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Summary  (word count 248)

Background: Aetiology of IBD remains poorly understood. Recent evidence suggests an important role of gut microbial dysbiosis in IBD and this may be associated with changes in faecal volatile organic metabolites (VOMs). 
Aim: This study describes the changes in the faecal VOMs of patients with IBD and establish their diagnostic potential as non-invasive biomarkers.
Methods: 
Faecal samples were obtained from 117 people with Crohn’s disease (CD), 100 with ulcerative colitis (UC) and 109 healthy controls. Faecal VOMs were extracted using solid phase micro-extraction and analysed by gas chromatography-mass spectrometry. Data analysis was carried out using partial least squares-discriminate analysis (PLS-DA) to determine class membership based on distinct metabolomic profiles. 
Results: 
The PLS-DA model showed clear separation of active CD from inactive disease and healthy controls (p <0.001). Heptanal, 1-octen-3-ol, 2-piperidinone and 6-methyl-2-heptanone were up-regulated in the active CD group {Variable important in projection (VIP) score 2.8, 2.7, 2.6 and 2.4 respectively}, while methanethiol, 3-methyl-phenol, short chain fatty acids and ester derivatives were found to be less abundant (VIP score of 3.5, 2.6, 1.5 and 1.2 respectively). The PLS-DA model also separated patients with small bowel CD from healthy controls and those with colonic CD from UC (p <0.001). In contrast, less distinct separation was observed between active UC, inactive UC and healthy controls 
Conclusion: 
These results show that faecal VOM analysis provides an understanding of gut metabolomic changes in IBD. It has the potential to provide a non-invasive means of diagnosing IBD and differentiate between UC and CD. 
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INTRODUCTION: 
Diagnosis of inflammatory bowel disease (IBD) requires complex and invasive investigations. This places a heavy burden both on healthcare resources, because of the cost of treatment, and the patients in terms of disease-related disability and poor quality of life [1, 2]. Recently, there has been increasing interest in non-invasive faecal biomarkers to diagnose and monitor disease activity in IBD, particularly using faecal calprotectin testing [3, 4]. The investigation of metabolites as a diagnostic tool for a range of disease states has also attracted significant interest [5-7]. The development of sophisticated analytical techniques has enabled the study and interpretation of changes in the faecal (VOMs) and its correlation with the pathophysiological mechanisms in the gut during health and disease [8-10]. VOMs are chemicals that are the products and intermediates of metabolism, many of which may originate from the diet and may be altered in different bowel diseases. There is growing evidence that changes in faecal VOMs reflect gastroenterological disorders and could potentially provide diagnostic information about these conditions [11-13]. These changes in the faecal VOMs profile can be related to dietary habits, digestive and excretory processes, and other physiological variations, but research in this area is limited.  Our group studied the changes in faecal VOMs in the healthy population and found a core set of ubiquitous compounds, whilst other compounds changed due to day-to-day variations in diet and physiology [14]. Further work is required to explore the effect of diet and physiological parameters on the variability of faecal VOMs [15]. In addition, changes in the faecal VOMs could also be related, directly or indirectly, to gut microbial dysbiosis. There is convincing evidence that dysbiosis in the gut microbiota could be incriminated in several GI disorders including IBD, whether this dysbiosis is the cause or consequence of these disorders, remains elusive [16, 17]. Many studies have demonstrated imbalance in the gut microbiome, both in CD and UC. For example, studies have shown a consistently low concentration of Faeclbacterium prausnitzii, a member of Clostridium IV, in individuals with Crohn’s disease [18]. Similarly other studies have demonstrated high concentrations of adherent /invasive E.coli in the ileal mucosa of patients with Crohn’s disease [19, 20]. This is further supported by the fact that patients with Crohn’s disease show marked antibody response to bacterial and fungal antigens [21].  Unlike CD, in which dysbiosis has been better characterised, research describing the dysbiosis related to UC is sparse. A study by Machiels et al showed reduced occurrence of butyrate producing bacteria, Roseburia hominis and Faecalibacterium prausnitzii, in UC compared with healthy controls [22]. Similarly two other small studies have reported an increase in the concentration of sulphate-reducing deltaproteobacteria in UC [23, 24]. The understanding of the pathological role of gut microbiota in IBD would not only provide a platform to search for non-invasive diagnostic biomarkers, but also lead to the development of novel therapeutic targets. 

In this study, we describe the changes in faecal VOMs of patients with IBD and explore their relationship with the gut microbiota. Their role as novel, non-invasive diagnostic faecal biomarkers in the diagnosis and monitoring of patients with IBD is also investigated. 

MATERIALS AND METHODS

Patients
Adult patients with known IBD were recruited from the Bristol Royal Infirmary. Diagnosis of IBD was made by endoscopic appearance with histological confirmation; and radiological investigations for patients with isolated small bowel CD. Disease activity in CD was determined using the Harvey Bradshaw Index (HBI) [25] and simple colitis clinical activity index (SCCAI) for UC [26] along with raised C- reactive protein (CRP). Active disease was defined as an HBI score of ≥ 4 or SCCAI score of ≥ 7, for CD and UC with a mean CRP level of 35 and 30 respectively. The demographic features of study participants and disease activity indices are summarised in Table 1. Healthy relatives of the patients who were not taking any regular medicine and had not taken any antibiotic 6 weeks prior to the study were recruited as controls.

The study was approved by Wiltshire Research Ethics Committee. All patients were given an information sheet and adequate opportunity to ask questions before consenting to participate.

Faecal samples
All study participants provided fresh faecal samples in 50mL stool collection bottles (Biomedics, Cheshire, UK).  Samples were submitted within 6 hours of bowel movement.  A 2 gm aliquot was placed into 18 mL headspace vial (Supelco, Poole, UK) with silicon/polytetrafluoroethylene septa, and stored at -20°C prior to analysis. Clinical information was recorded at the time of sample donation.

VOM extraction and GC-MS analysis
The analytical methods have been described previously [27]. Briefly, stored samples were placed in a waterbath at 60°C for one hour. VOMs were then extracted for 10 minutes using a preconditioned SPME fibre (Carboxen/polydimethylsiloxane coating) exposed to the headspace above the faeces. The VOMs were thermally desorbed by immediately transferring the fibre into the heated injection port (220oC) of a Clarus 500 (Perkin Elmer, Beaconsfield UK) GC-MS. The injector was operated in splitless mode and fitted with a 1.5 mm i.d. liner. The GC was fitted with a SPB-1 column (60 m × 0.25 mm i.d., 1 micron thick stationary phase, Supelco, UK). The oven temperature programme was as follows: 40°C for 2 minutes, ramped at 6°C/minute to 220°C, held for 4 minutes giving a total run time of 36 minutes. Helium (99.95%, BOC, Guilford, UK) carrier gas was used at a constant linear velocity of 35 cm/sec. The GC-MS generated a chromatogram with peaks representing individual compounds. Ethanol standards (50 ppm, BOC, Guilford, UK) were used daily to assess the SPME fibre efficiency.
Each chromatogram was analysed for peak identification using the National Institute of Standard and Technology 2008 (NIST) library. A peak area threshold of >1,000,000 and a match criterion of >90% was used for VOM identification followed by manual visual inspection of the fragment patterns when required.  If there was no match available, the compounds were named as per their retention time such as “compound RT-38” and were included in the statistical analysis. All chromatograms were re-inspected for the presence of sub-threshold peaks.

