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ABSTRACT
The risk of recurrent dysplastic colonic lesions is increased following polypectomy. Yield of endo-
scopic surveillance after adenoma removal is low, while interval colorectal cancers occur. To long-
itudinally assess the dynamics of fecal microbiota and amino acids in the presence of adenomatous 
lesions and after their endoscopic removal. In this longitudinal case–control study, patients col-
lected fecal samples prior to bowel preparation before scheduled colonoscopy and 3 months after 
this intervention. Based on colonoscopy outcomes, patients with advanced adenomas and non-
advanced adenomas (0.5–1.0 cm) who underwent polypectomy during endoscopy (n = 19) were 
strictly matched on age, body-mass index, and smoking habits to controls without endoscopic 
abnormalities (n = 19). Microbial taxa were measured by 16S RNA sequencing, and amino acids (AA) 
were measured by high-performance liquid chromatography (HPLC). Adenoma patients were 
discriminated from controls based on AA and microbial composition. Levels of proline (p = .001), 
ornithine (p = .02) and serine (p = .02) were increased in adenoma patients compared to controls 
but decreased to resemble those of controls after adenoma removal. These AAs were combined as 
a potential adenoma-specific panel (AUC 0.79(0.64–0.94)). For bacterial taxa, differences between 
patients with adenomas and controls were found (Bifidobacterium spp.↓, Anaerostipes spp.↓, 
Butyricimonas spp.↑, Faecalitalea spp.↑ and Catenibacterium spp.↑), but no alterations in relative 
abundance were observed after polypectomy. Furthermore, Faecalitalea spp. and Butyricimonas 
spp. were significantly correlated with adenoma-specific amino acids. We selected an amino acid 
panel specifically increased in the presence of adenomas and a microbial signature present in 
adenoma patients, irrespective of polypectomy. Upon validation, these panels may improve the 
effectiveness of the surveillance program by detection of high-risk individuals and determination of 
surveillance endoscopy timing, leading to less unnecessary endoscopies and less interval cancer.
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Introduction

Colorectal cancer (CRC) is among the three 
malignancies with the highest incidence and mor-
tality rate worldwide.1 Precancerous dysplastic 
polyps or advanced adenomas may develop from 
benign polyps after undergoing a sequence of 

mutations over a period of decades. The majority 
of CRC originates from this so-called adenoma- 
carcinoma sequence.2 CRC-related mortality has 
decreased significantly over the past years due to 
population-based screening programs, in which 
early detection and removal of neoplastic 
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(precursor) lesions are established.3 In the US, the 
CRC screening program is mainly performed by 
10-yearly colonoscopy in which all adenomas are 
required to be removed, whereas in Europe, guide-
lines recommend a more cost-effective approach, 
using fecal immunochemical tests (FIT) to select 
high-risk individuals for endoscopic screening.4,5 

However, sensitivity of FIT is limited; advanced 
adenomas are missed in 43–61% of the cases and 
for nonadvanced adenomas, this percentage is 
even higher.6 This underlines the need to improve 
screening strategies.

Furthermore, after the first screening, endo-
scopic surveillance is recommended at set inter-
vals dependent on the characteristics of removed 
adenomas, as the risk of recurrent dysplastic 
lesions remains increased in these patients.7 

These intervals have, however, been defined only 
by expert opinion and the yield of pathology is 
low while interval cancer still occurs (for exam-
ple, 1.8% CRC yield vs 0.6% interval cancers).8,9 

No noninvasive markers have yet been validated 
to improve the timing of the surveillance 
endoscopies.

