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ABSTRACT
Venous thromboembolism (VTE), chronic venous disease (CVD) and venous leg ulceration (VLU) are clinical manifestations of a poorly functioning venous system. Though common, much is unknown of the pathophysiology and progression of these conditions. Metabolic phenotyping (metabonomics) has been employed to explore mechanistic pathways involved in venous disease.
A systematic literature review was performed: full text, primary research articles on the applications of nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) in human participants and animals were included for qualitative synthesis.
Seventeen studies applying metabolic phenotyping to venous disease were identified: six on CVD, two on VLU and nine on VTE; both animal (n=6) and human (n=10) experimental designs were reported, with one study including both. NMR, MS and MS imaging were employed to characterize serum, plasma, urine, wound fluid and tissue.

Metabolites found to be upregulated in CVD included lipids, branched chain amino acids (BCAA), glutamate, taurine, lactate and myo-inositol identified in vein tissue. Upregulated metabolites in VLU included lactate, BCAA, lysine, 3-hydroxybutyrate and glutamate identified in wound fluid and ulcer biopsies. VTE cases were associated with reduced carnitine levels, upregulated aromatic amino acids, 3-hydroxybutyrate, BCAA and lipids in plasma, serum, thrombus and vein wall; kynurenine and tricarboxylic acid pathway dysfunction were reported. Future research should focus on targeted studies with internal and external validation.
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Introduction
Clinical presentations of venous disease may reflect abnormalities in the superficial and/or deep venous systems. Chronic venous disease (CVD) encompasses common presentations, including aching legs, swelling and restlessness, with signs ranging from spider veins (telangiectasia), to varicose veins, skin changes and, ultimately, venous leg ulceration (VLU). CVD is common, with telangiectasia affecting up to 80% and varicose veins up to 40% of the population1. VLU affects 1-2 % of the population, with the prevalence increasing to up to 4% in those over 65 years of age2. Both conditions are expensive, together responsible for up to 2% of the annual healthcare budget expenditure of Western societies3.
Venous thromboembolic disease (VTE) describes venous thrombosis (DVT) and pulmonary embolism (PE). Although relatively uncommon, with a prevalence of 1:10004, VTE is the single, most common cause of hospital acquired mortality5 and a serious public health concern due to its complications: PE (concurrent with DVT in 50% of patients)6 and post thrombotic syndrome (PTS, following up to 50% of DVTs)7. PE is a life-threatening sequela of DVT, that can lead to cardiac arrest and death; PTS is not life threatening but can lead to longstanding symptoms of venous insufficiency, with swelling, skin changes and ulceration. This impacts heavily on function, resulting in unemployment, social isolation and reduced quality of life8.
Management of VTE has historically been conservative with anticoagulation administered for at least three months depending on thrombus aetiology9. Recently, with the advent of new pharmaceutical agents and technology, thrombolysis is increasingly being employed, particularly in patients with extensive DVTs diagnosed within the first two weeks. Thrombolysis aims to reduce the clot burden and the risk of developing PTS, although further studies are required in this area10, 11.

Research challenges in venous disease
Although established pathways exist for the management of patients with CVD, VLU and DVT, there are a number of areas where further research should translate into improved care.
Treatment of CVD yields clinical and quality of life improvements, whilst being cost effective, and is advocated by numerous clinical practice guidelines12, 13. Left untreated, estimated annual progression rates across stages of disease are in the region of 4%14, with a small but important proportion of patients progressing from varicose veins, to skin changes and venous ulceration. What determines why certain individuals progress over others is not known; identification of these patients is important in the era of personalized medicine15 to ensure management is targeted to the needs of the individual.
Despite the advantages of treating CVD, recurrent disease (defined as new veins and symptoms) requiring repeated intervention is an issue affecting approximately 7% of those undergoing treatment16. Some patients exhibit more aggressive recurrence patterns than others; what influences this is currently unknown. Better characterization of these patients, with the ability to prognosticate recurrent disease, can help both develop targeted patient care and, potentially tailored, cost effective follow-up pathways.
Venous leg ulceration is most commonly managed with compression therapy; this is cumbersome and costly for both patients and the healthcare service17. Despite best treatment, recurrence rates are in the region of 20% per annum and 40% at 5 years18. Identifying patients who are likely not to heal or experience recurrence is important to develop targeted management strategies for patients.
Unlike CVD and VLU, DVTs are a diagnostic challenge, with patients presenting with non-specific symptoms and symptom onset that is difficult to ascertain; they may miss the thrombolysis window, resulting in potentially less effective treatment. Furthermore, the existing diagnostic test for DVT, D-dimer, is only moderately sensitive and poorly specific. The development of a new biomarker for venous thrombosis could improve the diagnostic pathway for these patients. In terms of prognostication, 50% of those with a DVT will develop PTS7. Being able to identify who will develop PTS would promote development of targeted strategies to help improve the care of these patients.
Addressing the aforementioned challenges has been explored in various studies relating to omic disciplines, including proteomics, transcriptomics and genomics, with limited translational impact19, 20. Metabonomics provides the means to explore these conditions in greater detail than that which was previously possible. Using high resolution spectroscopic platforms, molecules less than 1 kDa in size can be identified as candidate biomarkers to help explore the pathophysiology, progression and response to treatment in different conditions. This is of particular use in venous disease, where both innate and acquired factors are important. Metabolic profiling has been increasingly applied to vascular disease21 with developing biostatistical analytical techniques that now enable researchers to control for confounding factors and variables22–24. Both untargeted analyses, testing for the presence of all metabolites in a given sample, and targeted assays, identifying specific metabolite features of interest and their concentrations, can be performed. Proton (1H) nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) are common analytical platforms employed in metabolic phenotyping studies. NMR is non-destructive and, historically, has been described as a more robust and reproducible assay compared to MS. MS, though destructive in nature, is highly sensitive but more time consuming, requiring different chromatographic techniques to assess for distinct metabolite classes (e.g. polar vs non polar). Furthermore, its destructive nature means that repeat experiments cannot be performed on a single sample. Together, both assays provide a comprehensive analysis of the metabolic phenotype of a given sample25.
The aim of this review is to summarise the existing evidence regarding the use of metabolic profiling in venous disease. In addition, areas of translational research priority will be highlighted and considerations made with respect to study and experimental design.