Statistical methods
Data analysis was carried out using Metaboanalyst version 2.5 (www.metaboanalyst.ca.org). It is a comprehensive web-based tool designed for processing, analysing and interpreting metabolomic data. Data was normalised by median centring; missing values were imputed with the lower limit of detection for a given metabolite and significantly altered metabolites were defined by fold change greater than 1.2, a P-value less than 0.05, and false discovery rate 10% or less. Principal component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) were performed to discern differences between the groups and determine the class membership. PCA was used firstly to investigate the general inter-relation between groups, including clustering and outliers among the samples and the data was then analysed using PLS-DA. PLS-DA is a multivariate, supervised classification method, which uses various linear regression techniques in order to find the direction of maximum covariance between a data set and a class membership, and by using their weighted average (known as score), summarises the original variables into fewer variables [28].  PLS-DA also provides a second set of important metabolites i.e. variables important in projection (VIPs), defined as the weighted sum of squares of the PLS loadings, which takes into account the amount of explained class variance of each component. VIPs are the components, or metabolites, which differ the most between the groups and best explain the inter-group variation [29]. VIP scores of the key metabolites were calculated and were used to select metabolites of importance. Variables with a VIP score >1 were identified and selected as potential markers as these contributed most to group discrimination.

RESULTS
Five groups were studied; these were patients with active CD (CD-A, n=62), inactive CD (CD-I, n=55), active UC (UC-A, n=48), inactive UC, (UC-I, n=52) and healthy controls (HC, n=109). The median age was 42 yrs (19-78 yrs) with a male to female ratio of approximately 1:1. A total of 234 VOMs were detected from active CD cases, 290 VOMs from inactive CD, 244 VOMs from active UC, 264 VOMs from inactive UC and 290 VOMs from healthy controls. Univariate analysis was applied to identify those discriminatory metabolites, which were statistically significant in separating the groups. These important metabolites were broadly classified into five main classes: aldehydes, secondary alcohols, ketones, short and branched chain fatty acids and ester derivatives and are listed in Table 2. These compounds are those that enable differentiation between the groups, either individually or as part of a chemical class (e.g. aldehydes, 2-substituted ketones etc.). Each VOM was found to be present in a certain percentage of subjects in each of the five groups. In combination these differences in the occurrence of certain VOMs allowed statistical models to be constructed to differentiate between the groups. Univariate analysis showed no significant difference in the faecal VOMs due to age or sex. 

The cases within the active CD group were compared with the healthy controls and then with the inactive CD group separately. Using Metaboanalyst, data was normalised and then subjected to PLS-DA to predict the class membership as described above. An excellent separation (p <0.001) between the active CD and healthy control groups was achieved (Figure 1a). This group discrimination was based on components 1, 2 and 3, which demonstrate a clear demarcation between the active CD and healthy control groups. Determination of these potentially influential VOMs toward the separation in the PLS-DA models was further analysed using a regression coefficient plot where metabolites with VIP values exceeding 1.0 were selected. These selected VOMs have positive (up regulation in certain group) and negative (down regulation) values (indicated by different colours, Figure 1b) in the regression coefficient plots and affect the separation significantly. In brief, positive values indicate relatively high prevalence of the metabolites while negative values represent relatively low prevalence of metabolites in the samples. The metabolites which were up regulated in the active CD group and contributed to the discrimination of this group from the other groups were 1-octen-3-ol, heptanal, 2-piperidinone, 6-methyl-2-heptanone and decane; while methanethiol, 3-methylphenol, and alpha-pinene were down regulated in the active CD group (Figure 1b). 

Similarly, the data was analysed to determine the separation between active Crohn’s disease from the inactive disease group and separation between subtypes of Crohn’s disease based on the extent of the disease such as small bowel Crohn’s disease vs. healthy controls.  The PLS-DA model demonstrated a significant separation of active Crohn’s disease group from inactive Crohn’s disease (p <0.001) although some degree of overlap was observed between the groups.  Figure 2a shows a 3D plot score of this analysis showing separation of these groups based on selected variance (component 1, 2, 3).  VOMs that contribute significantly to class prediction were then ranked using VIP score as listed in Figure 2b (provided as supplementary figure).

In the comparison of small bowel Crohn’s disease with large bowel Crohn’s disease and healthy controls, the PLS-DA model showed some distinct clustering highlighting significant differences in the metabolic profile of small bowel CD and large bowel CD (p <0.001), however there were significant overlaps and poor class discrimination was achieved in the analysis of small bowel CD vs. healthy controls (Figure 3a & 5a). The metabolites, which contributed most to the discrimination of these groups, are listed in Figures 3b & 5b (provided as supplementary figures)  as per their VIP score. 

The comparison of metabolite profile data of the Crohn’s colitis group and UC groups provided a good PLS-DA model, and clear separation was observed between these groups with only minimal overlap observed in the 3D score plot (Figure 4a). Figure 4b lists important metabolites, which allowed the separation of these groups as per VIP score ranking. Similarly distinct clustering was seen in the case of the active CD and active UC comparison with PLS-DA model which showed clear separation of these groups (Figure 5a). Discriminatory metabolites up regulated in each group are shown in Figure 5b (supplementary figure) as per VIP score ranking. 

