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Abstract

Background: Faecal volatile organic compounds (VOCs) differ with disease sub‐type
and activity in adults with established inflammatory bowel disease (IBD) taking

therapy.

Objective: To describe patterns of faecal VOCs in children newly presented with

IBD according to disease sub‐type, severity, and response to treatment.

Methods: Children presenting with suspected IBD were recruited from three UK

hospitals. Children in whom IBD was diagnosed were matched with a non‐IBD child

for age, sex, and recruitment site. Faecal VOCs were characterised by gas

chromatography–mass spectrometry at presentation and 3 months later in children

with IBD.

Results: In 132 case/control pairs, median (inter‐quartile range) age in IBD was

13.3 years (10.2–14.7) and 38.6% were female. Compared with controls, the mean

abundance of 27/62 (43.6%) faecal VOCs was statistically significantly decreased in

Crohn's disease (CD), ulcerative colitis (UC) or both especially amongst ketones/

diketones, fatty acids, and alcohols (p < 0.05). Short‐chain, medium chain, and

branched chain fatty acids were markedly reduced in severe colitis (p < 0.05).

Despite clinical improvement in many children with IBD, the number and abundance

of almost all VOCs did not increase following treatment, suggesting persistent

dysbiosis. Oct‐1‐en‐3‐ol was increased in CD (p = 0.001) and UC (p = 0.012)

compared with controls and decreased following treatment in UC (p = 0.01). In CD,

propan‐1‐ol was significantly greater than controls (p < 0.001) and extensive colitis

(p = 0.001) and fell with treatment (p = 0.05). Phenol was significantly greater in CD

(p < 0.001) and fell with treatment in both CD (p = 0.02) and UC (p = 0.01).

Conference presentation: This study was presented as an oral presentation at the BSPGHAN Virtual Annual Meeting in 2021 and as a poster presentation at the British Society of

Gastroenterology (BSG) in 2021.
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Conclusion: Characterisation of faecal VOCs in an inception cohort of children with

IBD reveals patterns associated with diagnosis, disease activity, and extent. Further

work should investigate the relationship between VOCs and the microbiome in IBD

and their role in diagnosis and disease monitoring.
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children, Crohn's disease, faecal volatile organic compounds, gas chromatography–mass
spectrometry, GC/MS, IBD, ulcerative colitis, VOCs

INTRODUCTION

Volatile organic compounds (VOCs) are carbon‐based, low molecular

mass molecules that contribute to the odour of biological samples. In

the gut, VOCs result mainly from the metabolism of the gut micro-

biota and the intestinal mucosa and their abundance changes in in-

testinal disease.1 In inflammatory bowel disease (IBD), a loss of gut

microbial diversity is correlated with disease severity and with

greater derangement in Crohn's disease (CD) than ulcerative coli-

tis (UC).2

Faecal VOCs are relatively stable over time within and between

individuals despite day‐to‐day variations in diet and are not affected

by optimized freezing/storage of stool samples.3 In adults, most of

whom were taking medication at the time of sampling, faecal VOCs

differ between diarrhoea‐predominant irritable bowel syndrome and
active CD and UC, between Crohn's colitis and UC4 and between

active and inactive CD and UC.5 In small studies in children, faecal6

and urinary7 VOCs were altered in active IBD.

We characterized faecal VOCs in children newly presenting with

suspected IBD. The objectives were to compare IBD with controls

and assess how faecal VOCs were related to disease sub‐type, dis-
ease severity, the region of bowel affected and response to treat-

ment in IBD. We also consider how characterisation of faecal VOCs

may provide insights into pathogenesis in IBD.

MATERIALS AND METHODS

Study design and settings

We undertook a prospective, case‐control study of children attending
paediatric gastroenterology clinics in Alder Hey Children's Hospital,

Liverpool; Bristol Royal Hospital for Children, Bristol; and Birming-

ham Children's Hospital, Birmingham, UK.

Screening, recruitment, sample collection and clinical
management

Children with suspected IBD were identified from referral letters and

asked to bring a stool sample when attending the clinic (Table S1 and

Supplementary Methods). If suspected IBD was confirmed following

clinical assessment, a research nurse provided written and verbal

information about the study. Children were excluded if they had an

established diagnosis of IBD or another significant intestinal disorder

or had already started treatment for IBD including exclusive enteral

nutrition. Signed, informed consent was secured from young people

aged 16 years, or the parent or guardian in younger children.

Clinical diagnosis was assessed at 3 months follow‐up by review

of medical records and a further stool sample requested in those with

IBD. IBD was diagnosed,8 managed,9,10 and disease distribution11 and

activity9 assessed following established clinical guidelines. Similarly,

appropriate investigations were performed to diagnose non‐IBD
disorders (e.g., endoscopy and small intestinal biopsy in coeliac dis-

ease (Supplementary Methods)). Children in whom a diagnosis other

than IBD was made served as controls.

Key summary

Summarize the established knowledge on this subject

� The pathogenesis of inflammatory bowel disease (IBD)

remains poorly understood.

� Investigations for the diagnosis and monitoring of IBD in

children can cause distress and delay the start of

treatment.

� Measurement of volatile organic compounds (VOCs) in

stool is simple and inexpensive.

What are the significant and/or new findings of this study?

� In 132 IBD/non‐IBD gastrointestinal diseases matched

pairs, 27/62 (43.6%) faecal VOCs were statistically

significantly decreased in Crohn's disease (CD), ulcera-

tive colitis (UC) or both.

� Propan‐1‐ol was increased in CD and extensive colitis

and decreased with treatment. Phenol was increased in

CD and fell with treatment in CD and UC. Oct‐1‐en‐3‐ol
was increased in CD and UC and fell with treatment

in UC.

� Measurement of faecal VOCs provides insights into dis-

ease pathogenesis and has potential for the non‐invasive
diagnosis and monitoring of IBD.
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To maximise relevance to clinical practice, each IBD case was

matched by age (�6 months), sex and recruitment site to a non‐IBD
control. Children in whom the diagnosis of IBD could not be either

confirmed or refuted at follow‐up were excluded from the analysis.

