to provide definitive evidence.

Conclusion
Taken together, our findings reported no coheritability 
between VEGF and VTE. However, this study found a 
suggestive evidence of causality between VEGF and VTE 
as well as DVT of the lower extremities and pulmonary 
embolism, highlighting VEGF as a possible predictor 
and therapeutic target for VTE (especially DVT compli-
cated by PE) prevention. Since a randomized controlled 
trial (RCT) is unlikely to be conducted in the short term, 
the combination of MR and the existing observational 
evidence can provide relatively reliable evidence for the 
causal inference of VEGF and VTE and can be used to 
guide patient care. Raising public awareness and surveil-
lance of VTE and the potential risk factors is an equally 
important public health goal of reducing mortality 
related to VTE events. Identification of patients at higher 
risk for VTE may lead to a more targeted preventive 
treatment of those individuals. In particular, VEGF levels 
can be modified by drugs [11], and more attention should 
be given to patients taking related drugs to prevent or 
detect the risk of thrombosis early. Especially for young 
patients with a low awareness rate, regular examinations 
should be considered. Additionally, MR studies using 
individual-level statistics may be beneficial to elucidate 
the potential non-linear relation between VEGF level and 
VTE risk.

Abbreviations
CAUSE: Causal analysis using summary effect estimates; CI: Confidence 
interval; DVT: Deep vein thrombosis; GWAS: Genome-wide association studies; 
IVW: Inverse variance weighting; LD: Linkage disequilibrium; LDSC: Linkage 
disequilibrium score regression; MR: Mendelian randomization; OR: Odds ratio; 
PWM: Penalty weighted median; PRESSO: Pleiotropy residual sum and outlier; 
PE: Pulmonary embolism; RCT : Randomized controlled trial; SD: Standard 
deviation; SNP: Single nucleotide polymorphisms; UVMR: Univariable men-
delianrandomization; VEGF: Vascular endothelial growth factor; VTE: Venous 
thromboembolism; WM: Weighted median.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12959- 022- 00427-6.

Additional file 1: Table S1. SNPs for VEGF in the forward MR 
analyses:Harmonized Data (r2< 0.01). SNP: single-nucleotide 
polymorphism;CHR: chromosome; POS: position; OA: other_allele; EA: 
effect_allele; SE: standard error; VEGF: vascular endothelialgrowth factor; 
VTE: venous thromboembolism; MR: Mendelian randomization; MAF: 
minor allele frequency;  R2:variance for each SNP, R2 = 2×MAF× (1-MAF) 
×  Beta2; F-statistic =  R2 × (N-2)/(1-R2), N: the number of individualsin 
the exposure GWAS. $:SNPs were excluded after performing harmonizing 
procedure. *: DVT of the lower extremities and pulmonary embolism. #: 
DVT of the lower extremities. Table S2. SNPs for VTE in the reverse MR 
analyses: Harmonized Data(r2 < 0.001). SNP: single-nucleotide polymor-
phism; SE: standard error; VEGF: vascular endothelial growth factor; VTE: 
venous thromboembolism; MR: Mendelian randomization; MAF: minor 
allele frequency;  R2:variance for each SNP, R2 = 2×MAF× (1-MAF) × 
 Beta2; F-statistic =  R2 × (N-2) / (1-R2), N: the number of individuals in 
the exposure GWAS. $: SNPs were excluded after performing harmoniz-
ing procedure. *: DVT of the lower extremities and pulmonary embolism. 
#:DVT of the lower extremities. Table S3.Causal associations of VEGF 
with risks of VTE, DVT_PE and DVT by forward MR analyses. SNP: single-
nucleotide polymorphism; SE: standard error; VEGF: vascular endothelial 
growth factor;VTE: venous thromboembolism; IVW: inverse-variance 
weighted; WM: weighted median; PWM:penalty weighted median; CAUSE: 
causal analysis using summary effect estimates; MR-PRESSO: pleiotropy 
residual sum and outlier; OR: odds ratio; MR: Mendelian randomization; 
Q_pval: Pvalue of the Cochran Q statistic; I2= (Q-df )/Q×100%; P < 0.05 
were considered statistically significant. *:DVT of the lower extremities 
and pulmonary embolism. #: DVT of the lower extremities. Table S4. 
Causal associations of VTE, DVT_PE and DVT with VEGF via reverse MR. 
SNP: single-nucleotide polymorphism; VEGF: vascular endothelial growth 
factor; VTE: venous thromboembolism; IVW: inverse-variance weighted; 
WM: weighted median; PWM:penalty weighted median; CAUSE: causal 
analysis using summary effect estimates; MR-PRESSO: pleiotropy residual 
sum and outlier; MR: Mendelian randomization; Q_pval: Pvalue of the 
Cochran Q statistic; I2= (Q-df )/Q×100%; P < 0.05 were considered statisti-
cally significant. *:DVT of the lower extremities and pulmonary embolism. 
#: DVT of the lower extremities. Table S5. The results of CAUSE analyses via 
forward MR. CAUSE: causal analysis using summary effect estimates; VEGF: 
vascular endothelial growth factor; VTE: venous thromboembolism; MR: 
Mendelian randomization. *: DVT of the lower extremities and pulmonary 
embolism. #: DVT of the lower extremities.Table S6. The results of CAUSE 
analyses via reverse MR.CAUSE: causal analysis using summary effect 
estimates; VEGF: vascular endothelial growth factor; VTE:venous thrombo-
embolism; MR: Mendelian randomization.*: DVT of the lower extremities 
and pulmonary embolism. #: DVT of the lower extremities. Figure S1. 
MR Funnel plots (VEGF to VTE). VEGF: vascular endothelial growth factor; 
VTE:venous thromboembolism; MR: Mendelian randomization.Figure S2. 
MR Funnel plots (VTE to VEGF). VEGF: vascular endothelial growth factor; 
VTE:venous thromboembolism; MR: Mendelian randomization.