In contrast to the results of the Crohn’s disease groups, the PLS-DA model did not show any distinct separation of the active UC group from the inactive UC group (Figure 6a) or from healthy controls (Figure 7a). Although some separation was observed between the active and inactive UC groups, there was a significant degree of overlap observed (Figure 6a). Similarly, the model was not able to show any distinct separation of the active UC group from that of the healthy controls and substantial overlap was observed in this comparison (Figure 7a). The metabolites that allowed these groups to be distinguished are listed alongside their VIP scores in Figures 6b and 7b (supplementary figures). Only one metabolite with a high VIP score was observed in the active UC group while the rest of the VOMs with high VIP scores were absent in this group in both analyses (Table 3).  
The statistical analysis of all five groups, that is, active CD, inactive CD, active UC, inactive UC and healthy controls revealed poor class discrimination and substantial overlap was observed (Figure 9a). Discriminatory metabolites up regulated in each group are shown in Figure 9b (supplementary figure) as per VIP score ranking. 
Similarly, the results of metabolite analysis of inactive CD group, inactive UC group and healthy control showed poor separation of three groups with substantial overlap between the groups (Figures 10a & 10b-supplemtal Figure) 
DISCUSSION
The study of low molecular weight metabolites by volatile analysis techniques offers a novel approach to develop non-invasive biomarkers of disease. Investigation of metabolites in medical diagnosis has become a very promising idea, which has gained considerable clinical and scientific interest.  Pioneering research has shown that alterations in the metabolomic profile in biological fluids can be utilised in the diagnosis of various pathological conditions [30-32], and enables the understanding of human metabolic response to changes in the physiological conditions and disease processes. In this study, we investigated the metabolite fingerprints of individuals with IBD and observed significant differences in the faecal VOM patterns of individuals in different IBD groups, in particular, groups with Crohn’s disease, and healthy controls. Our study has shown a clear separation between groups with active CD vs. inactive CD and healthy controls. Separation was also observed in small bowel CD vs. healthy control and groups with Crohn’s colitis vs. UC based on metabolomic profiling. 

Alteration in the pattern of faecal metabolites may be due to the alterations in the metabolic processes, results of inflammatory changes, microbial dysbiosis in the gut, or a combination of these. Research studies focusing on the investigations of metabolomes in various biological fluids from patients with IBD are mounting although with a wide variability in the results and some degree of contradiction across the studies. One of the preliminary studies from Garner et al found differences in the faecal metabolites of healthy controls vs. patients with UC, Clostridium difficile and Campylobacter jejuni [14]. Other studies identified differences in the VOMs of preterm infants with necrotizing enterocolitis [33], children with coeliac disease [34], individuals with IBS [35] and obese patients with non-alcoholic fatty liver disease [36].  Our study observed up-regulation of heptanal, propanal, benzeneacetaldehyde, 1-octen-3-ol, 3-methyl-1-butanol, 2-piperidinone and 6-methyl-2-heptanone in the groups with active CD.

Heptanal, propanal and benzeneacetaldehyde are aldehydes. Studies have shown that aldehydes are produced during inflammatory processes as a result of lipid per-oxidation and oxidative stress [37], and play an important role in the tissue damage and mucosal ulceration of the GI tract in patients with IBD [38]. Our study found that faecal aldehydes were more abundant in the active CD group compared to healthy controls and UC (p<0.05, Table 3), and could be a marker of disease activity in CD. Similarly, 1-octen-3-ol and 3-methyl-1-butanol are secondary alcohols, the occurrence of which was found to be increased in the CD active group, with levels dropping again in the CD inactive group. 1-Octen-3-ol was consistently found to be a discriminatory VOM in analyses of active CD vs. inactive CD and small bowel CD vs. healthy control. In contrast, its presence was not detected in individuals with active UC, making it a potentially interesting VOM specifically related to active Crohn’s disease. The occurrence of primary alcohols, however, was found at relatively stable levels across the groups. 

Both heptanal and 1-octen-3-ol were shown to be linked with fungi by studies in the past [40, 41]. 1-octen-3-ol is biosynthesised from linoleic acid and found to be less abundant in healthy individuals but was raised in campylobacter infection and coeliac disease in children [14, 34]. Similarly, heptanal and other aldehydes such as propanal and hexanal were also shown to be a product of decomposition by fungi in various food products [42, 43]. Our observation that heptanal and 1-octen-3-ol have a higher occurrence could reflect a potential role of fungi in the pathogenesis of Crohn’s disease and lead to the hypothesis that in Crohn’s disease, the alteration or dysbiosis in the gut microbiota could encourage pathogenic fungal growth. Research studies have tried to evaluate the role of fungi in the cause of Crohn’s disease. For example a study by Costantini et al [44] in the past had found that people with Crohn’s disease often have aflatoxin, a mycotoxin made by aspergillus molds, in their blood. Similarly another study by Barclay et al [45], found that disease activity in patients with Crohn’s disease was lower when they followed a yeast-free diet, specifically avoiding baker’s and brewer’s yeasts. Recent work has shown a link between the interaction of commensal fungi with the intestinal immune system and the development of IBD [46].  Further studies are needed to investigate the correlation of faecal metabolites with colonic microbiome, in particular the fungi, which could shed further light on the aetiological role of fungi in IBD.

Other metabolites, which were up-regulated in Crohn’s disease in comparison to healthy controls and UC, were 2-piperidinone and 6-methyl-2-heptanone. 6-Methyl-2-heptanone belongs to the methyl-ketone group and studies have shown that it can be produced by many species of bacteria and can also be produced by fungi from the respective alkanoic acid.  Undoubtedly, other ketonic compounds can also be synthesised by bacteria [47].  

[bookmark: _Toc300673998][bookmark: _Toc300680164]Our study found a reduced occurrence of short chain fatty acids (SCFA) such as pentanoic acid, 2-methylbutanoic acid and 3-methylbutanoic acid in active CD compared with healthy controls (Table 3). However, the statistical analysis of the UC group did not reveal any specific pattern of SCFA alteration.  SCFAs are produced by gut microbiota from the metabolism of undigested carbohydrates and are essential in maintaining the health of colonic mucosa. SCFAs provide nutrition and are the main energy source for colonocytes. The mechanisms whereby SCFA produce their beneficial effect have been shown to be through epithelial homeostasis and anti-inflammatory effects [48]. Several studies have shown that reduced level of SCFAs has an important role in the pathogenesis of IBD [49, 50]. This idea was supported by studies on diversion colitis where lack of faecal SCFAs was shown to cause inflammation of the distal colon, which was responsive to a solution containing normal faecal concentrations of SCFA [51]. A recent study by De Preter et al investigated the faecal metabolites in patients with IBD and found decreased levels of medium-chain fatty acids i.e. pentanoic, hexanoic, heptanoic, octanoic  and nonanoic acid, and of some protein fermentation metabolites, in patients with CD, UC and pouchitis. More interestingly, their study have shown an inverse correlation of hexanoate levels with disease activity in CD, whereas a significant positive correlation was found between styrene levels and disease activity in UC [52]. Our findings of reduced occurrence of SCFA in Crohn’s disease are consistent with these observations. 

Another important observation of our study was differences in the occurrence of faecal esters, in particular, a decrease in the occurrence of methyl esters in the active disease groups compared to healthy controls and inactive disease groups (Table 2). Esters are produced by the condensation of acids and alcohol [53]. The source of faecal esters is considered to be from the fermentation of dietary nutrient by colonic bacteria [54]. Differences in occurrence of faecal organic acids, alcohol and esters can be linked to alteration in the digestion and absorption of dietary products but equally could be due to altered gut microbiota considering their important role in the fermentation process. This association of altered occurrence of esters with microbiota may also support the hypothesis of microbial dysbiosis as an aetiological factor in IBD [55, 56].