Data extraction

Demographic, clinical and laboratory information was extracted from

medical records and collected by questionnaire. For diet, we asked

for major dietary modifications (e.g., vegetarian diet).

Sample storage and analysis

Stool aliquots were stored at −80°C and shipped frozen to the

University of Liverpool. Faecal VOCs were characterized by gas

chromatography–mass spectrometry (GC‐MS). Faecal calprotectin

(FC) was measured at each hospital according to their usual

practice (Supplementary Methods). Laboratory staff were blinded

to the patient's diagnosis and response to treatment in those

with IBD.

Sample size calculation

This study analysed all case/control pairs from a study evaluating an

electronic nose in the differentiation of IBD from other gastroin-

testinal disorders (to be reported separately), which aimed to recruit

a total of 286 children with suspected IBD.

Data processing

Raw data were processed by Automated Mass Spectral Deconvolu-

tion System (AMDIS‐version 2.71, 2012) coupled to the National

Institute of Standards and Technology mass spectral library (version

2.0, 2011) to putatively identify VOCs (Supplementary Methods).

Statistical analysis

Continuous demographic, clinical and environmental variables were

summarized in subjects as mean and standard deviation if normally

distributed and median and inter‐quartile range (IQR) if non‐
normally distributed (SPSS Statistics; version 26, IBM). Categorical

variables were summarized according to the absolute frequency and

percentage of subjects. The denominator is the number of subjects

with data available unless stated otherwise.

The number of VOCs detected in different groups prior to sparse

feature removal (Supplementary Methods) and imputation of missing

values were compared using the Wilcoxon signed‐rank test or, where
data were normally distributed (confirmed by Shapiro–Wilk test), a

paired t‐test and variability in numbers by the coefficient of variation

(CV; R, version 3.6). T‐tests and one‐way analysis of variance were

used to compare VOC abundance according to disease severity,

distribution and response to treatment. To maximise the number of

observations, we combined UC and IBD‐unspecified (IBD‐U) for the
analysis of disease severity and distribution. A paired t‐test was used
to compare IBD baseline and follow‐up samples (online software tool
Metaboanalyst version 5.0, https://www.metaboanalyst.ca). Logistic

least absolute shrinkage selection operator (LASSO) was performed

using the R package to assess the association between VOCs abun-

dance and FC at baseline and dietary therapy in CD at follow‐up.
Given the similar clinical presentation and response to treatment

in children with IBD in both sexes,12 we have not reported findings

disaggregated by sex. In this exploratory study, p < 0.05 was

accepted to show statistically significant differences with no

correction for multiple comparisons.

RESULTS

Between June 2017 and June 2020, 432/616, children attending

gastroenterology clinics with suspected IBD were recruited

(Figure 1). Twenty‐six children were withdrawn, mainly because of

inability to obtain a stool sample. In the remaining children, 132/140

children diagnosed with IBD and with sufficient stool for VOC

analysis were matched with a non‐IBD control.

Demographic, clinical, and environmental variables were broadly

similar amongst IBD and non‐IBD children and IBD sub‐types although
there was a greater proportion of South Asian children amongst the

IBD cases and those recruited in Birmingham (Table 1 and Tables S2

and S3). Amongst the IBD cases, 78/132 (59%) had CD, 38 (29%) had

UC and 16 (12%) had IBD‐U (Table S4). Common diagnoses amongst

the non‐IBD controls were functional gastrointestinal disorders (68,

51.5% children: 25 functional abdominal pain, 24 irritable bowel syn-

drome, 19 functional constipation) and coeliac disease (7; 5.3%).

Across all samples, 62/152 identified faecal VOCs remained after

filtering for sparse features. Ketones (n = 13), fatty acids (11), and

aldehydes (11) were the most common VOCs identified (Table S5).

There was no clustering for hospital in a principal component analysis

of VOC abundances (Figure S1). VOC abundances were not signifi-

cantly different between hospitals (Kruskal–Wallis, p > 0.05). The

numbers of VOCs detected were significantly lower in samples

recruited from Alder Hey Children's Hospital (median 37, IQR 11)

compared to those recruited from Bristol Children's Hospital only

(median 40, IQR 10, Kruskal–Wallis, p = 0.034) (Table S6). Collec-

tively, these results suggest minimal differences in VOCs between

hospital sites.

Faecal VOCs in Crohn's disease

The number of VOCs detected in children with CD (median 39, IQR

13) and matched controls (median 40, IQR 11) was similar (Wilcoxon

signed‐rank test p = 0.282). However, the CV was higher for CD

(28%) than controls (20%; Figure 2a). 5/62 (8.1%) VOCs had higher
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F I GUR E 1 Flow diagram. 1Children who had intended to provide a stool sample were withdrawn if an inadequate or no sample was

provided.

and 9 (14.5%) had lower mean abundance in CD compared to con-

trols (p < 0.05; Figure 2b; Table S7).

The number of VOCs detected did not differ according to disease

severity (Figure 2a; Table S4, Kruskal–Wallis test p = 0.23). However,

the abundance of 10 VOCs varied significantly with disease severity,

with most decreasing as severity increased (Figure 2c; Table S8),

including a short chain fatty acid (SCFA; butanoic acid, p = 0.030)

2 medium chain fatty acids (MCFA; pentanoic acid, hexanoic acid, p =
0.008, p=0.020, respectively), and3 branched chain fatty acids (BCFA;

2‐methylpropanoic acid, 3‐methylbutanoic acid, 2‐Methylbutanoic

acid, p = 0.017, 0.002, 0.002, respectively).

Median (IQR) FC at baseline in CD was 1216 μg/gm stool (IQR

600–1800); only phenol was significantly positively associated with

FC (Table S9).

Although thenumberofVOCsdidnotdiffer significantly according

to disease distribution (Figure 2a; Table S4, Kruskal–Wallis test

p = 0.090), the abundance of 8 VOCs varied according to distribution

with 6 VOCs associated with ileal (LI) disease (Figure 2d, Table S10;

p < 0.05).