Materials and Methods
A systematic literature search was performed in accordance to the Preferred Reporting Items for Systematic Review and Meta – Analyses (PRISMA) guidelines. This review was registered with PROSPERO (Ref 107647). EMBASE and Medline databases were searched using the Ovid and Pubmed engines on the 7th June 2019 with no restriction on publication date. The search algorithm is reported in the supplemental information (Supplement 1). The search was performed by two authors (SO, MT) and any disagreements discussed with the senior author (AHD). The PRISMA diagram summarising the flow of analysis for the review can be viewed in Figure 1. Due to the heterogeneity in study methodology and experimental design, a narrative review was performed.
Inclusion and exclusion criteria
All full text, English language articles employing metabolic phenotyping technology (NMR and MS) in the context of CVD, VLU and VTE were included. Both human and animal studies were analysed due to the paucity of published data in this field. Non-English language articles and abstracts of non-published studies were excluded.


Results
The search yielded 1,063 citations. Following removal of duplicates and application of exclusion criteria, 17 full text articles fulfilled the inclusion criteria: six relating to CVD, two to VLU and nine to VTE.
Metabolic profiling in chronic venous disease 
Of the six studies pertaining to CVD, four were in human participants26–28 and two in animal models, both in male Sprague Dawley rats29, 30. Studies employed 1H-NMR, MS and imaging MS (IMS) technology applied to vein tissue only; no studies analysed circulating or urinary biomarkers.
Human studies explored differences between varicose vein and control vein by analysing tissue either from the refluxing truncal vein (great saphenous vein, GSV)26–28 or from varicosities retrieved at phlebectomy31 and comparing them to control GSV. Methodology differed, with either analysis of aqueous extracts or tissue IMS employed. CVD stage of disease severity, as described by the clinical, etiology, anatomy, pathophysiology (CEAP) scale32, also differed in the human studies, with CEAP class ranging from C2 (varicose veins) to C5 (healed ulceration), as detailed in Table 1.
Studies analysing aqueous extracts from human superficial vein identified a number of metabolites differentially expressed between cases and controls (listed in Table 1). A pilot study employing NMR spectroscopy26 observed creatine, myo-inositol and lactate as increasingly present within the varicose veins tissue, whilst triglycerides were more abundant in the control tissues. Veins were macroscopically described as thick walled, explaining the presence of creatine, a metabolite stored in skeletal and smooth muscle33. Myo-inositol is involved in cell signaling pathways; its presence was related to the known upregulation of growth factors and imbalance of matrix metalloproteinase (MMP)/ tissue inhibitor of matrix metalloproteinase (TIMP) activity known to occur in varicose veins34. Lactate was described in association with hypoxia and anaerobic metabolism. Hypoxia inducible pathway activation has been explored in the pathophysiology of varicose veins35, 36, lending support to this theory. The validation study, employing NMR and ultra-performance liquid chromatography (UPLC)-MS, additionally performed microRNA expression31 37. In the larger sample size (115 vs 13) a greater proportion of metabolites were differentially identified (Table 1). These included the metabolites identified in the pilot study with, additionally, glutamate, taurine and inosine detected via NMR and phosphatidylcholine and phosphatidylethanolamine via MS. Inflammation, regulation of cellular proliferation, apoptosis and hypoxia were again identified as pathways of relevance, providing further evidence for their role in varicose vein pathophysiology.
A separate group performed imaging MS exploring lipid distribution across the vein wall in the valvular and perivalvular area of GSV tissue from patients with different disease stages (n = 10) versus controls (n = 6), identifying differential pro-inflammatory lipid expression at the vein valve in the disease group27 (Table 1). Such lipid species have been associated with the expression of cell adhesion molecules and inflammatory pathways, further supporting the role of inflammation in the development of CVD38. No statistically significant difference was identified between disease stages, likely due to the small sample size. A further study assessed segments of GSV from patients with CVD and controls in a slightly larger population (38 vs 10)28. The GSVs from the disease group were statistically significantly thicker and demonstrated higher lipid and triglyceride concentrations. Specifically, the vessel wall intima, media and adventitia had differential expressions of lipid molecules, particularly in advanced stages of CVD, which are associated with skin changes and chronic inflammation. Interestingly, compared to controls, lymphatic vessel presence was reduced in the CVD group, highlighting evidence of a possible association with lymphoedema28. The association between venous and lymphatic dysfunction is well described in phlebolymphoedema39, though poorly characterised mechanistically. These findings were further explored in one of the two animal studies identified in this review; lymphatic vessel ligation in a murine model resulted in increased accumulation of lipid moieties and thickening of the vein wall, suggesting a mechanistic pathway for the association between venous and lymphatic insufficiency30.