Our study observed distinct separation of the small bowel CD group from the healthy control group although the separation was less clear and there was more overlap between the groups compared to the group with more extensive Crohn’s disease. We believe that the observation of overlap between these groups may be due to the small number of cases in this analysis small bowel CD, n=18). Another possible explanation for these observations could be that the pathological activity involving a small segment of the bowel produces only minor changes in the VOMs, which may require more sophisticated and sensitive techniques. These observations may also support the fact that there was a poor correlation between clinical symptoms and degree of mucosal inflammation. Many studies have demonstrated the absence of mucosal inflammation in patients who continue to have symptoms [57, 58].  Poor correlation of faecal biomarkers with small bowel CD was also shown in studies on faecal calprotectin. D’Inca et al found a significant correlation between faecal calprotectin level and disease relapse in UC and colonic CD, but poor correlation in ileal CD [59]. Kallel et al. also found faecal calprotectin to be a reliable marker of relapse in colonic CD compared with ileal CD [60]. These observations are also supportive of our findings

In contrast, our study did not find a significant separation between UC group in comparison to the healthy control or inactive UC group. We observed only one metabolite, which was up-regulated in the active UC disease group, whilst the rest of the discriminatory metabolites were down regulated (Figure 6c and 7c). Both CD and UC are chronic inflammatory diseases of the GI tract; thus the positive association of faecal metabolites with CD but not UC was interesting. It may be related to the type of inflammation, which is granulomatous and transmural in CD but superficial in UC. This difference in faecal metabolites in CD and UC may also reflect the different etiopathological processes in these conditions. This is in line with the observation of other studies showing varied correlation of other serological markers of inflammation with the disease activity in IBD. For example, studies have shown that elevation of CRP correlated differently with the disease activity in CD and UC, which may reflect differences in the inflammatory processes involved in these conditions [61]. In future, studies are needed to look at the correlation of these metabolites with stages of the disease using serial measurements of faecal metabolites with different stages of the disease. For example, measurement of faecal metabolites from untreated patients with active disease at diagnosis, to the point of disease in remission with treatment, would provide valuable information about relationship of these metabolites with disease activities hence their clinical value in monitoring the disease activities. Another possible explanation of this observation that metabolites changes are better correlated with CD than UC could be the degree of microbial dysbiosis, which is shown to be more pronounced in CD than UC

Medications might affect the composition of faecal VOMs. Patients in this study were maintained on different classes of medications but our study did not detect any active or inactive medication metabolites in the faeces of study participants; however, it remains difficult to conclude whether medications have any impact on VOM profiles. Swidsinki et al [62] studied the effect of mesalazine and azathioprine on the gut microbiota in patients with IBD and found no effect of these medicines on faecal bacterial growth. To understand the influence of these medications on faecal VOMs, a future controlled trial would be of great clinical value. However, there are ethical limitations to such investigations: medication should not be stopped in order to sample faeces.

The role of diet in IBD remains a topic of much debate.  Although some small studies have described the effect of diet on gut physiology [15, 63], the effect on faecal VOMs would be a subject for future research. Recent understanding that high FODMAP (fermentable oligo, di, monosaccharides and polyoles) foods are implicated in triggering the symptoms of IBS has initiated research studies to explore the role of diet in IBD [64]. It was difficult to obtain detailed dietary data due to frequent changes in the diet of patients in response to their symptoms, and this was a potential weakness of this study, as detailed dietary information about the study participants and its effect on the metabolite profile of the individuals would be important to explore dietary related metabolomic changes.  In future studies detailed dietary information on a day-by-day basis and its correlation with the faecal VOMs would be of significant value. 

Another potential drawback of faecal VOMs analysis is that a large proportion of spectral peaks are still unknown, and consequently more effort has to be invested in the compilation of standardized metabolite libraries. 

In addition to faecal metabolomic profiling, breath analyses have also revealed an altered pattern of volatiles metabolites in IBD at different stages and extent of disease. Alkanes, particularly, pentane, butane, ethane and propane have been shown to be elevated in IBD compared to healthy controls [65, 66]. Additionally, urine metabolomic analysis has also found that derivatives of tricarboxylic acid and amino acids could provide some discrimination of patients with IBD from healthy controls [67]. Other studies have also shown that altered profile of metabolites from serum and mucosal samples can discriminate CD and UC from healthy control [68-70]. All these studies have opened up a promising discussion to evaluate the clinical importance of metabolites in the diagnosis and monitoring of IBD, to predict complications and to develop more robust therapeutics targets.   

In summary, we have reported the VOM profiles of patients with active and inactive IBD vs. healthy controls. There were clear differences between groups. VOM profiles have been used to segregate patients by disease activity and, in the case of colitis, the type of disease. The correlation of the discriminatory metabolites with fungi and other bacteria is interesting and supports the hypothesis of gut microbial dysbiosis in the aetiology of IBD.  This provides an important platform to explore the role of the gut microbiome, in particular, fungi in IBD pathogenesis and development of novel therapeutic targets.   In future, further understanding of faecal VOMs may lead to the development of a rapid and simple point of care diagnosis for a wide variety of clinical disorders including IBD. 