Fifty‐three children provided a stool sample after 3 or more

months (Table S4). Themean number of VOCs at follow‐up (38, SD 11;

paired t‐test p = 0.42) and the variability in VOC numbers (CV = 25%)

were similar to baseline (mean 37, SD 9, CV = 25%). The abundance of

4‐ethylphenol was significantly increased (paired t‐test p = 0.02), but

four VOCs significantly reduced at follow‐up (Table S11; p < 0.05).

Propan‐1‐ol, phenol and ethanol significantly increased at baseline

compared to controls (paired t‐test p ≤ 0.001, <0.001, 0.002, respec-
tively, Table S7), subsequently fell to levels similar to, or below, that of

controls post‐treatment (Figure 2e). Propan‐1‐ol reduced regardless

of disease activity at follow‐up and phenol showed a reducing trend in
remission (p = 0.12; Figure 2e; Table S11).

At follow‐up, 19 (35.8%) children with CD were receiving nutri-

tional therapy; some ketones, medium chain fatty acids, and an alcohol

had a weak negative correlation with dietary therapy (Table S12).
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Faecal VOCs in ulcerative colitis and colitis (UC and
IBD‐U combined)

Significantly fewer VOCs were detected in UC (median, 35 IQR 18)

than in matched controls (median 38, IQR 9; Wilcoxon rank‐sum test,

p = 0.026) and VOC numbers were more variable in UC (CV = 40%)

than controls (CV = 18%; Figure 3a) or CD (CV = 28%). The mean

abundance of 22/62 (35.5%) VOCs was lower, whereas oct‐1‐en‐3‐ol
was higher in UC than in controls (Wilcoxon Signed Rank Test

p = 0.012; Figure 3b; Table S13).

There were fewer VOCs identified in severe (median 15, IQR 24)

compared to moderate (median 37, IQR 16, pairwise Wilcoxon rank

sum test, p = 0.008) and mild disease/remission (median 39, IQR 8,

p = 0.004) colitis (Table S4). The abundance of 18 (29.0%) VOCs

decreased as disease worsened (p < 0.05) whereas acetone was

increased in more severe disease (one‐way analysis of variance

p = 0.014; Figure 4a; Table S14).

Median (IQR) FC at baseline in colitis was 1748 μg/gm stool (IQR

600–1800). Ethanol was positively, and 6‐methylhept‐5‐en‐2‐one
negatively associated with FC (LASSO = 20.69, −99.80, respectively;
Table S9). There were no associations between FC and VOC abun-

dances when controls only were analysed in LASSO regression.

Numbers of VOCs showed a trend of being higher in distal (E1 þ

E2, median, 39, IQR 7) than in more extensive (E3 þ E4, median 33,

IQR, 5) inflammation (Figure 3a, Wilcoxon rank sum test, p = 0.052).

The abundance of 11 (17.7%) VOCs varied significantly with disease

extent, with roughly half associated with distal disease and half with

extensive disease (Figure 4b; Table S15; p < 0.05).

In the follow‐up of 27 children with UC, the number of VOCs

(mean 34, SD 12, paired t‐test, p = 0.96) and the variability of VOC

numbers (CV = 35%) was similar to baseline (mean 34, SD 12).

Oct‐1‐en‐3‐ol was significantly increased in UC compared to

controls at baseline (p = 0.012; Table S13) and decreased to levels

similar to controls for active disease and remission at follow‐up
(Figure 5). Similarly, propan‐1‐ol tended to be higher in cases than

controls at baseline (p = 0.054; Table S13) and at follow‐up
decreased significantly in remission (10 pairs, paired t‐test,
p = 0.046) but not in active disease (17 pairs, paired t‐test, p = 0.41;

Figure 5). The abundance of phenol fell significantly from baseline

and was lower in abundance at follow‐up even in children with active
disease (Paired t‐test p = 0.02; Table S16). No children with UC were

receiving therapeutic feeds at follow‐up.

Faecal VOCs in Crohn's disease versus ulcerative
colitis at baseline

The number of VOCs was higher in CD (median 39, IQR 13) than in

UC (median 35, IQR 18; Wilcoxon rank sum test p = 0.013; Figure 6).

The abundance of 15 VOCs, mainly ketones and fatty acids, was

higher in CD, whereas 3‐methylbutanal was increased in UC (Stu-

dent's t‐test, p < 0.05, Table S17).

TAB L E 1 Demographic variables and diet according to diagnosis.

Variable

IBD cases
Controls

CD UC IBD‐U Total

N = 132N = 78 N = 38 N = 16 N = 132

Age (y)

Median 13.6 12.9 13.3 13.3 12.9

(IQR) (10.2–14.9) (10.2–14.4) (10.0–15.3) (10.2–14.7) (10.1–14.7)

Range 4.6–16.2 5.1–16.3 7.1–16.3 4.6–16.3 3.7–16.8

Female n (%) 33 (42.3) 13 (34.2) 5 (31.3) 51 (38.6) 51 (38.6)

Ethnicity n (%)a

• White 59 (75.6) 25 (65.8) 15 (93.8) 99 (75.0) 115 (87.1)

• Asian 13 (16.7) 10 (26.3) 1 (6.3) 24 (18.2) 11 (8.3)

• Other 6 (7.7) 3 (7.9) 0 (0.0) 9 (6.8) 6 (4.5)

Diet n (%)b

• Standard 71 (91.0) 32 (84.2) 15 (93.8) 118 (89.4) 116 (87.9)

• Vegetarian 1 (1.3) 3 (7.9) 1 (6.3) 5 (3.9) 5 (3.8)

• Gluten free 3 (3.9) 1 (2.6) 0 (0) 4 (3.2) 5 (3.8)

• Dairy/lactose free 2 (2.6) 1 (2.6) 0 (0) 3 (2.4) 2 (1.5)

Abbreviations: CD, Crohn’s disease; IBD‐U, IBD‐unspecified; UC, ulcerative colitis.
aThe proportion of South Asians with IBD was significantly greater than Europeans (p < 0.036).
bThe number in each dietary category was similar in each group (P = not significant).
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Faecal VOCs in small versus all large bowel disease

Twenty‐four VOCs were increased in the small bowel and oct‐1‐en‐
3‐ol was increased in the large bowel disease (Student's t‐test
p = 0.009; Table S18). Figure 7 represents VOCs which altered across

the chemical classes.