Acknowledgements
The authors thank all the consortia for providing the GWAS datasets available 
to the public.

Authors’ contributions
QYZ and YXW conceived this study. QYZ performed data analyses and was 
the major contributor in writing this manuscript. XYZ, JZ, BYW, QYT, XNM, JXZ, 
MYJ, YQZ, DQZ, LJW and WW contributed to methodological guidance and 
manuscript revision. YXW and BGW oversaw the implementation of the statis-
tical and analytical methods, revised and finalized this manuscript. All authors 
read and approved the final manuscript.

Funding
This work was supported by the National Nature Science Foundation 
of China (NFSC 81673247), a China-Australian collaborative grant (NSFC 
81561128020-NHMRC APP1112767), and National Key R&D Program of China 

https://doi.org/10.1186/s12959-022-00427-6
https://doi.org/10.1186/s12959-022-00427-6


Page 10 of 11Zhang et al. Thrombosis Journal           (2022) 20:67 

(2018YFC2000704). Funders had no role in the design and conduct of the 
study, the collection and analysis of the data, and the writing and submission 
of the manuscript.

Availability of data and materials
All summary datasets analyzed during the current study are publicly avail-
able and all corresponding links are included in this published article and its 
references.

Declarations

Ethics approval and consent to participate
All statistical analyses in our study were based on available summary data and 
therefore no ethical approval was required.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Public Health, Capital Medical University, No. 10 Xitoutiao, 
Youanmenwai Street, Fengtai District, 100069 Beijing, China. 2 Department 
of Anesthesiology, Beijing Sanbo Brain Hospital, Capital Medical University, 50 
Yikesong Road, Haidian District, 100093 Beijing, China. 3 Beijing Key Laboratory 
of Clinical Epidemiology, School of Public Health, Capital Medical University, 
Beijing, China. 4 Centre for Precision Medicine, Edith Cowan University, Joonda-
lup, WA, Australia. 

Received: 7 February 2022   Accepted: 22 October 2022

References
 1. Khan F, Tritschler T, Kahn SR, Rodger MA. Venous thromboembolism. 

Lancet. 2021;398(10294):64–77. https:// doi. org/ 10. 1016/ S0140- 6736(20) 
32658-1.

 2. Nicholson M, Chan N, Bhagirath V, Ginsberg J. Prevention of Venous 
Thromboembolism in 2020 and Beyond. J Clin Med. 2020;9(8) :https:// doi. 
org/ 10. 3390/ jcm90 82467.

 3. Wendelboe AM, Raskob GE. Global Burden of Thrombosis: Epidemiologic 
Aspects. Circ Res. 2016;118(9):1340–7. DOI:https:// doi. org/ 10. 1161/ CIRCR 
ESAHA. 115. 306841.