REFERENCES 
1. [bookmark: _ENREF_1]Gunnarsson C, Chen J, Rizzo JA, et al. The employee absenteeism costs of IBD: Evidence from US National Survey Data. J Occup Environ Med 2013; 55:393-401.
2. Bodger K. Cost effectiveness of treatments for IBD. Pharmacoeconomics 2011; 29:387-401. 
3. Vermeire S, Van Assche G, Rutgeerts P. Laboratory markers in IBD: useful, magic, or unnecessary toys? Gut 2006; 55:426-31.
4. Konikoff MR, Denson LA. Role of faecal calprotectin as a biomarker of intestinal inflammation in IBD. Inflamm Bowel Dis 2006; 12:524-34.
5.  Stephens N, Siffledeen J, Su X, et al. Urinary NMR metabolomic profiles discriminate inflammatory bowel disease from healthy. J Crohns Colitis 2013:7:42-48
6. Gowda GA, Zhang S, Gu H et al. Metabolomics-based methods for early disease diagnostics. Exp Rev Mol Diagn 2008; 8: 617-633
7. Bu Q, Huang Y, Yan G, Cen X, Zhao YL. Metabolomics: a revolution for novel cancer marker identification. Comb Chem High Throughput Screen 2012; 15:266-75
8. Dixon E, Clubb C, Pittman S, et al.  Solid-phase microextraction and the human faecal VOC metabolome. PloS One 2011; 6:184-7.
9. Shepherd SF, McGuire ND, de Lacy Costello BP, et al. The use of gas chromatography coupled to a metal oxide sensor for rapid assessment of stool samples from IBS and IBD patient. J Breath Res 2014; 8:0260-01
10. Read S, Mayor A, Aggio R, et al. Optimisation of sample preparation for direct SPME-GS-MS analysis of murine and human faecal volatile organic compounds for metabolomic studies. J Anal Bioanal Tech 2014; 5:800-801
11. Probert CS, Jones PRH, Ratcliffe NM. A novel method for rapidly diagnosing the causes of diarrhoea. Gut 2004; 53:58-61.
12. Probert CS, Ahmed I, Khalid T, et al. Volatile organic compounds as diagnostic biomarkers in gastrointestinal and liver disease. J Gastrointestin Liver Dis 2009; 18: 333-43.
13. Walton C, Fowler DP, Turner C et al. Analysis of volatile organic compounds of bacterial origin in chronic gastrointestinal disease. Inflamm Bowel Dis 2013; 19:2069-78
14. Garner CE, Smith S, de Lacy Costello B, et al. Volatile organic compounds from faeces and their potential for diagnosis of gastrointestinal disease.  FASEB J 2007; 21: 1675-88.
15. Geypens B, Claus D, Evebepoel P, et al. Influence of dietary protein supplements on the formation of bacterial metabolites in the colon. Gut 1997; 41: 70-76.
16. Sartor R, Mazmanian S, Intestinal Microbes in Inflammatory Bowel Disease. Am J Gastroenterol Suppl 2012; 1:15-21
17. Tamboli CP, Neut C, Desreumaux P, Colombel J. Dysbiosis in inflammatory bowel disease. Gut 2004; 53:1-4
18. Sokol H, Pigneur B, Watterlot L, et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients. Proc Natl Acad Sci USA 2008; 105:16731 – 6 .
19. Frank DN , St Amand AL , Feldman RA, et al. Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases . Proc Natl Acad Sci USA 2007; 104:13780 – 5 .
20. Barnich N, Darfeuille-Michaud A. Adherent-invasive Escherichia coli and Crohn's disease. Curr Opin Gastroenterol 2007; 23:16-20.
21. Vasiliauskas EA, Kam LY, Kap LC, et al. Marked antibody expression stratifies Crohn's disease into immunologically homogenous subgroups with distinct clinical characteristics. Gut 2000; 47:487-496. 
22. Machiels K, Joossens M, Sabino J, et al. A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium prausnitzii defines dysbiosis in patients with ulcerative colitis Gut 2014; 63:1275-1283 
23. Rajilić-Stojanović M, Shanahan F, Guarner F, de Vos WM. Phylogenetic analysis of dysbiosis in ulcerative colitis during remission. Inflamm Bowel Dis. 2013; 19:481-8. 
24. Jia W, Whitehead RN, Griffiths L, et al. Diversity and distribution of sulphate-reducing bacteria in human faeces from healthy subjects and patients with IBD. FEMS Immunol Med Microbiol 2012 ; 65:55-68.
25. Harvey RF, Bradshaw JM. A simple index of Crohn’s disease activity. The Lancet  1980; 315:514.
26. Seo MOM, Yao T, Okabe N, et al. Evaluation of disease activity in patients with moderately active ulcerative colitis: comparisons between a new activity index and Truelove and Witts' classification. Am J Gastroenterol 1995; 90: 1759-63.
27. Ahmed I. Diagnostic potential of volatile organic compounds as faecal biomarkers in Inflammatory Bowel Disease. Thesis, University of Bristol 2011.
28. Xia J, Psychogios N, Young N, Wishart D. Metaboanalyst: a web server for metabolomic data analysis and interpretation. Nucl Acids Res 2009; 37:652-660.
29. Chong IG, Jun CH. Performance of some variable selection methods when multicollinearity is present. Chemometrics and Intelligent Laboratory System 2005; 78: 103-112
30. Deng C, Zhang X, Li N. Investigation of volatile biomarkers in lung cancer blood using solid-phase microextraction and capillary gas chromatography-mass spectrometry. J Chromatogr B 2004; 808:269-77.
31. Smith S, Burden H, Persad R, et al. A comparative study of the analysis of human urine headspace using gas chromatography–mass spectrometry. J breath research 2008; 2: 37-77.
32. Hrdlika KDL, Uricová D, Bortlík M, et al. Analysis of volatile compounds in the breath of patients with IBD. Gastroent Hepatol 2012; 66: 125-30.
33. Garner CE, Elasouad K, Power F, et al. Analysis of faecal volatile organic compounds in preterm infants who develop necrotising enterocolitis: a pilot study. J Pediatr Gastroenterol Nutr 2009; 49:559-65.
34. Di Cagno R, Rizzello CG, Gagliardi F, et al. Different faecal microbiotas and volatile organic compounds in treated and untreated children with coeliac disease.  Apple Environ Microbiol  2009; 75 :3963-71.
35. Ahmed I, Greenwood R, Costello B, et al. An investigation of faecal volatile organic metabolites in IBS. PLoS One 2013; 8:5820-4. 
36. Raman M, Ahmed I, Gillevet PM, et al. Faecal microbiome and volatile organic compound metabolome in obese humans with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol 2013; 11: 868-875