A summary of the VOCs that differed significantly in abundance

according to clinical parameters in IBD is shown in Table S19.

DISCUSSION

This is the largest GC‐MS study of faecal VOCs in an inception cohort

of children with IBD and matched controls with non‐IBD gastroin-

testinal disorders. There were clear differences between IBD and

controls in the number of VOCs in UC, and in the abundance of many

VOCs in both UC and CD. Some of these differences were associated

with disease activity and, to a lesser extent, disease distribution, and

also with response to treatment in IBD cases. The sources of VOCs

highlighted in our study and evidence from other studies of IBD are

summarised in Table S20.

Differences between IBD and matched controls at
baseline

The mean number of faecal VOCs was significantly lower in UC than

in controls. The abundance of 12 VOCs was significantly lower in UC,

three in CD and six in both CD and UC. Given that the metabolism of

the gut microbiota is the main source of faecal VOCs,2 these findings

are consistent with the reduced microbial diversity and dysbiosis

reported in IBD in adults2 and children.13

F I GUR E 2 Faecal VOCs in CD. (a) Number of VOCs at baseline in matched controls and CD according to disease activity (defined by
wPCDAI) and distribution (defined by the Paris classification: L1—distal 1/3 ileum with or without limited cecal disease; L2—colonic disease; L3
—ileocolonic disease; C = Control). (b) Abundance of VOCs at baseline that differed significantly between CD and matched controls. (c) VOCs

which altered significantly with disease activity (as in panel (a)) in CD at baseline (one‐way ANOVA, p < 0.05); results of statistical comparisons
are listed in Table S8. (d) VOCs which altered significantly with disease distribution (as in panel (a)) at baseline (one‐way ANOVA, p < 0.05);
results of statistical comparisons are listed in Table S10. (e) Control (n = 53), baseline (BL, n = 53), active at follow‐up (AFUP, n = 29), remission

at follow‐up (RFUP, n = 24). Propan‐1‐ol, phenol and ethanol were significantly raised in CD compared to control at baseline and reduced post‐
treatment (p < 0.05, paired t‐test). ANOVA, analysis of variance; CD, Crohn's disease; VOCs, volatile organic compounds.
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In contrast to the overall pattern of reduced VOCs abundance in

IBD, four VOCs were in greater abundance in CD than in controls

(three alcohols and phenol). One of these alcohols, oct‐1‐en‐3‐ol, was

also in greater abundance in UC suggesting an increase in some

bacterial taxa in IBD14 or the presence of fungi which frequently

produce 8‐carbon compounds.15

F I G U R E 2 (Continued)
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Disease severity

At baseline in UC, both the number and abundance of VOCs were

reduced in more severe disease. In both CD and UC, several fatty

acids were less abundant in more severe disease. Fatty acids were

similar in IBD and controls at baseline, indicating that the change in

these compounds may be related to disease severity; a decrease in

SCFA‐producing bacteria with increased severity in new‐onset pae-
diatric UC has been reported previously.16 In CD, differences in short

and medium chain fatty acids have been observed between active

and inactive cases17 but the stepwise reduction with increasing dis-

ease severity that we have reported for several VOCs is a new

finding. We observed lower abundance of BCFA in UC and CD and

also 4‐methylphenol and phenol in UC, all products of amino acid

fermentation. BCFAs are produced mainly by Bacteroides and Clos-

tridium fermentation of branched‐chain amino acids (valine, leucine

and isoleucine18). De Preter et al. also noted a reduction in the ar-

omatic compounds 4‐methylphenol and methyl‐indole in active UC.17

These findings are consistent with a change in the metabolism or

composition of the intestinal microbial community in active IBD.

Although not associated with disease activity in CD, the positive

association between phenol and FC at baseline is consistent with the

reduction in phenol abundance with clinical improvement at follow‐
up. 6‐methylhept‐5‐en‐2‐one was lower in more severe colitis and

also negatively associated with FC. These two VOCs may have a role

in monitoring disease activity.

F I GUR E 3 Faecal VOCs in UC. (a) Number of VOCs at baseline in matched controls and UC according to disease activity defined by PUCAI
and distribution defined by the Paris classification: E1E2 = left‐sided colonic inflammation, E3E4 = more extensive colonic inflammation; C =
Control. (b) Abundance of VOCs at baseline that differed significantly between UC and matched controls. PUCAI, paediatric ulcerative colitis
activity index; UC, ulcerative colitis; VOCs, volatile organic compounds.
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Disease distribution in IBD

Studies evaluating faecal VOCs according to disease distribution are

scarce. The abundance of 25 VOCs differed significantly between

small and large bowel disease, with 24 VOCs (predominantly ke-

tones/diketones, fatty acids, some aldehydes and aromatic

compounds) increasing in small bowel disease. In contrast, the alcohol

oct‐1‐en‐3‐ol was increased in large bowel disease. Previous

metabolomic studies were able to distinguish between predominantly

ileal and colonic CD and indicated that metabolites of fatty acids, bile

acid, tyrosine and phenylalanine biosynthesis may be of importance

in the pathogenesis of CD.19 Recently, Notararigo et al. reported

F I GUR E 4 Faecal VOCs in colitis at baseline (UC and IBD unclassified combined). (a) VOCs which altered significantly with disease activity
(as in Figure 3a) in colitis at baseline (one‐way ANOVA, p < 0.05); results of statistical comparisons are listed in Table S14. (b) VOCs which

altered significantly with disease distribution (as in Figure 3a) at baseline (one‐way ANOVA, p < 0.05); results of statistical comparisons are
listed in Table S15. IBD, inflammatory bowel disease; ANOVA, analysis of variance; UC, ulcerative colitis; VOCs, volatile organic compounds.
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higher levels of homoserine‐methionine and isobutyrate (2‐methyl-
propanoic acid) in serum in ileocolonic CD.20 The abundance of

specific VOCs may have clinical utility in identifying disease distri-

bution in IBD.