An ex vivo animal study explored the response to mechanical stretch, aiming to replicate mechanisms of prolonged venous hypertension seen in CVD29. Prolonged stretching resulted in metabolic changes in the vein tissue (Table 1) associated with muscle breakdown and inflammation.
These studies highlight the applicability of NMR, MS and matrix assisted laser desorption ionization (MALDI)-IMS technology in venous disease and, in many ways, complement existing information in the literature derived by genomic and proteomic studies34, 40. However, none have assessed the concentration of metabolites across different stages of disease nor have they assessed participants longitudinally in a prospective manner to identify trends over time relating to progression. Furthermore, the studies are of a small sample size (ranging from 5 – 115) with heterogeneous control populations that are not matched with respect to demographics, comorbidities and medications, all confounding factors that may influence the statistical analysis. The use of alternative experimental platforms to provide validation data is also uncommon, resulting in conclusions of limited translational value. From a data analysis perspective, only two studies reported correcting for false discovery rate (FDR)29, 31, three studies reported using Tukey’s post hoc test27 28 30 and one study Scheffe’s post hoc test41. These are important approaches in studies where multiple statistical tests and comparisons are performed on a single dataset, which can result in an increased rate of false positive, or Type I, errors; adjusted p values are generated to control for this occurrence42. Future studies should be of a larger sample size, targeting metabolites associated with the mechanistic pathways highlighted to be involved. Additionally, more accessible samples, such as serum and urine, should be analysed to permit the assessment and development of less invasive assays.
Metabolic profiling in venous leg ulceration
Only two studies explored venous leg ulceration via 1H-NMR spectroscopy in small sample sizes. An early study employing 31P-NMR, comparing the results with histological analysis, assessed punch biopsies from venous ulcers, ischaemic and non-ischaemic legs. Venous leg ulcers had lower energy profiles, characterized by reduced levels of phosphocreatine and nucleoside triphosphate, suggestive of a low prevalence of metabolites associated with energy pathways. This may represent an association with poor wound healing, which is a common challenge in these ulcers41.
More recently, wound exudate analysis was performed via 1H NMR, with associated microbiology assessment43. The metabolites identified were associated with hypoxia, immune response activation and with wound colonisation, for example the presence of acetate in wounds inhabited by P. aeruginosa (Table 1). This highlights the effect of the local wound microbiome on NMR profiling. The importance of the microbiome in multiple pathologies has been well characterized, both in wound44, gut45 and vaginal46 microbiota. Furthermore, the microbiome is known to have profound effects on the inflammatory response and the ability of tissues to heal47.
Despite preliminary use of metabolic phenotyping in the context of venous leg ulceration, studies have been untargeted in nature with no validation via alternative technologies; furthermore, statistical analysis has not taken into account formal FDR correction for either study. Further research exploring the translational applications of this technology are still awaited. Importantly, these should be longitudinal in nature to permit serial sampling and assessment of any association with healing status and take into account the wound microenvironment.
Metabolic profiling in venous thromboembolic disease
Nine studies relating to venous thromboembolism (VTE) fulfilled the inclusion criteria; of these four were human studies, two murine studies, one a porcine study, one a rabbit study and one a hybrid human / murine study.
Of the human studies, only one performed a targeted analysis with metabolite quantification48. Serum samples from patients with an idiopathic VTE and age and sex matched controls underwent liquid chromatography (LC)-MS analysis and assessment of prothrombin activation. Except for warfarin use (controlled for in the statistical analysis), a family history of VTE, and a higher body mass index (BMI), the two populations were well matched. The untargeted (global metabolite discovery) and targeted (specific metabolite identification and quantification) analyses revealed a lower concentration of acylcarnitines in the VTE group, while the mechanistic assays highlighted the anticoagulant activity of acylcarnitines as inhibitors of factor Xa, resulting in an inability to convert prothrombin to thrombin and therefore generate thrombus. A reduction in acylcarnitine levels conferred a prothrombotic status and an increased VTE risk.
VTE was explored in the context of trauma in critically ill patients, with untargeted MS plasma analysis performed in 20 patients who developed a VTE in the first 28 days of hospitalisation compared to 20 controls (non-VTE trauma patients)49. A number of metabolites were differentially expressed, particularly two kynurenine metabolites (Table 2). Pathway analysis revealed that tryptophan metabolism was implicated, with kynurenine metabolism associated with inflammation, oxidative stress, endothelial dysfunction and immune activation50. Tryptophan and kynurenine metabolisms are also associated with the gut microbiome51, highlighting a connection that requires further elucidation. Though acylcarnitines were not statistically significant between the experimental groups, the design of these two human VTE studies was very different.