There is growing evidence that dysbiosis of the 
gut microbiota results in changes in human and 
microbial metabolism in the gut, leading to 
a change in metabolic end products, amongst 
which amino acids.10 The gut microbiota is 
involved in colonic metabolism during the progres-
sion of advanced adenoma into CRC.11 Several 
human studies have identified unique microbial 
signatures in the presence of adenomas, such as 
the presence of Fusobacterium nucleatum and 
cyclomodulin-positive Escherichia coli, which are 
thought to play a role in colonic inflammation 
and tumorigenesis.12–15 The increased inflamma-
tory state as well as carcinogenesis and alteration 
in microbial abundances lead to the excretion of 
metabolic end products, including amino acids 
(AA). Specific AA have previously been associated 
with inflammation and tumorigenesis (e.g. proline, 
leucine and ethanolamine).16–19 This suggests that 
both gut bacteria and AA may hold potential as 
biomarkers for the identification of high-risk indi-
viduals for adenomas and CRC.

The aim of this study was to investigate the 
potential of microbiota and AA profiles for the 
identification and surveillance of adenoma patients. 

In addition, we aimed to gain insight into the inter-
play between microbiota and metabolism before 
and after adenoma removal.

Results

Clinical data

A total of 32 patients with a successful polypectomy 
and 32 controls agreed with participation and col-
lected two subsequent samples prior to and 3 
months after colonoscopy. Of these participants, 
we were able to strictly match 19 polypectomy 
patients (advanced adenomas and nonadvanced 
adenomas combined) to 19 controls on age, BMI 
and smoking habits. From the adenoma group, 
a total of 9 patients had advanced adenomas and 
10 patients had non-advanced adenoma (NA), with 
a median size of the largest adenoma being 0.7 cm 
[IQR 0.5–0.8]. Baseline demographics are depicted 
in Table 1. Based on Mann–Whitney U and Chi 
square tests, there were no significant differences 
in age, gender BMI and smoking habits between 
groups.

Amino acid analysis

A total of 42 different amino acids were obtained 
from the high-performance liquidchromatography 
(HPLC) analysis, of which 21 were excluded due to 
undetectable or unquantifiable levels and 21 were 
eligible for statistical analysis. Distribution within 
subgroups is visualized for all selected amino acids 
as shown in Figure 1.

Adenoma patients versus controls prior to 
endoscopy

Based on our machine learning pipeline, eight 
amino acids met the criteria of statistical signifi-
cance. These were sulfo-l-cysteine, ethanolamine, 
proline, ornithine, citrulline, serine, aspartic acid 
and glutamic acid, of which levels were all increased 
in adenoma patients (Figure 1). Histidine was 
selected by Elastic Net (EN) analysis but was not 
significant in univariate analysis. The correspond-
ing frequencies and p-values of significant amino 
acids are given in Supplementary table 1.
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Adenoma patients versus controls post-treatment

When comparing adenoma patients post- 
polypectomy to controls post-endoscopy, only 
ethanolamine levels remained significantly differ-
ent and increased in the samples of adenoma 
patients (Figure 1).

Adenoma patients pre- versus post-polypectomy

Seven unique amino acids differed significantly 
between fecal samples of adenoma patients prior 
to and 3 months after polypectomy. Selected amino 
acids were ethanolamine, threonine, serine, proline, 
valine, glycine and ornithine. Ethanolamine was 
increased after adenoma removal, whereas the lat-
ter six were decreased (Figure 1). The correspond-
ing frequencies and p-values are reported in 
Supplementary table 1.

Controls pre- versus post-endoscopy

Ethanolamine, valine, sulfo-l-cystine, isoleucine 
and glycine were considered significantly different 
between controls pre- and post-endoscopy, of 
which the first three were increased after endoscopy 
and the latter two were decreased (Supplementary 
Table 1, Figure 1). For ethanolamine, glycine and 
valine this same behavior was seen in adenoma 
patients pre- and post-polypectomy.

Microbial composition

In our present study, 2,246,463 high-quality reads 
were obtained with a median count of 23.041 reads 
per sample. After taxonomic assignment, 211 
operational taxonomic units (OTUs) were obtained 
throughout the samples (Supplementary Table 2). 
No significant differences were seen in alpha and 
beta diversity between any of the comparisons. The 
proportions of the dominant taxa were assessed at 
the phylum level both at the baseline and follow-up 
and are depicted in bar plots in Figures 2–3.