 4. Tritschler T, Kraaijpoel N, Le Gal G, Wells PS. Venous Thromboembolism: 
Advances in Diagnosis and Treatment. JAMA. 2018;320(15):1583–94. 
https:// doi. org/ 10. 1001/ jama. 2018. 14346.

 5. Heit JA. Epidemiology of venous thromboembolism. Nat reviews Cardiol. 
2015;12(8):464–74. https:// doi. org/ 10. 1038/ nrcar dio. 2015. 83.

 6. Engbers MJ, van Hylckama Vlieg A, Rosendaal FR. Venous thrombosis in 
the elderly: incidence, risk factors and risk groups. J Thromb Haemostasis. 
2010;8(10):2105–12. https:// doi. org/ 10. 1111/j. 1538- 7836. 2010. 03986.x.

 7. Chopard R, Albertsen IE, Piazza G. Diagnosis and Treatment of 
Lower Extremity Venous Thromboembolism: A Review. JAMA. 
2020;324(17):1765–76. https:// doi. org/ 10. 1001/ jama. 2020. 17272.

 8. Kearon C, Ageno W, Cannegieter SC, Cosmi B, Geersing GJ, Kyrle PA. 
Categorization of patients as having provoked or unprovoked venous 
thromboembolism: guidance from the SSC of ISTH. J Thromb Haemosta-
sis. 2016;14(7):1480–3. https:// doi. org/ 10. 1111/ jth. 13336.

 9. Samuelson Bannow BT, Konkle BA. Laboratory biomarkers for venous 
thromboembolism risk in patients with hematologic malignancies: A 
review. Thromb Res. 2018;163:138–45. https:// doi. org/ 10. 1016/j. throm res. 
2018. 01. 037.

 10. Posch F, Thaler J, Zlabinger GJ, Königsbrügge O, Koder S, Zielinski C, 
et al. Soluble Vascular Endothelial Growth Factor (sVEGF) and the Risk 
of Venous Thromboembolism in Patients with Cancer: Results from 
the Vienna Cancer and Thrombosis Study (CATS). Clin Cancer Res. 
2016;22(1):200–6. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 14- 3358.

 11. Choi SH, Ruggiero D, Sorice R, Song C, Nutile T, Vernon Smith A, et al. 
Six Novel Loci Associated with Circulating VEGF Levels Identified by 
a Meta-analysis of Genome-Wide Association Studies. Plos Genet. 
2016;12(2):e1005874. https:// doi. org/ 10. 1371/ journ al. pgen. 10058 74.

 12. Malaponte G, Signorelli SS, Bevelacqua V, Polesel J, Taborelli M, Guarneri C, 
et al. Increased Levels of NF-kB-Dependent Markers in Cancer-Associated 
Deep Venous Thrombosis. PLoS One. 2015;10(7):e0132496. https:// doi. 
org/ 10. 1371/ journ al. pone. 01324 96.

 13. Ferroni P, Palmirotta R, Riondino S, De Marchis ML, Nardecchia A, Formica 
V, et al. VEGF gene promoter polymorphisms and risk of VTE in chemo-
therapy-treated cancer patients. Thromb Haemost. 2016;115(1):143–51. 
https:// doi. org/ 10. 1160/ TH15- 03- 0259.

 14. Wang Y, Zheng G, Meng X. Wang BJPjops. The effects of VEGF on deep 
venous thrombosis in the perioperative period of elderly fracture 
patients. 2018;31(6(Special)):2799–803 PMID: 30630787.

 15. Strøm Kahr H, Christiansen OB, Juul Riddersholm S, Gade IL, Torp-
Pedersen C, Knudsen A, et al. The timing of venous thromboembolism 
in ovarian cancer patients: A nationwide Danish cohort study. J Thromb 
Haemostasis. 2021;19(4):992–1000. https:// doi. org/ 10. 1111/ jth. 15235.

 16. Simonetti G, Trevisan E, Silvani A, Gaviani P, Botturi A, Lamperti E, et al. 
Safety of bevacizumab in patients with malignant gliomas: a systematic 
review. Neurol sciences: official J Italian Neurol Soc Italian Soc Clin Neuro-
physiol. 2014;35(1):83–9. https:// doi. org/ 10. 1007/ s10072- 013- 1583-6.