Pulmonary embolism with differential risk stratification (46 low risk and 46 intermediate / high risk) was assessed with MS analysis performed on plasma samples via an untargeted approach, and comparisons made between low vs intermediate/high risk and intermediate vs high risk cases. A number of metabolites were identified belonging to the tricarboxylic acid (TCA) cycle, fatty acid, purine and amino acid metabolism, amongst others (Table 2). Specifically, amino acid, nucleotide and energy metabolisms appeared to be downregulated in intermediate and high-risk PE patients52. Interestingly, short and medium chain acylcarnitines were found to be reduced in the intermediate/high-risk group compared to the low-risk group.
In the hybrid human / murine study, untargeted NMR analysis assessing serum samples obtained from patients with VTE and controls, and from Sprague Dawley rats with experimentally induced deep venous thrombosis (inferior vena cava (IVC) ligation), healthy controls and sham controls identified differential metabolite expression across the different groups. Interestingly, there was a degree of overlap between the murine and human results (Table 2). Overall, pathways of relevance included ketone body, pyruvate, butanoate, phenylalanine, amino acid metabolism and glycine, serine and threonine metabolism53.
Of the four animal studies, two employed murine models. One study performed NMR analysis in a DVT electrolytic model in male C57BL/6 mice, with concomitant assessment of P- and E-selectin concentrations in the vein wall, which are cell adhesion molecules and proinflammatory proteins54. Both young and old mice with DVT and controls were assessed, although no sham control mice were included. Serum, thrombus and vein wall tissue samples were assayed at day 2 post thrombus generation, identifying that older mice with DVT had a larger clot burden than younger ones and a higher abundance of amino acids (Table 2). Vein P-selectin levels were higher in the wall of DVT mice compared to controls, particularly in the older group, highlighting an increased inflammatory burden. Furthermore, increasing P-selectin protein concentration was seen to correlate with increasing thrombus weight. Conversely, E-selectin levels were higher in both older and younger controls. This study highlighted the association between age-related metabolites, the vein wall and vein wall P-selectin, and identified age-related oxidative stress as an important pathway in experimental DVT.
In a second animal VTE study, a murine inferior vena cava (IVC) ligation model was employed to investigate the metabolic phenotypes of DVT in disease and sham control mice. Serum and vein wall samples were assayed via NMR and MS55. Ten mice in each group were tested, with samples harvested at day 2 post thrombus generation. A large number of metabolites were identified as differentially expressed, including lipids and acylcarnitines (Table 2). The pathways identified in this study as relevant to experimental DVT were energy metabolism, sphingolipid and adenosine metabolism.
Pre- and post- thrombosis serum and thrombus samples from a jugular vein rabbit model were analysed via LC-MS in five rabbits that were sacrificed four hours following DVT generation via endothelial denudation. This animal VTE study identified that differentially abundant metabolites associated to glycolysis, purine, tryptophan and redox metabolism were associated with the presence of new DVT (Table 2); lactate was particularly abundant, possibly reflecting the role of active glycolysis of thrombus component cells56.
A further animal VTE model is the injection of polydextran microspheres through the femoral vein; sixteen pigs underwent baseline blood sampling, followed by further sampling following the development of PE57. Post-PE samples were compared to baseline samples and revealed an increase in metabolites associated with hypoxia, lipid metabolism, energy metabolism, cell signalling and mitochondrial function (Table 2).
Many of the aforementioned human studies have limited sample sizes (Table 2). Recently, the largest VTE metabolic profiling assay was performed, exploring the metabolic phenotype of samples from 240 incident VTE cases and 6963 controls in the context of a prospective, longitudinal nested case control study performed in healthcare professionals. This study was comprehensive, with VTE rates recorded prospectively in individuals free of cardiovascular disease at the time of sample collection, with regression analysis and FDR testing performed to account for confounding variables and to ensure findings were truly statistically significant. Metabolites related to incident VTE were explored, with 60 identified as being of interest. Following correction for multiple testing, only carnitine C5 was identified as discriminant, with diacylglycerols found to be enriched in both VTE and PE. Following adjustment for BMI this did not remain significant, supporting the important role of high BMI as a major risk factor for VTE58. Though a very large study in itself, the authors suggest that larger studies controlling for BMI are required to assess the baseline metabolic phenotype of incident VTE in further detail.