Differentiating IBD sub‐type

Strikingly, 17 VOCs differed significantly in abundance between CD

and UC, with most increased in CD. These were mainly ketones/

diketones, fatty acids and aromatic compounds. The diketone 6‐
methylhept‐5‐en‐2‐one and the aromatic compound 4‐methylphenol
were lower in abundance in UC than controls at baseline and in se-

vere and extensive colitis and may be particularly helpful in differ-

entiating disease subtypes. Furthermore, 3‐methylbutanal was

increased in UC compared with CD and was not significantly asso-

ciated with any other comparisons; therefore, it may also be a useful

marker to distinguish between subtypes.

Response to treatment in IBD

The reduced number and abundance of many VOCs at baseline

persisted at follow‐up, suggesting persistent dysbiosis despite clinical
improvement in many children. In paediatric IBD in the Netherlands,

treatment did not result in microbiota recovery to levels in healthy

controls.21 The weak associations between VOCs and dietary therapy

in CD suggest that the changes in VOCs following treatment reflect

differences in disease status rather than a change in gut flora

resulting from nutritional therapy. Changes in specific VOCs to levels

found in controls may have utility as treatment targets in IBD.

Specific VOCs of interest

The difference in abundance compared to controls at baseline, as-

sociation with disease severity, distribution and sub‐type and change
in abundance following treatment support the role of some specific

VOCs in pathogenesis and monitoring response to treatment.

The abundance of the alcohol propan‐1‐ol was significantly

increased in CD and possibly also in UC (p = 0.054) and with more

extensive disease in UC. Levels reduced to those similar to controls

after treatment in CD and showed a similar trend in UC in remission.

Resulting from the degradation of the amino acid threonine by

Escherichia coli, other Enterobacteriaceae22 and Clostridium sp,23

propan‐1‐ol is considered to be damaging to the gut.24 Found to be

related to active IBD previously,25 propan‐1‐ol is a promising com-

pound in breath, faeces and urine for both the diagnosis and moni-

toring of IBD.4,25,26

Another alcohol, oct‐1‐en‐3‐ol, was notable as the only VOC in

greater abundance in UC and was also raised in CD and in large

bowel disease at baseline. Post‐treatment, oct‐1‐en‐3‐ol reduced
significantly in UC but not in CD. In a study in adults, Ahmed et al.

also reported raised oct‐1‐en‐3‐ol in CD.5 We also observed that

ethanol was in significantly greater abundance in CD and severe

colitis at baseline and fell following treatment in CD. Oct‐1‐en‐3‐ol, a
by‐product of the enzymatic breakdown of linoleic acid,27 and

F I GUR E 5 Oct‐1‐en‐3‐ol and propan‐1‐ol in UC and controls at baseline and UC at follow‐up. Oct‐1‐en‐3‐ol and propan‐1‐ol were raised
in UC compared to controls at baseline and significantly reduced post‐treatment (p < 0.05; paired t‐test). Control (n = 27), baseline (BL,
n = 27), active at follow‐up (AFUP, n = 17), remission at follow‐up (RFUP, n = 10). UC, ulcerative colitis.

F I GUR E 6 VOC profile comparisons between CD and UC.

Number of VOCs in CD and UC. CD, Crohn’s disease; UC, ulcerative
colitis; VOCs, volatile organic compounds.
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ethanol are associated with fungal overgrowth.27–29 Although Ott

et al. reported a greater diversity in fungi in colonic biopsies in CD

compared with controls,30 CD in clinical remission was associated

with greater fungal diversity in faeces where fungal profiles clustered

with Candida spp.31 Our findings support further research regarding

the role of intestinal fungi in IBD.

Phenol was in greater abundance in CD and fell with treatment

to levels seen in controls in both CD and UC, with levels tending to be

lower in IBD cases that achieved remission. Increased phenol abun-

dance in stools has been reported in adults with CD, UC and also

irritable bowel syndrome.25 Phenol arises from the microbial degra-

dation of tyrosine and tryptophan24 and is produced by many in-

testinal bacterial species including Enterobacteriaceae and Clostridium

clusters I, XI, and XIVa.32 Phenol is considered to be damaging to the

gut24 exhibiting cytotoxicity and increased paracellular permeability

in vitro and impaired integrity of the intestinal epithelium and the

viability of intestinal epithelial cells.33,34

Strengths and limitations

Recruiting children with non‐IBD gastrointestinal disorders as the

comparison group, rather than healthy controls, increase the rele-

vance of our findings to clinical practice. The matching of the case

and controls by age, sex and recruitment site and the similarity in

demographic variables, including diet, and exposure to antibiotics

amongst the cases and controls, suggest that the differences in faecal

VOCs were due to disease status rather than environmental factors

influencing the gut microbiota. The recruitment of children at initial

presentation excluded the effect of IBD drug treatment on VOCs,

which may occur in studies of established disease.

We were not able to test our findings in a validation cohort.

Some children did not provide follow‐up stool samples, limiting our

ability to evaluate the effects of response to treatment. Although we

have identified faecal VOCs that may cause or be a consequence of

intestinal damage, further work is needed to quantify these com-

pounds to assess their importance in IBD pathogenesis. Using a single

assay for FC with a wide range of measurements may have improved

our assessments of the association between VOCs and disease

severity. Aligning metabolomic studies and therapeutic trials would

help explain how VOCs are regulated and hold the potential for

developing a biomarker to predict clinical response to specific IBD

therapies as we have proposed for irritable bowel syndrome.35

Future work should also investigate the source of the VOCs of in-

terest using genomics tools.

A further replication cohort would add strength to the current

work. Future studies might target VOCs that changed most with

disease activity and might serve as biomarkers, and the role of fungi

in UC, given our findings regarding octen‐3‐ol. Finally, longer follow‐
up to assess how VOCs change between remission and later relapse

will strengthen the associations that we have reported.