 17. Emdin CA, Khera AV, Kathiresan S, Mendelian Randomization. JAMA. 
2017;318(19):1925–6. https:// doi. org/ 10. 1001/ jama. 2017. 17219.

 18. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian 
randomization: using genes as instruments for making causal inferences 
in epidemiology. Stat Med. 2008;27(8):1133–63. https:// doi. org/ 10. 1002/ 
sim. 3034.

 19. Bulik-Sullivan BK, Loh PR, Finucane HK, Ripke S, Yang J, Patterson N, et al. 
LD Score regression distinguishes confounding from polygenicity in 
genome-wide association studies. Nat Genet. 2015;47(3):291–5. https:// 
doi. org/ 10. 1038/ ng. 3211.

 20. Sciacca FL, Ciusani E, Silvani A, Corsini E, Frigerio S, Pogliani S, et al. 
Genetic and plasma markers of venous thromboembolism in patients 
with high grade glioma. Clin Cancer Res. 2004;10(4):1312–7. https:// doi. 
org/ 10. 1158/ 1078- 0432. ccr- 03- 0198.

 21. Phillippe HM. Overview of venous thromboembolism. Am J Manag Care. 
2017;23(20 Suppl):376-s82. PMID:29297660.

 22. Kurki MI, FinnGen. Unique genetic insights from combining isolated 
population and national health register data. medRxiv: the preprint 
server for health sciences. 2022,03.03.22271360. : https:// doi. org/ 10. 1101/ 
2022. 03. 03. 22271 360.

 23. Sun X, Liu B, Liu S, Wu DJH, Wang J, Qian Y, et al. Sleep disturbance and 
psychiatric disorders: a bidirectional Mendelian randomisation study. 
Epidemiol Psychiatric Sci. 2022;31:e26. https:// doi. org/ 10. 1017/ S2045 
79602 10008 10.

 24. Leong A, Cole JB, Brenner LN, Meigs JB, Florez JC, Mercader JM. Cardio-
metabolic risk factors for COVID-19 susceptibility and severity: a Mende-
lian randomization analysis. PLoS Med. 2021;18(3):e1003553. https:// doi. 
org/ 10. 1371/ journ al. pmed. 10035 53.

 25. Lanktree MB, Thériault S, Walsh M, Paré GHDL, Cholesterol LDL. Choles-
terol, and Triglycerides as Risk Factors for CKD: A Mendelian Randomiza-
tion Study. Am J kidney Dis. 2018;71(2):166–72. https:// doi. org/ 10. 1053/j. 
ajkd. 2017. 06. 011.

 26. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The 
MR-Base platform supports systematic causal inference across the human 
phenome. eLife. 2018;7. :https:// doi. org/ 10. 7554/ eLife. 34408.

 27. Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in 
two-sample Mendelian randomization. Genet Epidemiol. 2016;40(7):597–
608. https:// doi. org/ 10. 1002/ gepi. 21998.

 28. Burgess S, Butterworth A, Thompson SG. Mendelian randomization 
analysis with multiple genetic variants using summarized data. Genet 
Epidemiol. 2013;37(7):658–65. https:// doi. org/ 10. 1002/ gepi. 21758.

 29. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid 
instruments: effect estimation and bias detection through Egger regression. 
Int J Epidemiol. 2015;44(2):512–25. https:// doi. org/ 10. 1093/ ije/ dyv080.

 30. Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan NA, 
Thompson JR. Assessing the suitability of summary data for two-sample 
Mendelian randomization analyses using MR-Egger regression: the role 