Discussion
The studies identified in this review have provided evidence for the role of metabolic phenotyping in the assessment of venous disease and important information on pathways of relevance with respect to the pathophysiology of disease. Nonetheless, it is clear that the current literature has a number of limitations. Studies are varied, including both animal and human work. Both experimental designs are valuable; the ultimate aim of these studies is to identify mechanistic pathways or biomarkers that can be explored for patient benefit. Animal studies are extremely valuable due to the controlled experimental conditions that help reduce the effect of confounding factors, particularly when exploring mechanistic pathways; nonetheless, their direct translational relevance, and ability to predict what may happen in humans with certainty, is limited59. In this review, animal studies were identified in both CVD and VTE research; however, the interpretation of their results is difficult due to the wide variation in models used, particularly in VTE, with rodent (mouse, rat, rabbit) and porcine experiments performed54–57. For animal research to be translational, it should be standardized in methodology and reporting criteria. A collaborative, society-driven consensus advising on this may be a suitable approach; this has recently been performed for mouse models in VTE60, but should be applicable to all animal models in the future.
Human studies are more representative of the general patient population, though more prone to influence by confounding factors that are difficult to control, even by case matching, such as genetics, diet and stress54–57. Furthermore, the studies included in this review explored different research questions, populations and experimental designs, with samples collected via different standard operating procedures and at different time points (Tables 1, 2). These differences make any results from metabolic profiling platforms difficult to interpret. Furthermore, the vast majority of studies are untargeted in nature, identifying the presence of metabolites but providing limited insight on their concentration. Additionally, there is a lack of robust validation via alternative platforms. This study design can provide important mechanistic information that can be developed in future work48 61. However, this review has found that only a handful of studies take this approach (Table 1, 2). Independent cohort validation following pilot data was performed in two of the CVD studies26 31 27 28, though not in venous leg ulceration and VTE.
Sample size is an important limiting factor in these studies; large datasets are required to achieve appropriate statistical power and enable assessment of possible confounding variables56, particularly in human studies, where experimental conditions are not tightly controlled. This can provide findings that are more robust; however, the importance of confounders cannot be underestimated, as these have a significant impact on the results of the analysis. An example is gender; metabolism differences exist between males and females, likely due to hormonal factors62. Of the studies included in this review, one CVD publication assessed the role of gender, concluding that it had no influence on the metabolic phenotype of cases and controls31. None of the VLU publications controlled their analyses for gender; of the VTE human studies, two recruited both male and female participants, adjusting their statistical analyses for gender52, 58. The influence of gender on the metabolic phenotype was not assessed. Case and control matching are important but can be challenging to perform during recruitment and may not necessarily be representative of real-world data. Sample size calculation methodologies for metabolic phenotyping studies have been developed in recent years22, 63 and are tools that can be used to estimate sample size in future studies.
Despite this, the aforementioned studies have demonstrated the applicability of metabolic phenotyping to tissue and biofluids, with identification of metabolites and relevant pathways. Metabolites such as acylcarnitines have been shown to play an important role in VTE48, 54, although differential study design has resulted in somewhat inconsistent findings. The limited CVD data has identified energy metabolism, inflammation, hypoxia, amino acid metabolism and oxidative stress as important pathways; these are also of relevance in VTE and VLU. Figure 2 highlights the overlap in metabolic pathways between different venous pathologies. It is important to take this into account when planning further research; clearly, it is not enough to perform untargeted analyses providing metabolite identification when exploring mechanistic processes involved in these conditions. Furthermore, many of the aforementioned metabolites have been identified as candidate biomarkers in other pathological processes, such as atherosclerosis, diabetes, obesity and cancer64 65. Further studies should demonstrate the involvement of specific pathways by performing enzyme assays, as well as exploring the relative concentrations of metabolites via quantification. It is likely that only a finite number of metabolic pathways are involved in physiological and pathological processes, and it is possible that these are affected to a different extent in different conditions. This would potentially enable the generation of different metabolite cut-off levels, or ratios, for specific disease processes. Finally, multi-omic validation, including proteomic, transcriptomic and genomic assays would be valuable to explore the mechanistic pathways in further detail.
Ultimately, study design and experimental methodology need to be more consistent across the literature to enable appropriate data interpretation. Studies should be translational in nature, aiming to address areas where data are lacking, such as CVD progression and recurrence; ulcer healing potential and factors associated with this; VTE diagnosis, prognostication with respect to PTS and response to treatment, whether by conservative or interventional means.