Table 1. Demographics.

Polypectomy 
(n = 19)

Controls 
(n = 19)

Age (mean, ±SD) 73 ± 6.1 68 ± 10.4
Gender (n, males, %) 17 89.5] 13 [68.4]

BMI (mean, ±SD) 26.8 ± 8.3 25.6 ± 3.6

Smoking status (n, %)
Active 2 [10.5] 2 [10.5]

Quit 13 [68.4] 11 [57.9]
Never 4 [21.1] 6 [31.6]

Indication for endoscopic assessment (n, %)
Positive FIT 6 [31.6] 3 [15.8]

Rectal blood loss 3 [15.8] 1 [5.2]
Change in bowel habits 2 [10.5] 2 [10.5]
Surveillance after polypectomy 2 [10.5] 2 [10.5]

Abdominal Pain 1 [5.2] 6 [31.6]
Diarrhea 1 [5.2] 0 [0]

Anemia 0 [0] 1 [5.2]
Incontinence 1 [5.2] 0 [0]

Family history CRC 1 [5.2] 1 [5.2]
Surveillance after CRC surgery 1 [5.2] 1 [5.2]

Other 1 [5.2] 2 []
ABx 3 months prior to inclusion 1 [5.2] 4 [21.1]
ABx 3 months prior to second 

sample
0 [0] 1 [5.2]

Size adenoma cm (mean, ±SD) 0.9 ± 0.6 NA

Localization of adenoma (n, %)*
Cecum 3 [15.8] NA

Colon Ascendens 4 [21.1] NA
Flexura Hepatica 0 [0] NA

Colon Transversum 7 [36.8] NA
Flexura Lienalis 1 [5.2] NA

Colon Descendens 0 [0] NA
Sigmoid 7 [36.8] NA
Rectum 3 [15.8] NA

Adenoma characteristics (largest adenoma) (n, [%])
≥ 10 mm 8 [42.1] NA

Villous histology 4 [21.1] NA
HGD 0 [0] NA
No dysplasia 0 [0] NA

Hyperplasia 0 [0] NA
LGD 19 [100] NA

Sessile/serrated 0 [0] NA

Total number adenomas removed (n, [%])

1 5 [26.3] NA
2 6 [31.6] NA
3 6 [31.6] NA

4 1 [5.2] NA
8 1 [5.2] NA

Baseline characteristics of participants in a polypectomy follow-up study. 
Abbreviations: BMI, body-mass index; ABx: antibiotics. Based on Mann– 
Whitney U and Chi square tests, there were no significant differences 
in age, gender BMI and smoking habits between groups. * 1 value 
missing.
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Adenoma versus controls prior to endoscopy

Prior to endoscopic intervention, the relative abun-
dances of six taxa were significantly different 
between fecal samples of adenoma patients and 
controls. Relative abundances of three taxa 
increased in adenoma patients: Butyricimonasspp., 
Catenibacterium spp. and Faecalitalea spp. and the 
abundance of three taxa was decreased in adenoma 
patients compared to controls: Anaerostipes spp., 
Bifidobacterium spp. and Cyanobacteria within the 
Gastranaerophilales order with uncultured family. 
An overview of these taxa is given in 
Supplementary table 1. Distribution of these taxa 
is depicted in Figure 2.

Adenoma patients versus controls post-treatment

When comparing adenoma patients 3 months after 
polypectomy to controls 3 months after endoscopy, 
the relative abundance of the three taxa that were 
increased in the adenoma group at the baseline was 
no longer significantly different from controls. 
Furthermore, two out of three taxa decreased in 
the adenoma group at the baseline 
(Bifidobacterium and Cyanobacteria within the 
Gastranaerophilales order with uncultured family) 
consistently remained increased at follow-up when 
compared to controls. The taxa Sutterella was also 
increased in adenoma compared to control samples 
at follow-up. The behavior of these selected species 
is depicted for all subgroups in Figure 2.