37. Fritz KS, Petersen DR. An overview of the chemistry and biology of reactive aldehydes. Free Radic Biol Med 2013; 59: 85-91.
38. Rezaie A, Parker R, Abdollahi M. Oxidative stress and pathogenesis of IBD: an epiphenomenon or the cause? Dig Dis Sci 2007; 52:2015-21.
39. Vermeire S, Van Assche G, Rutgeerts P. C-rective protein as a marker for inflammatory bowel disease. Inflamm Bowel Dis 2004;10:661-5
40. Bjurman J. Release of VOCs from microorganism. In organic indoor air pollutants-occurrence, measurement , evaluation. Ed. T. Salthammmer. 1999: 259-273
41. Sinha RN, Tuma D, Abramason D, et al. Fungal volatiles associated with moldy grain in ventilated and non-ventilated bin-stored wheat. Mycopathologia 1988; 101:53-60
42. Ewen RJ, Jones PR, Ratcliffe N, Spencer-Phillips PTN. Identification by gas chromatography-mass spectrometry of the volatile organic compounds emitted from the wood-rotting fungi, Serpula lacrymans and Coniophora puteana, and from Pinus sylvestris timber. Mycol. Res 2004; 108:806-814
43. Beck JJ, Mahoney NE, Cook D, Gee WS. Volatile analysis of ground almonds contaminated with naturally occurring fungi. J Agric Food Chem 2011; 59:6180-7
44. Kaufmann DA, Fungus Link Media Trition; First Edition edition [2003] http://www.mold-help.org/content/view/633
45. Barclay GR, McKenzie H, Pennington J, et al. The effect of dietary yeast on the activity of stable Crohn's disease . Scan J Gastroenterol 1992; 27:196-200.
46. Lliyan DI, Funari VA, Taylor KD, et al. Interactions between commensal fungi and the C-type lectin receptor Dectin-1 influence colitis. Science 2012; 336:1314-1317.
47. Kjeldsen, F, Christensen, LP, Edelenbos, M. Quantitative analysis of aroma compounds in carrot, Daucus carota L Cultivars by capillary gas chromatography using large-volume injection technique. J Agr Food Chem. 2001; 49:4342-4348
48. Vinolo M, Rodrigues H, Nachbar R, Curi R. Regulation of inflammation by short chain fatty acids.  Nutrients 2011; 3: 858-876. 
49. Takaishi H, Matsuki T, Nakazawa A, et al. Imbalance in intestinal microflora constitution could be involved in the pathogenesis of IBD. Int J Med Microbiol 2008; 298:463-72.
50. Huda-Faujan N, Fatimah A, Muhammad Anas O, et al. The impact of the level of the intestinal short chain fatty acids in IBD patients versus healthy subjects. Open Biochem J 2010; 4:53-8.
51. Guillemot F, Colombel J, Neut C, et al. Treatment of diversion colitis by short-chain fatty acids. Dis Colon Rectum 1991; 34:861-4.
52. De Preter V, Machiels K, Joossens M, et al. Faecal metabolites profiling identifies medium-chain fatty acids as discriminating compounds in IBD. Gut .2015; 64:447-58.
53. Chen T, Munot YS. Esterification between carboxylic acid and alcohol catalyzed by amphoteric, water-tolerant TiO[acac]2C. J. Org. Chem. 2005; 70:8625-8627.
54. Nepelska M, Cultrone A, Beguet-Crepel F, et al. Butyrate produced by commensal bacteria potentiate phorbol esters induced AP-1 response in human intestinal epithelial cells. PLoS One 2012; 7: 52-69. 
55. Manichanh C, Borruel N, Casellas F, Guarner F. The gut microbiota in IBD. Nat Rev Gastroenterol hepatol 2012; 9:599-608.
56. Takaishi H, Matsuki T, Nakazawa A, et al. Imbalance in intestinal microflora constitution could be involved in the pathogenesis of IBD. Int J Med Microbiol 2008; 298:463-72.
57. Grover M, Herfarth H, Drossman DA. The functional-organic dichotomy: postinfectious IBS and IBD-IBS. Clin Gastroenterol Hepatol 2009; 7:48-53.
58.  Cellier TSC, Froguel E,  Adenis A, et al. Correlations between clinical activity, endoscopic severity, and biological parameters in colonic or ileocolonic Crohn's disease. Gut 1994; 35:231-5.
59. Simrén M, Axelsson J, Gillberg R, et al. Quality of life in IBD in remission: the impact of IBS-like symptoms and associated psychological factors. Am J Gastroenterol 2002; 97:389-96.
60. Kallel L, Ayadi I, Matri S, et al. Faecal calprotectin is a predictive marker of relapse in Crohn's disease involving the colon: a prospective study. Eur J Gastroenterol Hepatol 2012; 22:340-5. 
61. Lopez Morante AJ, Saez-Royuela F, Yuguero del Moral L, et al. The usefulness of reactive protein C in managing patients with UC and Crohn's disease. Rev Esp Enferm Dig 1993; 83:5-9.
62. Swidsinski A, Bengmark S, Loening-Baucke V, et al. Azathioprine and mesalazine-induced effects on the mucosal flora in patients with IBD colitis. Inflamm Bowel Dis 2006; 13:51-6.
63. Zumarraga LLM, Suarez F. Absence of gaseous symptoms during ingestion of commercial fibre preparations. Aliment Pharmacol Ther 1997; 11:1067-72.
64. Gearry RB, Barrett JS, Nathan DM, et al. Reduction of dietary poorly absorbed short-chain carbohydrates [FODMAPs] improves abdominal symptoms in patients with IBD-a pilot study. J Crohns Colitis 2009; 3:8-14.
65. Dryahina K, Spanel P, Pospisilova V, et al. Quantification of pentane in exhaled breath, a potential biomarker of bowel disease, using selected ion flow tube mass spectrometry. Rapid Commun Mass Spectrom 2013; 27: 1983–92.
66. Pelli MA, Trovarelli G, Capodicasa E, De Medio GE, Bassotti G. Breath alkanes determination in ulcerative colitis and Crohn’s disease. Dis Colon Rectum 1999; 42:71–6.
67. Stephens NS, Siffledeen J, Su X, et al. Urinary NMR metabolomic profiles discriminate inflammatory bowel disease from healthy. J Crohns Colitis 2013; 7: 42–8.
68. Zhang Y, Lin L, Xu Y, et al. 1H NMRbased spectroscopy detects metabolic alterations in serum of patients with early-stage ulcerative colitis. Biochem Biophys Res Commun 2013; 433: 547–
69. Williams HR, Willsmore JD, Cox IJ, et al. Serum metabolic profiling in inflammatory bowel disease. Dig Dis Sci 2012; 57: 2157–65.
70. Bjerrum JT, Nielsen OH, Hao F, et al. Metabonomics in ulcerative colitis: diagnostics, biomarker identification, and insight into the pathophysiology. J Proteome Res 2010; 9: 954–62.