https://doi.org/10.1016/S0140-6736(20)32658-1
https://doi.org/10.1016/S0140-6736(20)32658-1
https://doi.org/10.3390/jcm9082467
https://doi.org/10.3390/jcm9082467
https://doi.org/10.1161/CIRCRESAHA.115.306841
https://doi.org/10.1161/CIRCRESAHA.115.306841
https://doi.org/10.1001/jama.2018.14346
https://doi.org/10.1038/nrcardio.2015.83
https://doi.org/10.1111/j.1538-7836.2010.03986.x
https://doi.org/10.1001/jama.2020.17272
https://doi.org/10.1111/jth.13336
https://doi.org/10.1016/j.thromres.2018.01.037
https://doi.org/10.1016/j.thromres.2018.01.037
https://doi.org/10.1158/1078-0432.CCR-14-3358
https://doi.org/10.1371/journal.pgen.1005874
https://doi.org/10.1371/journal.pone.0132496
https://doi.org/10.1371/journal.pone.0132496
https://doi.org/10.1160/TH15-03-0259
https://doi.org/10.1111/jth.15235
https://doi.org/10.1007/s10072-013-1583-6
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1002/sim.3034
https://doi.org/10.1002/sim.3034
https://doi.org/10.1038/ng.3211
https://doi.org/10.1038/ng.3211
https://doi.org/10.1158/1078-0432.ccr-03-0198
https://doi.org/10.1158/1078-0432.ccr-03-0198
https://doi.org/10.1101/2022.03.03.22271360
https://doi.org/10.1101/2022.03.03.22271360
https://doi.org/10.1017/S2045796021000810
https://doi.org/10.1017/S2045796021000810
https://doi.org/10.1371/journal.pmed.1003553
https://doi.org/10.1371/journal.pmed.1003553
https://doi.org/10.1053/j.ajkd.2017.06.011
https://doi.org/10.1053/j.ajkd.2017.06.011
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1002/gepi.21998
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1093/ije/dyv080


Page 11 of 11Zhang et al. Thrombosis Journal           (2022) 20:67  

of the I2 statistic. Int J Epidemiol. 2016;45(6):1961–74. https:// doi. org/ 10. 
1093/ ije/ dyw220.

 31. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation 
in Mendelian Randomization with Some Invalid Instruments Using a 
Weighted Median Estimator. Genet Epidemiol. 2016;40(4):304–14. https:// 
doi. org/ 10. 1002/ gepi. 21965.

 32. Morrison J, Knoblauch N, Marcus JH, Stephens M, He X. Mendelian rand-
omization accounting for correlated and uncorrelated pleiotropic effects 
using genome-wide summary statistics. Nat Genet. 2020;52(7):740–7. 
https:// doi. org/ 10. 1038/ s41588- 020- 0631-4.

 33. Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan N, Thompson 
J. A framework for the investigation of pleiotropy in two-sample sum-
mary data Mendelian randomization. Stat Med. 2017;36(11):1783–802. 
https:// doi. org/ 10. 1002/ sim. 7221.

 34. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from Mendelian randomiza-
tion between complex traits and diseases. Nat Genet. 2018;50(5):693–8. 
https:// doi. org/ 10. 1038/ s41588- 018- 0099-7.

 35. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. 
Stat Med. 2002;21(11):1539–58. https:// doi. org/ 10. 1002/ sim. 1186.

 36. Bowden J, Del Greco MF, Minelli C, Zhao Q, Lawlor DA, Sheehan NA, 
et al. Improving the accuracy of two-sample summary-data Mendelian 
randomization: moving beyond the NOME assumption. Int J Epidemiol. 
2019;48(3):728–42. https:// doi. org/ 10. 1093/ ije/ dyy258.

 37. Yarmolinsky J, Relton CL, Lophatananon A, Muir K, Menon U, Gentry-
Maharaj A, et al. Appraising the role of previously reported risk factors in 
epithelial ovarian cancer risk: A Mendelian randomization analysis. PLoS 
Med. 2019;16(8):e1002893. https:// doi. org/ 10. 1371/ journ al. pmed. 10028 93.

 38. Zhang L, Tang L, Huang T, Fan D. Life Course Adiposity and Amyotrophic 
Lateral Sclerosis: A Mendelian Randomization Study. Ann Neurol. 
2020;87(3):434–41. https:// doi. org/ 10. 1002/ ana. 25671.

 39. Larsson SC, Traylor M, Malik R, Dichgans M, Burgess S, Markus HS. Modifi-
able pathways in Alzheimer’s disease: Mendelian randomisation analysis. 
BMJ. 2017;359:j5375. https:// doi. org/ 10. 1136/ bmj. j5375.

 40. Hemani GZJ, Elsworth B, Wade KH, Baird D, Haberland V, Laurin C, Burgess 
S, Bowden J, Langdon R, Tan VY, Yarmolinsky J, Shihab HA, Timpson NJ, 
Evans DM, Relton C, Martin RM, Davey Smith G, Gaunt TR, Haycock PC. 
The MR-Base Collaboration. The MR-Base platform supports systematic 
causal inference across the human phenome. eLife. 2018;7:e34408. 
https:// doi. org/ 10. 7554/ eLife. 34408.