CONCLUSIONS

Characterisation of faecal VOCs in IBD provides insights into the

pathogenesis that may inform the development of novel in-

terventions. Despite the challenges often faced in the

F I GUR E 7 Faecal VOCs comparisons of small and large bowel disease. In total, 25 VOCs were significantly different (Student's t‐test); a
subset of 12 are shown to represent VOCs which altered across the chemical classes. VOCs, volatile organic compounds.
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reproducibility of metabolomics studies, we have reproduced the

findings of other studies that propan‐1‐ol, phenol and oct‐1‐en‐3‐ol
are markers of active IBD. Further work is needed to confirm if the

number of unique faecal VOCs and change in abundance are func-

tional representatives of the gut microbiota and explore their clinical

utility in differentiating IBD sub‐types, determining disease severity

and distribution and monitoring response to treatment.

AUTHOR CONTRIBUTIONS

The following authors made substantial contributions to the

conception and design of the study (SA, CP, DW), acquisition of

clinical data (SA, RM, CS), laboratory analyses (RS, SB, CP) and

interpretation of data (all authors). Drafting the article (SB); revising

the article critically for important intellectual content (all authors).

Final approval of the version to be submitted (all authors). None of

the authors had any writing assistance.

ACKNOWLEDGEMENTS

Many thanks to Jennifer Preston, Patient and Public Involvement

Priority Lead, CRN National Coordinating Centre, NIHR Clinical

Research Network, and the Generation R Children and Young Per-

son's Advisory Group for help with designing the participant infor-

mation sheets. We thank Janet Clark, Jacqui Tahari, Rebecca

Edwards Stewart, Michelle Andrews (Alder Hey), Melanie Rooney,

Alys Capell, Lucy Cooper (Birmingham), Karen Coy and Shane Rob-

erts (Bristol), Research Nurses; Lauren McLellan, Tom Collins, Paul

Stockton, Joy Slater (Alder Hey) and Claire Manzotti (Birmingham),

Data Managers; and Amy Aitchison (Alder Hey) and Kirsty Phillips

(Bristol) for laboratory support. We would also like to thank all of the

children and families that participated in the study. This work was

supported by the National Institute for Health and Care Research

(NIHR) under its Research for Patient Benefit (RfPB) Programme

(Grant Reference Number PB‐PG‐1215‐20050). The views expressed
are those of the author(s) and not necessarily those of the NIHR or

the Department of Health and Social Care.

CONFLICT OF INTEREST STATEMENT

The authors have no conflicts of interest to declare.

DATA AVAILABILITY STATEMENT

The study data, analytical methods, and study materials will be made

available to other researchers on reasonable request to the corre-

sponding author.

ETHICS APPROVAL

The study was approved by the North West—Preston Research

Ethics Committee, UK (reference 17/NW/0333) and the NHS Health

Research Authority (Integrated Research Application System project

ID 223199).

STUDY REGISTRATION

The study is registered with the International Standard Randomised

Controlled Trials Number Register: 11314352.

REFERENCES

1. Chan DK, Leggett CL, Wang KK. Diagnosing gastrointestinal ill-

nesses using faecal headspace volatile organic compounds. World J

Gastroenterol. 2016;22(4):1639. https://doi.org/10.3748/wjg.v22.i4.

1639

2. Lavelle A, Sokol H. Gut microbiota‐derived metabolites as key actors
in inflammatory bowel disease. Nat Rev Gastroenterol Hepatol.

2020;17(4):223–37. https://doi.org/10.1038/s41575‐019‐0258‐z
3. Reade S, Mayor A, Aggio R, Khalid T, Pritchard DM, Ewer AK, et al.

Optimisation of sample preparation for direct SPME-GC-MS analysis

of murine and human faecal volatile organic compounds for

metabolomic studies. J Anal Bioanal Tech. 2014;5(2):https://doi.org/

10.4172/2155-9872.1000184

4. Ahmed I, Greenwood R, Costello BD, Ratcliffe NM, Probert CS. An

investigation of faecal volatile organic metabolites in irritable bowel

syndrome. PLoS One. 2013;8(3):e58204. https://doi.org/10.1371/

journal.pone.0058204

5. Ahmed I, Greenwood R, Costello B, Ratcliffe N, Probert C. Investi-

gation of faecal volatile organic metabolites as novel diagnostic

biomarkers in inflammatory bowel disease. Aliment Pharmacol Ther.

2016;43(5):596–611. https://doi.org/10.1111/apt.13522

6. de Meij TG, de Boer NK, Benninga MA, Lentferink YE, de Groot EF,

van de Velde ME, et al. Faecal gas analysis by electronic nose as

novel, non‐invasive method for assessment of active and quiescent

paediatric inflammatory bowel disease: proof of principle study. J

Crohns Colitis. 2014:S1873–9946. https://doi.org/10.1016/j.crohns.

2014.09.004

7. El Manouni el Hassani S, Bosch S, Lemmen JP, Brizzio Brentar M,

Ayaa I, Wicaksono AN, et al. Simultaneous assessment of urinary and

faecal volatile organic compound analysis in de novo pediatric IBD.

Sensors. 2019;20:4496.

8. Levine A, Koletzko S, Turner D, Escher JC, Cucchiara S, de Ridder L,

et al. ESPGHAN revised porto criteria for the diagnosis of inflam-

matory bowel disease in children and adolescents. J Pediatr Gas-

troenterol Nutr. 2014;58(6):795–806. https://doi.org/10.1097/mpg.

0000000000000239

9. van Rheenen PF, Aloi M, Assa A, Bronsky J, Escher JC, Fagerberg UL,

et al. The medical management of paediatric Crohn’s disease: an

ECCO‐ESPGHANguideline update. J CrohnsColitis. 2021;15(2):171–

94. https://doi.org/10.1093/ecco‐jcc/jjaa161
10. Dan T, Ruemmele F, Orlanski‐Meyer E, Griffiths AM, de Carpi JM,

Bronsky J, et al. Management of paediatric ulcerative colitis, Part 1:

ambulatory care‐an evidence‐based guideline from ECCO and

ESPGHAN. J Pediatr Gastroenterol Nutr. 2018;67(2):257–91.

https://doi.org/10.1097/mpg.0000000000002035

11. Levine A, Griffiths A, Markowitz J, Wilson DC, Turner D, Russell RK,

et al. Pediatric modification of the Montreal classification for in-

flammatory bowel disease: the Paris classification. Inflamm Bowel

Dis. 2011;17(6):1314–21. https://doi.org/10.1002/ibd.21493

12. Lee GJ, Kappelman MD, Boyle B, Colletti RB, King E, Pratt JM, et al.

Role of sex in the treatment and clinical outcomesof pediatric patients

with inflammatory bowel disease. J Pediatr Gastroenterol Nutr.