Conclusions
Metabolic phenotyping has several clear potential applications to venous disease. Studies to date are largely untargeted, lacking validation via alternative experimental methodologies and include heterogeneous populations and assays. It is important that future studies are designed in a hypothesis-testing fashion with adequate sample sizing, consideration given to a multi-omic approach and embarked upon with clear translational potential.
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FIGURES
Figure 1
PRISMA diagram delineating search results.
[image: ]
1

1

Figure 2 - Representation of metabolites and pathways involved as reported in the included studies. Circle colour relates to the disease process (chronic venous disease / venous leg ulceration / deep venous disease) – text colour relates to the metabolic pathway involved. Evident overlap between pathologies and pathways involved.
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3-HB – 3-hydroxybutyrate; 3-HIB – 3-hydroxyisobutyrate; AC – acylcarnitine; Alpha KG – alpha ketoglutarate; AMP – adenosine monophosphate; ATP – adenosine triphosphate; GMP – guanine monophosphate; Glucose 6-P – glucose 6-phosphate; GPC – glycerophosphocholine; LPC – lysophosphatidylcholine; NADP+ - nicotinamide adenine dinucleotide phosphate+; N-N DG – dimethylglycine; PC – phosphatidylcholine; PE – phosphatidylethanolamine; PI – phosphatidylinositol; PS – phosphatidylserine; SM – sphingomyelin; TG – triglyceride; VMA – vanlillylmandelate

TABLES
Table 1 – CVD and VLU Results – Table presenting the list of articles identified by the systematic review and relevant data extracted.
Tentative / preliminary metabolite allocations in italics.
	TABLE 1
	H /A
	Pathology / Model
	Comparator
	Assay
	T /U
	N
	Substrate
	Statistical analysis
	Multiple testing correction
	p-value threshold
	Control for variables
	Upregulated 
metabolites in cases
	Upregulated 
metabolites in controls
	Downregulated metabolites in cases
	Comparative testing

	Tanaka 2010 
(27)
	H

	CVD 
C2 - n = 4
C3 - n = 1
C4 - n = 4
C5 - n = 1
Total n = 10
	Controls with PAD  
n = 6
	MALDI-IMS
	U
	16
	Tissue – GSV


	T test 
One-way ANOVA

	Tukey’s test
	< 0.05
	· 
	Lysophosphatidylcholine (LPC); phosphatidylcholine (PC); sphingomyelin (SM) around valves
	LPC uniformly distributed; PC ubiquitous
	
	-

	Tanaka 2012
(28)

	H
	CVD 
C2 - n = 16
C3 - n = 11
C4 - n – 21
C5 - n = 2
Total n = 50 (38 patients)
	Controls with PAD
n = 10
	MALDI-IMS
	U
	48 
	Tissue – GSV


	One-way ANOVA


	Tukey’s test

	< 0.05
	· 
	LPC in the intima and media; PC in the intima and media; PC ubiquitous; Triglyceride (TG) in adventitia
	PC ubiquitous

	
	Histology (HE staining); lipid staining; biochemical quantitation; immunostaining
(Anti vWF and anti D2-40) 

	Anwar 2012
(26)
	H
	CVD
C2 – n = 8
	Non varicose GSV tissue
n = 8 
	MAS NMR
	U
	16
	Tissue – GSV
	Multivariate (PCA, OPLS)
ROC curve
	· 
	· 
	· 
	Creatine; Myo-inositol; Lactate; Glutamate
	TG
	
	-

	Tanaka
2016
(30)
	A

	Male Sprague Dawley rats (8 weeks) lymphatic ligation 
	Contralateral limb
	MALDI-IMS
	U
	N/A

	Tissue – Femoral vein wall 

	Descriptive


	Tukey Kramer test


	< 0.05
	· 
	LPC; PC; TG in vein wall 
PC ubiquitous
	PC ubiquitous
	
	Immunohistoche-mistry; Immuno-fluorescent staining; Adipo-cyte detection; TNF alpha and Caspase 3 expression

	Anwar 2016
(29)
	A

	Male Sprague Dawley rats (12 weeks) Stretch IVC – 2 g stretch for 4 hours; 2 g stretch for 18 hours
n = 5
	0.5 g and 2g stretch applied for either 4 or 18 hours (4 groups)
	NMR
MS
	U
	5
	Tissue - IVC
	Multivariate 
One-way ANOVA
Spearman correlation

	Benjamini Yekutieli FDR correction


	< 0.05
	· 
	Valine; Choline; TG 
Increased in veins stretched for 18h compared to non-stretched 18h
	
	
	-

	Anwar 2017
(31, 37)
	H
	CVD 
C2 - n = 4
C3 - n = 66
C4 - n = 9
C5 - n = 1
Total n = 80
	Non – CVD controls 
n = 35
	NMR
MS
	U
	115
	Tissue – GSV or tributary
	Multivariate (PCA, OPLS-DA)



	Benjamini Yekutieli 
FDR correction


	< 0.0001
	Age, sex past medical history; medications included in multivariate analysis
	Phosphatidylserines (PS); PC; SM; Phosphatidylethanolamines (PhE); Phosphatidylinositol (PI); Myo-inositol; Inosine; Taurine; Uridine; Creatine; Alanine; Guanosine; Glutamine; Glutamate
	Ceramides 
Lysophosphocholine (lysoPC)
TG 
	