Adenoma patients pre- versus post-polypectomy

A total of eight taxa were identified as significantly 
different between adenoma samples at the baseline 
and 3 months after polypectomy and relative abun-
dances were all increased at the second measure-
ment. These were Cyanobacteria within the 
Gastranaerophilales order with uncultured family, 
Firmicutes within three of the Clostridiales 
vadinBB60 groups with uncultured genuses, 
Eubacterium hallii, Proteobacteria within the 
Enterobacteriaceae family with uncultured genus, 
Verrucomicrobiae from the Puniceicoccaceae 
family with uncultured genus, Tenericutes within 
the Izimaplasmatales order with an uncultured 
family (Supplementary table 2, Figure 3).

Controls pre- versus post-endoscopy

When comparing control samples pre- versus post- 
endoscopy, the same taxa that differentiated ade-
noma patients at the baseline and at follow-up were 
significant, plus an additional five new taxa, high-
lighting a large effect of endoscopy on fecal micro-
biota. One of these new taxa, Lachnospiraceae UCG4 
spp., was increased in the baseline samples. The 
other four, Streptococcus spp.,Dialister spp., 
Desulfovibrio spp. and Victivallis spp., were increased 
in the follow-up samples of controls. An overview of 
the significant taxa is given in Supplementary table 1 
for both comparisons. Distribution of these taxa 
across all subgroups are visualized in Figure 3.

Testing of adenoma-specific panel for screening and 
monitoring purposes

For bacterial taxa, only Gastranaerophilales with 
uncultured family was significantly different in 
both the comparison between adenomas and con-
trols at the baseline and between adenomas pre- 
and post-polypectomy. However, as its relative 
abundance differed between all four subgroups, 
this was not considered potentially adenoma- 
specific. Based on amino acid analysis, four amino 
acids were selected both in the comparison between 
adenomas and controls and between adenomas 
pre- and post-polypectomy. These were ethanola-
mine, proline, ornithine and serine. As ethanola-
mine was significantly different for all study 
comparisons, this amino acid was excluded as 
a potential adenoma-specific marker. Proline, 
ornithine and serine were combined as potential 
adenoma-specific panels. Based on logistic regres-
sion with a 10-fold cross validation, we obtained an 
AUC value of 0.84 (95%CI 0.81–89) for the training 
set and an AUC of 0.79 (0.64–0.94) for the test set. 
The corresponding sensitivity and specificity are 
given in Supplementary table 3.

Biological links between microbial taxa and amino 
acids

Based on Pearson's correlation, links were observed 
between microbial taxa and amino acids differen-
tiating patients with adenoma from controls. The 
Faecalitalea genus was positively correlated with 

e2038863-4 S. BOSCH ET AL.



Figure 1. Distribution of amino acids among all study groups. Violin plots for the distribution of absolute amino acid levels per group. 
Depicted are the all amino acids meeting to the criteria of significance in at least one comparison of this study, meaning a selection 
frequency >50 during stability analysis based on Elastic Net selection and a p-value<0.05 in univariate analysis. The Y-axis in every plot 
depicts the absolute value of the corresponding amino acid, the X-axis depicts the study groups. Control groups are depicted in Orange 
and adenoma groups in blue. Dark colors correspond with baseline measurements and light colors with follow-up. The violin plots are 
depicted per group per amino acid. The horizontal line within the violin plots represents the median, and the dotted lines represent the 
upper- and lower quartiles. Broadness of the violin plot depicts the density of samples at the corresponding amino acid levels. 
Significance is indicated by a star above of under the lines connecting study groups.
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serine (r = 0.45; p = .005), citrulline (r = 0.43; 
p = .008), glutamic acid (r = 0.39; p = .02) and 
proline (r = 0.38; p = .02). The Butyricimonas 
genus was correlated with serine (r = 0.31; 

p = .056), citrulline (r = 0.35; p = .03) and glutamic 
acid (r = 0.35; p = .03). A supplementary figure is 
added to understand the data distribution and 
correlation.