2012;55:701–6. https://doi.org/10.1097/mpg.0b013e318266241b

13. Fetter K, Weigel M, Ott B, Fritzenwanker M, Stricker S, de Laffolie J,

et al. The microbiome landscape in pediatric Crohn’s disease and

therapeutic implications. Gut Microb. 2023;15(2):2247019. https://

doi.org/10.1080/19490976.2023.2247019

14. Mottawea W, Chiang CK, Mühlbauer M, Starr AE, Butcher J, Abu-

jamel T, et al. Altered intestinal microbiota‐host mitochondria

crosstalk in new onset Crohn’s disease. Nat Commun. 2016;

7(1):13419. https://doi.org/10.1038/ncomms13419

15. Frau A, Ijaz UZ, Slater R, Jonkers D, Penders J, Campbell BJ, et al.

Inter‐kingdom relationships in Crohn’s disease explored using a

multi‐omics approach. Gut Microb. 2021;13(1):1930871. https://doi.

org/10.1080/19490976.2021.1930871

12 - UNITED EUROPEAN GASTROENTEROLOGY JOURNAL

https://doi.org/10.3748/wjg.v22.i4.1639
https://doi.org/10.3748/wjg.v22.i4.1639
https://doi.org/10.1038/s41575-019-0258-z
https://doi.org/10.4172/2155-9872.1000184
https://doi.org/10.4172/2155-9872.1000184
https://doi.org/10.1371/journal.pone.0058204
https://doi.org/10.1371/journal.pone.0058204
https://doi.org/10.1111/apt.13522
https://doi.org/10.1016/j.crohns.2014.09.004
https://doi.org/10.1016/j.crohns.2014.09.004
https://doi.org/10.1097/mpg.0000000000000239
https://doi.org/10.1097/mpg.0000000000000239
https://doi.org/10.1093/ecco-jcc/jjaa161
https://doi.org/10.1097/mpg.0000000000002035
https://doi.org/10.1002/ibd.21493
https://doi.org/10.1097/mpg.0b013e318266241b
https://doi.org/10.1080/19490976.2023.2247019
https://doi.org/10.1080/19490976.2023.2247019
https://doi.org/10.1038/ncomms13419
https://doi.org/10.1080/19490976.2021.1930871
https://doi.org/10.1080/19490976.2021.1930871


16. Schirmer M, Denson L, Vlamakis H, Franzosa EA, Thomas S, Gotman

NM, et al. Compositional and temporal changes in the gut micro-

biome of pediatric ulcerative colitis patients are linked to disease

course. Cell Host Microbe. 2018;24(4):600–10. https://doi.org/10.

1016/j.chom.2018.09.009

17. De Preter V, Verbeke K. Metabolomics as a diagnostic tool in

gastroenterology. World J Gastrointest Pharmacol Ther. 2013;4:97.

https://doi.org/10.4292/wjgpt.v4.i4.97

18. Van Nuenen MH, Venema K, Van Der Woude JC, Kuipers EJ. The

metabolic activity of fecal microbiota from healthy individuals and

patients with inflammatory bowel disease. Dig Dis Sci. 2004;49(3):

485–91. https://doi.org/10.1023/b:ddas.0000020508.64440.73

19. Jansson J, Willing B, Lucio M, Fekete A, Dicksved J, Halfvarson J,

et al. Metabolomics reveals metabolic biomarkers of Crohn's dis-

ease. PLoS One. 2009;4(7):e6386. https://doi.org/10.1371/journal.

pone.0006386

20. Notararigo S, Martín‐Pastor M, Viñuela‐Roldán JE, Quiroga A,

Dominguez‐Munoz JE, Barreiro‐de Acosta M. Targeted 1H NMR

metabolomics and immunological phenotyping of human fresh blood

and serum samples discriminate between healthy individuals and

inflammatory bowel disease patients treated with anti‐TNF. J Mol

Med. 2021;99(9):1251–64. https://doi.org/10.1007/s00109‐021‐
02094‐y

21. De Meij TG, De Groot EF, Peeters CF, de Boer NKH, Kneepkens

CMF, Eck A, et al. Variability of core microbiota in newly diagnosed

treatment‐naïve paediatric inflammatory bowel disease patients.

PLoS One. 2018;13(8):e0197649. https://doi.org/10.1371/journal.

pone.0197649

22. Letoffe S, Chalabaev S, Dugay J, Stressmann F, Audrain B, Portais JC,

et al. Biofilm microenvironment induces a widespread adaptive

amino‐acid fermentation pathway conferring strong fitness advan-

tage in Escherichia coli. PLoS Genet. 2017;13(5):e1006800. https://

doi.org/10.1371/journal.pgen.1006800

23. Patel M, Fowler D, Sizer J, Walton C. Faecal volatile biomarkers of

Clostridium difficile infection. PLoS One. 2019;14(4):e0215256.

https://doi.org/10.1371/journal.pone.0215256

24. Garner CE, Smith S, de Lacy Costello B, White P, Spencer R, Probert

CSJ, et al. Volatile organic compounds from feces and their potential

for diagnosis of gastrointestinal disease. FASEB J. 2007;21(8):1675–

88. https://doi.org/10.1096/fj.06‐6927com
25. Walton C, Fowler DP, Turner C, Jia W, Whitehead RN, Griffiths L,

et al. Analysis of volatile organic compounds of bacterial origin in

chronic gastrointestinal diseases. Inflamm Bowel Dis. 2013;19(10):

2069–78. https://doi.org/10.1097/mib.0b013e31829a91f6

26. Dryahina K, Smith D, Bortlik M, Machkova N, Lukas M, Spanel P.

Pentane and other volatile organic compounds, including carboxylic

acids, in the exhaled breath of patients with Crohn's disease and

ulcerative colitis. J Breath Res. 2017;12(1):016002. https://doi.org/

10.1088/1752‐7163/aa8468
27. Morawicki RO, Beelman RB. Study of the biosynthesis of 1‐Octen‐3‐

ol using a crude homogenate of Agaricus bisporus in a bioreactor. J

Food Sci. 2008;73(3):C135–9. https://doi.org/10.1111/j.1750‐3841.
2007.00660.x

28. Sinha RN, Tuma D, Abramson D, Muir WE. Fungal volatiles associ-

ated with moldy grain in ventilated and non‐ventilated bin‐stored
wheat. Mycopathologia. 1988;101(1):53–60. https://doi.org/10.