	Messenger RNA (mRNA) expression

	Ennis
1994
(41)
	H
	VLU
n = 4
	Ischaemic skin samples / Controls
n = 13
	NMR
	U
	17
	Ulcer biopsy
	One way ANOVA

	Test of Scheffe 
	< 0.05
	· 
	
	
	Phospho-creatine
Adenosine triphosphate (ATP)
	-

	Junka
2017
(43)
	H
	VLU
n = 20
	-
	NMR
	U
	20
	Wound fluid
	Multivariate (PLS -DA)
	· 
	· 
	· 
	Lactate; Lipids (L1, L2, L3); Glycerophospho-rylcholine (GPC); Lysine; Acetate associated with pseudomonas aeruginosa; Valine; Leucine; Isoleucine ; 3-hydroxybutyrate(3-HB) ; Propylene glycol; Alanine; Ethanol; Aspartate; Urea
Histamine; N-N-dimethylglycine; Phenylalanine; Tyrosine; Glutamate; Pyruvate; Succinate

	
	
	Microbiology


Table 2 – VTE Results – Table presenting the list of articles identified by the systematic review and relevant data extracted.
Tentative / preliminary metabolite allocations in italics.
	TABLE 2 
	H /A
	Pathology / Model
	Comparator
	Assay
	T /U
	N
	Substrate
	Statistical analysis
	Multiple testing correction
	p-value threshold
	Control for variables
	Upregulated 
metabolites in cases
	Upregulated 
metabolites in controls
	Downregulated metabolites in cases
	Comparative testing

	Deguchi 
2015
(48)
	H
	Unprovoked DVT 
n = 40
	Non DVT controls 
n = 40
	MS 
	T + U
	80

	Plasma
	Mann Whitney; Spearman; Fisher’s exact probability test
	· 
	< 0.05
	· 
	
	
	Acylcarnitines (AC) Palmitoleoyl-carnitine 
Decenoyl-carnitine
	Thrombosis assays

	Bujak 
2015
(57)
	A

	Pig (2-3 month old castrated male) PE
(polydextran microspheres 100− 300 μm in diameter injected in femoral vein; increase of mPAP >40mmHg for at least 20 minutes)
n = 16
	Baseline blood
	LC – GC – QTOF MS
	U
	16
	Plasma
	Univariate Multivariate (PCA, OPLS DA)     Welch’s paired t test  Mann Whitney U test          

	· 
	< 0.05
	· 
	Pyruvate; Lactate; Glycerol; Palmitic acid; Oleic acid; 3- hydroxybutyric acid; 2-ketoisocaproic acid; Galacturonic acid



PC; Sphingosine; Alpha-tocopherol; Leukotriene C4
	Docasotetraenoic acid; Docosapentaenoic acid; Hydroxyoxohexadecanoic acid; Dihydroxyoctadecadienoic acid; Oxoheptadecatrienoic acid; Dodecadienoic acid; Methyltridecanedioic acid; Ceramide; SM; PS; PA; PI; LPE; LPI; LPA; Creatine; Arginine; Didesmethyl tocotrienol; Desmosine
	
	-

	Obi 
2016
(54)
	A

	Mouse (young
and old C57BL/6) 
DVT (electrolytic IVC model)
Young n = 15
Old n = 16
	Controls
	NMR
	U
	31
	Serum

	ANOVA
T test

	Holm-Šídák test

	p < 0.05
	Linear regression for association between thrombosis parameters, P and E selectin levels and metabolite concentration
	Glutamine; Proline; Phenylalanine

	
	
	Vein wall P- and E- selectin levels

	Cao 
2018
(53)
	A






H
	Male Sprague – Dawley rats
DVT (IVC ligation model)
n = 10


Unprovoked distal DVT
n = 61
	Controls (rats) n = 10
Sham controls (rats) n = 10



Controls (human) 
n = 61

	NMR
	U
	30
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	Serum
	CV ANOVA Multivariate analysis (PCA, OPLS DA)
Student’s t-test
Fisher’s exact test
	
	< 0.05
	· 
	RAT DVT
Lipids ; Leucine ; Valine ; N-acetylglycoproteins (NAC) ; O-acetylglycoproteins (OAC) ; Acetoacetate ; Pyruvate


HUMAN DVT
Lipids; Valine; 3-HB; Lactate; Lysine; Acetate; Glutamine ; Acetoacetate; Pyruvate; Creatine; GPC; Glycine; Tyrosine; Phenylalanine; Formate
	-
	RAT DVT
Lactate
Alanine
Glucose
Methanol


HUMAN DVT
NAG
Acetone
Glutamate
Glucose
Methanol
	· 

	Sung 
2018
(55)
	A

	Mouse (Male Balb/C)
DVT (IVC ligation model) 
n = 10
	Sham control 
n = 10
	MS and NMR
	U
	20
	Serum
IVC wall
	Student’s t test
Multivariate (PCA, OPLS DA) 
	FDR correction
	< 0.05
	· 
	SERUM
Alphahydroxyisobutyrate; L carnitine; LPC; PC; SM 