Figure 2. Distribution of selected taxa for adenomas versus controls at baseline and follow-up. The distribution of taxa selected to 
differentiate between adenomas and controls across all four subgroups. Depicted are the microbial taxa meeting the criteria of 
significance of a Linear Discriminant Analysis (LDA) value >2. On the Y-axis, the relative abundance per taxa is presented in violin plots. 
On the X-axis, study groups are given. Dark Orange depicts control samples at baseline, dark blue depicts adenomas at baseline, light 
blue depicts adenomas at follow-up, and light-Orange depicts controls at follow-up. The horizontal line within the violin plots 
represents the median and the dotted lines represent the upper- and lower quartiles. Broadness of the violin plot depicts the density of 
samples at the corresponding taxa relative abundancy. Significance is indicated by a star above of under the lines connecting study 
groups.
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Figure 3. Distribution of selected taxa for baseline versus follow-up. The distribution of taxa selected to differentiate between baseline 
and follow-up across all four subgroups. Depicted are the microbial taxa meeting the criteria of significance of a Linear Discriminant 
Analysis (LDA) value >2. On the Y-axis, the relative abundance per taxa is presented in violin plots. On the X-axis, study groups are 
given. Dark Orange depicts control samples at baseline, dark blue depicts adenomas at baseline, light blue depicts adenomas at follow- 
up, light-orange depicts controls at follow-up. The horizontal line within the violin plots represents the median and the dotted lines 
represent the upper and lower quartiles. Broadness of the violin plot depicts the density of samples at the corresponding taxa relative 
abundancy. Significance is indicated by a star above of under the lines connecting study groups.
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Discussion

In the present prospective case–control study, we 
assessed adenoma-associated gut microbiota and 
fecal amino acid levels both prior to and after 
endoscopic removal. Patients with adenomas and 
controls could be discriminated prior to interven-
tion based on both microbial taxa and amino acid 
profiles. Amino acids returned to the normal state 
after polypectomy. None of the microbial taxa dif-
ferentiating patients with adenoma from controls 
changed significantly in adenoma patients after 
polypectomy was performed.

It is not yet elucidated whether the microbial 
signatures of CRC patients are a cause or conse-
quence of the adenoma-carcinoma sequence. As 
levels of adenoma-specific taxa did not change sig-
nificantly after adenoma removal, the microbial 
adenoma signature seems to be of limited potential 
as surveillance biomarkers to identify adenoma 
growth. In the current study, we did reveal specific 
taxonomic abundances associated with adenoma 
patients, irrespective of resection. Some microbial 
taxa were increased in patients with adenoma com-
pared to controls. These included the genus 
Faecalitalea and Butyricimonas, of which positive 
correlations were found with some of the adenoma- 
specific amino acids (i.e. proline and serine). When 
assessing metabolic pathways in the online avail-
able KEGG database, multiple genes from these 
taxa correspond with enzymes in the metabolic 
pathways of serine, proline, glutamate and 
ornithine. Interestingly, as further discussed 
below, upregulated proline and serine metabolism 
have been observed in patients with CRC.13,17,20 