1007/bf00455669

29. Bjurman J. Release of MVOCs from microorganisms. In: Salthammer

T, editor. Organic indoor air pollutants: occurrence, measurement,

evaluation. 2nd ed. Wiley; 1999. p. 259–73.

30. Ott SJ, Kühbacher T, Musfeldt M, Rosenstiel P, Hellmig S, Rehman A,

et al. Fungi and inflammatory bowel diseases: alterations of

composition and diversity. Scand J Gastroenterol. 2008;43(7):831–

41. https://doi.org/10.1080/00365520801935434

31. Nelson A, Stewart CJ, Kennedy NA, Lodge JK, Tremelling M, Probert

CS, et al. The impact of NOD2 genetic variants on the gut mycobiota

in Crohn’s disease patients in remission and in individuals without

gastrointestinal inflammation. J Crohns Colitis. 2021;15(5):800–12.

https://doi.org/10.1093/ecco‐jcc/jjaa220
32. Saito Y, Sato T, Nomoto K, Tsuji H. Identification of phenol‐and p‐

cresol‐producing intestinal bacteria by using media supplemented

with tyrosine and its metabolites. FEMS Microbiol. 2018;94(9):

fiy125. https://doi.org/10.1093/femsec/fiy125

33. Pedersen G, Brynskov J, Saermark T. Phenol toxicity and conjugation

in human colonic epithelial cells. Scand J Gastroenterol. 2002;37(1):

74–9. https://doi.org/10.1080/003655202753387392

34. Verbeke KA, Boobis AR, Chiodini A, Edwards CA, Franck A, Kleer-

ebezem M, et al. Towards microbial fermentation metabolites as

markers for health benefits of prebiotics. Nut Res Rev. 2015;28(1):

42–66. https://doi.org/10.1017/s0954422415000037

35. Rossi M, Aggio R, Staudacher HM, Lomer MC, Lindsay JO, Irving P,

et al. Volatile organic compounds in feces associate with response to

dietary intervention in patients with irritable bowel syndrome. Clin

Gastroenterol Hepatol. 2018;16(3):385–91. https://doi.org/10.

1016/j.cgh.2017.09.055

SUPPORTING INFORMATION

Additional supporting information can be found online in the Sup-

porting Information section at the end of this article.

How to cite this article: Belnour S, Slater R, Tharmaratnam K,

Karl‐Heinz Auth M, Muhammed R, Spray C, et al. Faecal

volatile organic compounds differ according to inflammatory

bowel disease sub‐type, severity, and response to treatment

in paediatric patients. United European Gastroenterol J.

2024;1–13. https://doi.org/10.1002/ueg2.12603

BELNOUR ET AL. - 13

https://doi.org/10.1016/j.chom.2018.09.009
https://doi.org/10.1016/j.chom.2018.09.009
https://doi.org/10.4292/wjgpt.v4.i4.97
https://doi.org/10.1023/b:ddas.0000020508.64440.73
https://doi.org/10.1371/journal.pone.0006386
https://doi.org/10.1371/journal.pone.0006386
https://doi.org/10.1007/s00109-021-02094-y
https://doi.org/10.1007/s00109-021-02094-y
https://doi.org/10.1371/journal.pone.0197649
https://doi.org/10.1371/journal.pone.0197649
https://doi.org/10.1371/journal.pgen.1006800
https://doi.org/10.1371/journal.pgen.1006800
https://doi.org/10.1371/journal.pone.0215256
https://doi.org/10.1096/fj.06-6927com
https://doi.org/10.1097/mib.0b013e31829a91f6
https://doi.org/10.1088/1752-7163/aa8468
https://doi.org/10.1088/1752-7163/aa8468
https://doi.org/10.1111/j.1750-3841.2007.00660.x
https://doi.org/10.1111/j.1750-3841.2007.00660.x
https://doi.org/10.1007/bf00455669
https://doi.org/10.1007/bf00455669
https://doi.org/10.1080/00365520801935434
https://doi.org/10.1093/ecco-jcc/jjaa220
https://doi.org/10.1093/femsec/fiy125
https://doi.org/10.1080/003655202753387392
https://doi.org/10.1017/s0954422415000037
https://doi.org/10.1016/j.cgh.2017.09.055
https://doi.org/10.1016/j.cgh.2017.09.055
https://doi.org/10.1002/ueg2.12603

	Faecal volatile organic compounds differ according to inflammatory bowel disease sub‐type, severity, and response to treatm ...
	INTRODUCTION
	MATERIALS AND METHODS
	Study design and settings
	Screening, recruitment, sample collection and clinical management
	Data extraction
	Sample storage and analysis
	Sample size calculation
	Data processing
	Statistical analysis

	RESULTS
	Faecal VOCs in Crohn's disease
	Faecal VOCs in ulcerative colitis and colitis (UC and IBD‐U combined)
	Faecal VOCs in Crohn's disease versus ulcerative colitis at baseline
	Faecal VOCs in small versus all large bowel disease

	DISCUSSION
	Differences between IBD and matched controls at baseline
	Disease severity
	Disease distribution in IBD
	Differentiating IBD sub‐type
	Response to treatment in IBD
	Specific VOCs of interest
	Strengths and limitations

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS APPROVAL
	STUDY REGISTRATION