23

TABLES AND FIGURES

Table 1: Demographics of the study participants
	



Total No.

	Crohn’s disease
	Ulcerative colitis
	Healthy controls


	
	CD-Active
	CD-Inactive
	UC-Active
	UC-Inactive
	

	Total No.
	62
	55
	48
	52
	109

	Sex

	F=32
	F=16
	F=23
	F=21
	F= 69

	Age 

	18-80
[Mean=39]
	21-77
[Mean=36.5]
	18-77
[Mean=38]
	21-80
[Mean=34.5]
	24-76 
[Mean=33.3]

	Ethnic origin

	Caucasian =52
Brit. Asian =2
Asian       =3
Others     =5

	Caucasian =53
Brit. Asian =0 
Asian        =0
Others      =2

	Caucasian = 39
Brit. Asian =4 
Asian        =1
Others      =4

	Caucasian =43
Brit. Asian =2
Asian        =3
Others      =4

	Caucasian  =99
Brit. Asian  =2 
Asian         =4
Others       =4


	CRP [mg/dl]

	Mean=35.1
[17-209]
	<10
	Mean=30.8
[11-116]
	<10
	NA

	Activity score

	Mean=10.7
[4 -17]
	Mean=2
[1-2]
	Mean=11.04
[7-15]
	Mean= 2
[1-3]
	NA

	Medication 
	Steroids= 35
Infliximab= 27
Adalimumab= 18
Azathiopurine= 26
Mercaptopurine= 10
Methotrexate= 18
5ASA= 31
Antibiotic = 4
No medication= 2
	Steroids: 4
Infliximab=24
Adalimumab=16
Azathiopurine= 30
Mercaptopurine=20
Methotrexate=12
5ASA= 35
Antibiotic= 4 
No Medication=3
	Steroids= 38
Ciclosporin= 8
Infliximab=3
Adalimumab=1
Azathiopurine= 22
Mercaptopurine=4
Methotrexate=1
5ASA= 34
Antibiotic =2
No Medication=0

	Steroids= 4
Infliximab=1
Adalimumab=0
Azathiopurine=20
Mercaptopurine=8
Methotrexate=0
5ASA=46
Antibiotic =0
No medication= 6

	No medication =109



	


Table 2: The percentage occurrence of key VOMs as identified by univariate analysis being statistical significant in healthy controls and the disease groups

	Compound Name


	Healthy Controls Percentage occurrence

%
	CD Active
Percentage occurrence

	CD Inactive
Percentage occurrence

	UC Active
Percentage occurrence

	UC Inactive
Percentage occurrence


	Acids
	
	
	
	
	

	Acetic acid
	87
	81
	87
	86
	80

	Propanoic acid 
	60
	54
	74
	65
	60

	Butanoic acid  
	99
	94
	100
	98
	100

	Pentanoic acid
	92
	80
	88
	88
	98

	Hexanoic acid 
	19
	9
	22
	9
	6

	Heptanoic acid
	21
	12
	24
	15
	16

	Octanoic acid
	12
	0
	12
	5
	8

	2-methylpropanoic acid
	69
	55
	68
	65
	68

	2-methylbutanoic acid
	91
	80
	96
	90
	96

	3-methylbutanoic acid
	84
	68
	85
	80
	70

	Alcohols
	
	
	
	
	

	Methanol
	78
	76
	35
	19
	22

	Ethanol
	98
	99
	100
	98
	100

	1-propanol
	94
	94
	93
	92
	94

	1-butanol
	77
	76
	74
	78
	76

	2-propanol [isopropyl alcohol]
	23
	54
	45
	44
	32

	2-butanol
	14
	41
	0
	5
	12

	1-octen-3-ol
	7
	41
	6
	15
	0

	2-isopropyl-5-methylcyclohexanol [menthol]
	24
	12
	20
	11
	18

	Aldehydes
	
	
	
	
	

	Acetaldehyde
	94
	91
	93
	82
	92

	Propanal
	60
	71
	43
	48
	42

	Pentanal
	0
	18
	8
	7
	6

	Hexanal
	62
	65
	66
	63
	58

	Heptanal
	56
	96
	60
	65
	56

	Octanal
	51
	59
	52
	55
	62

	Nonanal
	44
	60
	52
	46
	34

	Benzaldehyde
	71
	84
	80
	86
	72

	Ketones
	
	
	
	
	

	Acetone
	98
	96
	100
	98
	96

	2-butanone
	72
	55
	80
	65
	72

	2-pentanone
	86
	71
	88
	80
	76

	2-hexanone
	46
	42
	41
	21
	30

	2-heptanone
	97
	86
	96
	90
	92

	2-octanone
	9
	5
	10
	0
	8

	2-nonanone
	78
	63
	70
	67
	78

	2-decanone
	38
	23
	45
	32
	30

	2-undecanone
	48
	41
	41
	25
	44

	2-dodecanone
	18
	0
	25
	15
	12

	3-methyl-2-pentanone
	30
	23
	35
	30
	20

	5-methyl-2-hexanone
	39
	20
	41
	34
	28

	4-methyl-3-hexanone 
	18
	4
	8
	5
	0

	6-methyl-2-heptanone
	22
	55
	29
	19
	18

	2-piperidinone
	5
	36
	18
	7
	8

	2,3-butanedione
	71
	68
	79
	57
	60

	2,3-pentanedione
	50
	30
	33
	28
	42

	Methyl Esters
	
	
	
	
	

	Acetic acid, methyl ester
	80
	76
	79
	61
	84

	Propanoic acid, methyl ester 
	70
	68
	72
	63
	70

	Butanoic acid, methyl ester
	78
	73
	77
	69
	80

	Pentanoic acid, methyl ester
	63
	49
	58
	55
	62

	Hexanoic acid, methyl ester
	34
	15
	29
	21
	34

	2-methylbutanoic acid, methyl ester
	11
	13
	35
	38
	18

	Other Esters
	
	
	
	
	

	Acetic acid, ethyl ester 
	25
	42
	25
	32
	30

	Acetic acid, pentyl ester
	22
	10
	12
	7
	26

	3-methylbutanoic acid, ethyl 
	5
	10
	14
	21
	6

	Propanoic acid, propyl ester
	26
	46
	39
	38
	38

	2-methylpropanoic acid, propyl ester
	7
	17
	0
	9
	0

	2-methylbutanoic acid, propyl ester
	9
	40
	25
	21
	6

	Acetic acid, 3-methyl-1-butyl ester
	7
	36
	10
	13
	18

	Cyclohexanecarboxylic acid, methyl ester 
	27
	15
	12
	7
	22

	Straight chain alkanes
	
	
	
	
	

	Pentane
	14
	9
	14
	11
	0

	Decane
	22
	50
	33
	21
	26

	Nonane
	22
	9
	12
	0
	14

	Undecane
	79
	76
	79
	78
	74

	Tetradecane
	20
	12
	29
	17
	36

	Other Hydrocarbons
	
	
	
	
	

	Copaene
	46
	32
	43
	23
	52

	1-methyl-4-[1-methylethyldiene]-cyclohexene
	51
	22
	54
	34
	62

	Ethylbenzene
	30
	15
	39
	17
	36

	Alpha-phellandrene
	10
	23
	39
	25
	26

	α-cubebene
	22
	10
	8
	19
	22

	3-carene
	19
	7
	37
	19
	18

	Sulphides
	
	
	
	
	

	Carbon disulphide
	83
	78
	85
	70
	86

	Dimethyldisulphide
	68
	50
	60
	61
	70

	Dimethyltrisulphide
	82
	62
	77
	70
	76

	Nitrogen containing compounds
	
	
	
	
	

	1-nitroheptane
	6
	18
	12
	13
	8

	Indole
	94
	86
	88
	96
	76

	Others
	
	
	
	
	

	Methoxy-phenyl-oxime
	27
	13
	31
	28
	26

	2-pentylfuran
	28
	12
	18
	28
	22

	Compound 95 [RT 30.8]
	47
	18
	31
	42
	34






Table 3: Discriminatory VOMs identified by PLS-DA model with VIP score more than 1 in association with CD, UC and healthy controls  (p<0.05) 
	Discriminatory VOMS associated with healthy controls
	Discriminatory VOMS associated with active CD
	Discriminatory VOMS associated with active UC