Based on these findings, it may be hypothesized 
that microbial taxa from the genera Faecalitalea 
and Butyricimonas are linked to carcinogenesis. In 
addition, relative abundances of other taxa were 
decreased in adenoma patients. For example, 
Bifidobacterium was significantly decreased in ade-
noma patients compared to controls both before 
and after adenoma removal. This same phenom-
enon, though only partly significant, was observed 
for Catenibacterium and Sutterella, of which rela-
tive abundances were increased in all adenoma 
samples. In line with this, previous studies have 
reported a decrease of Bifidobacteria abundance in 
the samples of CRC patients.12,13 It is believed that 

this taxa is important for the maintenance of bac-
terial diversity and intestinal homeostasis, and as 
such, a dysbiosis of this taxa is thought to promote 
CRC development.21 In addition, both 
Catenibacterium (family Erysipelotrichidae) and 
Sutterella (family Betaproteobacteria) have pre-
viously been described as upregulated in the ade-
noma-carcinoma sequence.22–24 In the current 
study, we observed that these taxonomic differences 
remained present after adenoma removal. The sta-
bility of microbial abundance in adenoma patients, 
irrespective of removal, was also described in 
a previous study investigating the fecal microbiota 
of adenoma patients pre- and post-treatment.25 

These findings suggest that a lack or overgrowth 
of these specific microbial taxa may drive tumor-
igenesis. Should these taxa indeed drive the ade-
noma-carcinoma sequence, removal of present 
adenomas would solely decrease the short-term 
risk of developing CRC while maintaining the 
underlying carcinogenic environment. In this case, 
it would be valuable to identify these high-risk 
individuals, allowing for a personalized, targeted 
surveillance.

Furthermore, it is important to note that the 
influence of endoscopic intervention on microbial 
taxa was larger than polypectomy itself, as all taxa 
with different abundances between adenoma 
patients pre- and post-polypectomy were similar 
to those differentiating controls pre- and post- 
endoscopy. Whether this has any health-related 
consequences cannot be answered based on this 
study; however, these findings are important both 
when conducting research and when performing 
microbiota-driven diagnostic testing as bowel 
lavage and endoscopy should be considered an 
important cause of bias.

Contrary to the microbiota profiles, several ade-
noma-specific amino acids were detected in the 
current study. Proline, ornithine and serine differ-
entiated between adenomas and controls at the 
baseline and between adenomas pre- and post- 
polypectomy. These amino acids more closely 
resembled the control group after adenoma 
removal. The observation that fecal amino acids 
levels returned to the normal state upon adenoma 
removal substantiates their potential to serve as 
a noninvasive biomarker panel for adenoma detec-
tion and also to determine the timing of 
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surveillance endoscopy. In previous studies, ele-
vated levels of these ‘adenoma-specific’ amino’acid 
have been presented in patients with colorectal 
cancer.11,13,26 Proline, an amino acid released dur-
ing cell stress, can be metabolized to produce ATP 
and reactive oxygen species (ROS) or may lead to 
apoptosis or autophagy. This amino acid has con-
sistently been presented as a contributor to tumor 
cell survival.16,17 In addition, serine is thought to 
play a key role in tumor growth as this amino acid 
is an important precursor for the biosynthesis of 
many molecules. An increase in intracellular serine 
biosynthesis from glucose has been reported in 
cancer cells repeatedly.20 Increased serum levels of 
ornithine in CRC patients have also been reported 
previously as a decreased consumption is associated 
with colorectal carcinogenesis.27,28 The above lit-
erature findings may explain the increased concen-
tration of proline, serine and ornithine in fecal 
samples of patients with (large) adenomas, as they 
may reflect early malignant neoplastic changes in 
metabolism. Another pathophysiological explana-
tion for the altered amino acid composition in 
adenoma patients may be disease-specific changes 
in gut microbiota, which may lead to alteration of 
amino acid metabolism. As mentioned above, 
increased relative abundances of some of the 
microbial taxa including Faecalitalea and 
Butyricimonas were present in patients with adeno-
mas compared to controls, whereas abundances 
more closely resembled controls after adenoma 
removal. Even though no significant differences in 
their abundances were seen when comparing pre- 
and post- polypectomy samples, positive correla-
tions were found between these taxa and some of 
the adenoma-specific amino acids (i.e. proline and 
serine). Therefore, it could be hypothesized that 
amino acid alterations may either be a result or 
consequence of specific changes in the gut micro-
biota composition.