 41. Hemani GTK, Davey Smith G. Orienting the causal relationship between 
imprecisely measured traits using GWAS summary data. PLoS Genet. 
2017;13(11):e1007081. https:// doi. org/ 10. 1371/ journ al. pgen. 10070 81.

 42. Marie Verbanck C-YC, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from Mendelian randomization 
between complex traits and diseases. Nat Genet. 2018. https:// doi. org/ 10. 
1038/ s41588- 018- 0099-7.

 43. Palmer TM, Lawlor DA, Harbord RM, Sheehan NA, Tobias JH, Timpson NJ, 
et al. Using multiple genetic variants as instrumental variables for modifi-
able risk factors. Stat Methods Med Res. 2012;21(3):223–42. https:// doi. 
org/ 10. 1177/ 09622 80210 394459.

 44. Pierce BL, Ahsan H, Vanderweele TJ. Power and instrument strength 
requirements for Mendelian randomization studies using multiple 
genetic variants. Int J Epidemiol. 2011;40(3):740–52. https:// doi. org/ 10. 
1093/ ije/ dyq151.

 45. Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh PR, et al. An 
atlas of genetic correlations across human diseases and traits. Nat Genet. 
2015;47(11):1236–41. https:// doi. org/ 10. 1038/ ng. 3406.

 46. Niu PP, Wang X, Xu YM. Association of Interleukin-6 Signaling and 
C-Reactive Protein With Intracranial Aneurysm: A Mendelian Randomiza-
tion and Genetic Correlation Study. Front Genet. 2021;12:679363.  
https:// doi. org/ 10. 3389/ fgene. 2021. 679363.

 47. Roetker NS, Armasu SM, Pankow JS, Lutsey PL, Tang W, Rosenberg 
MA, et al. Taller height as a risk factor for venous thromboembolism: 
a Mendelian randomization meta-analysis. J Thromb Haemostasis. 
2017;15(7):1334–43. https:// doi. org/ 10. 1111/ jth. 13719.

 48. Treliński J, Wierzbowska A, Krawczyńska A, Sakowicz A, Pietrucha T, 
Smolewski P, et al. Circulating endothelial cells in essential thrombo-
cythemia and polycythemia vera: correlation with JAK2-V617F mutational 
status, angiogenic factors and coagulation activation markers. Int J 
Hematol. 2010;91(5):792–8. https:// doi. org/ 10. 1007/ s12185- 010- 0596-7.

 49. Bozoglu E, Dinc A, Erdem H, Pay S, Simsek I, Kocar IH. Vascular endothelial 
growth factor and monocyte chemoattractant protein-1 in Behçet’s 
patients with venous thrombosis. Clin Exp Rheumatol. 2005;23(4 Suppl 
38):S42-8 PMID: 16273763.

 50. Jacobson G. Relationship between venous thromboembolism and vascu-
lar endothelial growth factor in cancer. Support Cancer Ther. 2005;3(1):35. 
https:// doi. org/ 10. 1016/ s1543- 2912(13) 60119-8.

 51. Wang Y, Zheng G, Meng X, Wang B. The effects of VEGF on deep venous 
thrombosis in the perioperative period of elderly fracture patients. Pak J 
Pharm Sci. 2018;31(6(Special)):2799–803 PMID:30630787.

 52. Toshima H, Ikusue T, Hisamatsu A, Kobayashi K, Ishida H, Shimada K. VEGF 
Inhibitors Do Not Increase D-dimer Levels in Colorectal Cancer Patients 
Without Venous Thromboembolism: A Retrospective Non-inferiority 
Analysis. In Vivo. 2019;33(6):2117–23. https:// doi. org/ 10. 21873/ invivo. 11712.

 53. Eroglu A, Gulec S, Akar N. Vascular endothelial growth factor C936T 
polymorphism in cancer patients with thrombosis. Am J Hematol. 
2007;82(2):174. https:// doi. org/ 10. 1002/ ajh. 20719.

 54. Kerget B, Erol Afşin D, Aksakal A, Kerget F, Aşkın S, Yılmazel Uçar E, et al. 
Could VEGF-D level have a role in clinical risk scoring, estimation of 
thrombus burden, and treatment in acute pulmonary thromboembo-
lism? Int J Clin Pract. 2021;75(10):e14601. https:// doi. org/ 10. 1111/ ijcp. 14601.