	Pentanoic acid 


	Heptanal			                                                   
	Bicyclo[3.1.0] hexane,4-methylene-1-methylethyl]-

	2-methylbutanoic acid 
	Benzaldehyde		                                           
	

	3-methylbutanoic acid
	Nonanal			                                                    
	

	2-methylpropanoic acid 
	1-octen-3-ol	
	

	2-pentanone 
	Isopropyl alcohol	                                   
	

	Indole
	2-butanol	
	

	2-nonanone
	3,7-dimethyl-1,6-octadiene-3-ol	                                                     
	

	2-butanone
	6-methyl- 2-heptanone
	

	Pentanoic acid, methyl ester
	2-piperidinone                                            
	

	Copaene
	Butanoic acid,2-methyl-,propyl ester   
	

	2,3-pentanedione
	Ethanoic acid, 3-methyl-1-butyl ester 
	

	á-phellandrene
	Propanoic acid, 2-methyl-, propyl ester 
	

	2-dodecanone
	Propanoic acid, propyl ester	                     
	

	5-methyl-2-hexanone
	Ethanoic acid ethyl ester	                                            
	

	Hexanoic acid, methyl ester
	Heptanoic acid
	

	Ethylbenzene
	1-nitro-heptane
	

	Cyclohexanecarboxylic acid, methyl ester
	Decane
	

	Butanoic acid, 2-methyl-, methyl ester
	
	









Figure Legends:

Figure 1a:  Three-dimension score plot by using the selected principal components (PCs) showing differentiation of active CD group from healthy controls

Figure 1b: Variables important in projection (VIP) score of statistical significant metabolites identified by PLS-DA in the differentiation of active CD group from healthy controls. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 2a: Thee-dimension score plot by using the selected principal components showing the differentiation of active CD group vs. inactive CD group

Figure 3a: Three-dimension score plot by using the selected principal components showing the differentiation of active small bowel CD group vs. healthy controls

Figure 4a: Three-dimension score plot by using the selected principal components showing the differentiation of isolated active small bowel CD group vs. isolated active Crohn’s colitis 

Figure 5a: Three-dimension score plot by using the selected principal components, showing the differentiation of active colonic CD vs. active UC

Figure 6a: Three-dimension score plot by using the selected principal components, showing the differentiation of active CD vs. active UC

Figure 7a: Three-dimension score plot by using the selected principal components, showing the differentiation of active UC group vs. inactive UC group

Figure 8a: Three-dimension score plot by using the selected principal components, showing the differentiation of active UC group vs. healthy control

Figure 9a: Three-dimension score plot by using the selected principal components, showing the differentiation of all five groups

Figure 10a: Three-dimension score plot by using the selected principal components, showing the differentiation of three groups


Supplementary figures:
Figure 2b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA in the differentiation of active CD group from inactive CD group. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 3b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of active small bowel CD group from healthy controls. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 4b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of isolated active small bowel CD group from isolated active Crohn’s colitis. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 5b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of active colonic CD group from active UC group. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 6b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of active CD group from active UC group. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 7b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of active UC group from inactive UC group. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 8b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of active UC group from healthy controls. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group

Figure 9b: VIP score of statistically significant metabolites for the differentiation of all five  groups, active CD, inactive CD, active UC, inactive UC and healthy controls. 

Figure 10b: Variables important in projection (VIP) score of statistically significant metabolites identified by PLS-DA analysis in the differentiation of three groups i.e. inactive CD group, inactive UC group and healthy controls. The coloured boxes on the right indicate the relative occurrence of the corresponding metabolite in each group




































CD active vs healthy control 

[image: ]            Figure 1a: PLS-DA score plot showing differentiation of active CD group from healthy controls 





  Figure 1b: VIP scores of statistically significant metabolites in the differentiation of active CD group (left row)  from healthy controls (right row) . 
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 [image: ]       Figure 2a: PLS-DA score plot showing the differentiation of active CD group vs. inactive CD group


Figure 2b: VIP score of statistically significant metabolites in the differentiation of active CD group from inactive CD group. 
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Figure 3a: PLS-DA score plot showing the differentiation of active small bowel CD group vs. healthy controls


          Figure 3b: VIP score of statistically significant metabolites showing the differentiation of active small bowel CD group from healthy controls. 
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Figure 4a: PLS-DA score plot showing the differentiation of small bowel CD and large bowel CD.
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Figure 4b: VIP score of statistically significant metabolites showing differentiation of small bowel CD from large bowel CD. 

                   


         [image: ]       Figure 5a: PLS-DA score plot, showing the differentiation of active colonic CD vs. active UC


              Figure 5b: VIP score of statistically significant metabolites for the differentiation of active colonic CD group from active UC group. 
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                [image: ]               Figure 6a: PLS-DA score plot showing the differentiation of active CD vs. active UC



Figure 6b : VIP score of statistically significant metabolites showing the differentiation of active CD group from active UC group. 
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            [image: ]       Figure 7a : PLS-DA score plot showing the differentiation of  active UC group vs. inactive UC group


Figure 7b: VIP score of statistically significant metabolites in the differentiation of active UC group from inactive UC group. 
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    [image: ]     Figure 8a : Three-dimension score plot by using the selected principal components, showing the differentiation of active UC group vs. healthy control



    Figure 8b: PLS-DA score of statistically significant metabolites showing the differentiation of active UC group from healthy controls. 


Methyl alcohol
2-Hexanone
Carbon disulfide
2,3-Pentanedione
                        methyl acetate
2-Undecanone
Butanoic acid
Benzene acetaldehyde
o-Xylene
Alpha-Pinene
Acetic acid
3-Hexanone
Alpha-phellandrene
Copaene
1,4-Cyclohexadiene


















 





[image: ]
Figure 9a: PLS-DA  score plot showing the differentiation of all five groups active & inactive CD, active & inactive UC and healthy control

	



[image: ]Figure 9b: VIP score of statistically significant metabolites for the differentiation of all five groups, active CD, inactive CD, active UC, inactive UC and healthy controls. 
1-Pentanol
2-Undecanone
R3, 7-Dimethyle 1,6-octadiene
Octanal
Compound RT-31.1
2-butanol
Butanol
1-Butanol,3-methyle acetate
Cyclohexanecarboxylic acid
Benzaldehyde
Styrene
Toluene
Mercaptoacetone
Nonanal
2-Hexanone











[image: ]
Figure 10a: PLS-DA score plot showing the differentiation of inactive CD, inactive UC and healthy control





[image: ]Figure 10b: VIP score of statistically significant metabolites of three groups, inactive CD, inactive UC and healthy controls. 
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Figure 14: Important foaturcs identificd by PLS-DA. The colored baxes on the right indicate the relative
concentrations of the corresponding metabolite in cach group under study.