VEIN WALL
Acetylcarnitine; Adenosine; Ceramide; GPC; PC 

	-
	SERUM
Alanine; Allantoin; Citrate; Creatine; Fumarate; Glycine; Succinate; Taurine; Tyrosine; Valine; Acetylcarnitine; Adenine; Adenosine; Creatine; Indoxysulfuric acid; L-tyrosine; PC; Taurine; TG 

VEIN WALL
Choline; PA; TG 
	· 

	Voils 
2018
(49)
	H
	Critically ill patients with VTE (provoked, blunt trauma); DVT n = 10 and PE n = 10
	Critically ill patients without VTE 
n = 20
	UPLC MS
	U
	40
	Plasma
	Chi square 
Fisher’s exact test
T test
Wilcoxon rank sum tests
	FDR 
	< 0.05
	
	N-formylkynurenine; 5-hydroxy N-formylkynurenine
	
	
	In silico gene expression analysis

	Zeleznik 
2018
(52)
	H
	PE with risk stratification (low n = 46; intermediate n = 28; high n = 18) 
	-
	UPLC MS
	U
	92
	Plasma
	Mann Whitney U test 
Fisher’s exact test

	Benjamini Hochberg FDR
 

	< 0.02
	Multivariable linear regression to differenti-ate between PE risk
	Low vs intermediate risk 
Xanthosine; Alpha-ketoglutarate; Arachidoylcarnitine; Picolinate; Vanillylmandelate (VMA)

Intermediate vs high risk
Phenylalanine; Lactose; Tyrosine; Caffeine; 3-HIB; Citrate 
	
	
	· 

	Jiang 
2018
(58)
	H
	Incident VTE DVT n = 240, PE n = 125
	Controls 
n = 6963
	LC-MS
	U
	7,203

	Serum
	Multivariate (PCA, OPLS DA)
Sensitivity analysis, Pearson correlation
	Bonferroni correction
	< 0.05
	Logistic regression for VTE association.
Adjustment for BMI
	None significant 
	
	
	

	Maekawa 
2019
(56)
	A
	Rabbit (male Japanese white rabbits)
DVT (jugular venous thrombus; jugular endothelial denudation and vessel ligation)
n = 5
	-
	CE-TOFMS
	U
	5
	Plasma
Thrombus
	Unpaired t test
One way ANOVA
Spearman’s test
	Bonferroni correction
	< 0.05
	
	PLASMA
Citrate; Glucose-6-phosphate (glucose 6-P); Nicotinamide adenine dinucleotide phosphate+ (NADP+); Tryptophan; Fructose-6-phosphate

THROMBUS
Lactate; Adenosine monophosphate (AMP); Choline; Hypoxanthine; Guanine monophosphate (GMP); Guanine; Glutathione
	
	
	Thromboelastometry

Cellular contents
And Glut 1 expression in human aspirated DVT

Histology


Table 1 and 2 abbreviations: 3-HB – 3-hydroxybutyrate; 3-HIB – 3-hydroxyisobutyrate; A – animal; AC – acylcarnitine; Alpha KG – alpha ketoglutarate; AMP – adenosine monophosphate; ANOVA – analysis of variance; ATP – adenosine triphosphate; CE-TOF MS – capillary electrophoresis time of flight; CV-ANOVA – cross-validated residuals analysis of variance; CVD – chronic venous disease; C2/3/4/5 – CEAP stages; GC – gas chromatography; GMP – guanine monophosphate; Glucose 6-P – glucose 6-phosphate; GPC – glycerophosphocholine; H – human; HE – haematoxylin-eosin; FDR – false discovery rate; IVC – inferior vena cava; LPA – lysophosphatidic acid; LPC – lysophosphatidylcholine; LPE – lysophosphatidylethanolamine; LPI – lysophosphatidylinositol; lysoPC – lysophosphocholine; MAS – magic angle spinning; mPAP  - mean pulmonary arterial pressure; NAC – N-acetylglycoproteins; NADP+ - nicotinamide adenine dinucleotide phosphate+; NAG – N-acetylglutamate; OAC - O-acetylglycoproteins; OPLS – DA – orthogonal partial least square regression discriminant analysis; PA – phosphatidic acid; PAD – peripheral arterial disease; PC – phosphatidylcholine; PCA – principal component analysis; PE – pulmonary embolism; PhE – phosphatidylethanolamine; PI – phosphatidylinositol; PS – phosphatidylserine; QTOF – quad time of flight; ROC – receiver operating characteristic curve analysis; SM – sphingomyelin; T – targeted; TG – triglyceride; TMAO – trimethylamine N-oxide; TNF – tumour necrosis factor; U – untargeted; VLU – venous leg ulceration; VMA – vanlillylmandelate; VTE – venous thromboembolism; vWF – von Willebrand Factor

Full tables in Supplement 2
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