 55. Klovaite J, Benn M, Nordestgaard BG. Obesity as a causal risk factor for 
deep venous thrombosis: a Mendelian randomization study. J Intern 
Med. 2015;277(5):573–84. https:// doi. org/ 10. 1111/ joim. 12299.

 56. Bontekoe E, Brailovsky Y, Hoppensteadt D, Bontekoe J, Siddiqui F, 
Newman J, et al. Upregulation of Inflammatory Cytokines in Pulmo-
nary Embolism Using Biochip-Array Profiling. Clin Appl thrombosis/
hemostasis: official J Int Acad Clin Appl Thrombosis/Hemostasis. 
2021;27:10760296211013108. https:// doi. org/ 10. 1177/ 10760 29621 10131 07.

 57. Khan F, Tritschler T, Kahn SR, Rodger MA. Venous thromboembolism. Lan-
cet (London England). 2021;398(10294):64–77. https:// doi. org/ 10. 1016/ 
S0140- 6736(20) 32658-1.

 58. Halaby R, Popma CJ, Cohen A, Chi G, Zacarkim MR, Romero G, et al. 
D-Dimer elevation and adverse outcomes. J Thromb Thrombolysis. 
2015;39(1):55–9. https:// doi. org/ 10. 1007/ s11239- 014- 1101-6.

 59. Di Nisio M, Squizzato A, Rutjes AW, Büller HR, Zwinderman AH, Bossuyt 
PM. Diagnostic accuracy of D-dimer test for exclusion of venous throm-
boembolism: a systematic review. J Thromb Haemostasis. 2007;5(2):296–
304. https:// doi. org/ 10. 1111/j. 1538- 7836. 2007. 02328.x.

 60. Taimeh Z, Loughran J, Birks EJ, Bolli R. Vascular endothelial growth factor 
in heart failure. Nat Rev Cardiol. 2013;10(9):519–30. https:// doi. org/ 10. 
1038/ nrcar dio. 2013. 94.

 61. Lawlor DA, Tilling K, Davey Smith G. Triangulation in aetiological epide-
miology. Int J Epidemiol. 2016;45(6):1866–86. https:// doi. org/ 10. 1093/ ije/ 
dyw314.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/ije/dyw220
https://doi.org/10.1093/ije/dyw220
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1038/s41588-020-0631-4
https://doi.org/10.1002/sim.7221
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1002/sim.1186
https://doi.org/10.1093/ije/dyy258
https://doi.org/10.1371/journal.pmed.1002893
https://doi.org/10.1002/ana.25671
https://doi.org/10.1136/bmj.j5375
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1177/0962280210394459
https://doi.org/10.1177/0962280210394459
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1038/ng.3406
https://doi.org/10.3389/fgene.2021.679363
https://doi.org/10.3389/fgene.2021.679363
https://doi.org/10.1111/jth.13719
https://doi.org/10.1007/s12185-010-0596-7
https://doi.org/10.1016/s1543-2912(13)60119-8
https://doi.org/10.21873/invivo.11712
https://doi.org/10.1002/ajh.20719
https://doi.org/10.1111/ijcp.14601
https://doi.org/10.1111/joim.12299
https://doi.org/10.1177/10760296211013107
https://doi.org/10.1016/S0140-6736(20)32658-1
https://doi.org/10.1016/S0140-6736(20)32658-1
https://doi.org/10.1007/s11239-014-1101-6
https://doi.org/10.1111/j.1538-7836.2007.02328.x
https://doi.org/10.1038/nrcardio.2013.94
https://doi.org/10.1038/nrcardio.2013.94
https://doi.org/10.1093/ije/dyw314
https://doi.org/10.1093/ije/dyw314

	Vascular endothelial growth factor and the risk of venous thromboembolism: a genetic correlation and two-sample Mendelian randomization study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study Design
	GWAS of VEGF
	GWAS of VTE (DVT_PE and DVT)
	Genetic instrumental variable selection
	MR analysis
	Variance explained by IVs and F-statistic of MR analyses
	Heritability and genetic correlations analyses

	Results
	Causal effect of VEGF on the risk of VTE via forward MR
	Causal effect of VTE on VEGF via reverse MR
	LDSC regression analyses

	Discussion
	Conclusion
	Acknowledgements
	References