We observed remarkable behavior of ethanola-
mine. This AA has been described to play a role in 
carcinogenesis and tumor progression and has 
therefore been presented as a potential cancer 
screening biomarker.18,29 In line with this, upregu-
lation of ethanolamine was observed in adenoma as 
compared to controls. However, in follow-up sam-
ples, ethanolamine was increased both in adenoma 
patients post-polypectomy and in controls after 

endoscopy. Since ethanolamine plays an important 
role in epithelial proliferation, it is likely that the 
bowel lavage with laxatives or the endoscopic inter-
vention itself affects the fecal ethanolamine levels 
more profoundly than the presence of premalig-
nant lesions. Thus, its potential for timing of sur-
veillance seems to be limited.30,31

Currently, no noninvasive markers are available 
for timing of surveillance, leading to undesirable 
high variation between protocols. Surveillance of 
adenoma patients has been the subject of 
a previous study comparing stool hemoglobin 
levels (FIT), with colonoscopy outcomes of 5225 
participants 1 yafter polypectomy.32 These tests 
were characterized by a sensitivity of 27.6–51.7% 
and 17.0–33.0% for CRC and advanced adenomas, 
respectively, depending on the applied cutoff 
values. Replacing colonoscopy with FIT would 
reduce the number of colonoscopies by approxi-
mately 70% but would lead to an unacceptable high 
number of missed CRC and advanced adenoma 
cases.6,33 Here, we presented accuracy rates of ade-
noma-specific amino acid profiles, which surpass 
the performance of the FIT. This underlines the 
potential of this noninvasive stool test to be applied 
in clinical practice.

To the best of our knowledge, this was the first 
study in which both fecal microbiota and AA com-
position were assessed in a cohort of adenoma 
patients undergoing polypectomy. Strengths 
include the prospective design in which all patients 
were classified according to endoscopic findings, 
interventions and pathology reports, which is cur-
rently the gold standard for the detection of colonic 
abnormalities. In addition, this protocol ensured 
for a group of control patients without any colonic 
abnormalities and allowed for a reliable compari-
son at follow-up, as potential influences of endo-
scopy and bowel preparation on microbiota and 
metabolomics outcome were taken into account. 
To limit the risk of selection bias, cases and controls 
were strictly matched on age, BMI and smoking 
habits, which are known factors associated with 
changes in microbial composition.34 The limitation 
of this study was the small number of inclusions, 
which may have led to false-negative results and 
limited the possibility of a subgroup analysis 
between low- and high-risk adenomas. With 
respect to the data on microbiota composition, 
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this may mean that some taxa may have been ade-
noma specific but did not reach statistical signifi-
cance due to the limited number of included 
patients. Furthermore, even though amino acids 
have previously been presented increased in 
patients with CRC, we were not able to validate 
the adenoma-specific amino acid panel in an exter-
nal validation set as there was no online data avail-
able from previous studies using similar research 
groups and techniques. Our current findings on the 
AUC values may therefore be an overestimation of 
the accuracy in the screening and surveillance 
population. Still, as no noninvasive markers are 
available yet, we do believe that following valida-
tion, these new AA and microbiota panels may 
have additional value for future adenoma surveil-
lance. In the future, the currently presented ade-
noma-specific AA panel and high-risk microbial 
signature should be validated in a new prospective 
dataset. Upon validation, these new biomarker 
panels should be tested separately and in combina-
tion with the current polypectomy surveillance pro-
gram. In addition, fecal AA profiles should be 
tested for their robustness under different environ-
mental circumstances before further development 
into screening tests should be pursued.

In conclusion, we longitudinally assessed the 
adenoma-associated gut microbiota and fecal 
amino acid expression, prior to and after polypect-
omy. We defined a microbial signature that may 
allow for stratification of high-risk individuals. 
Furthermore, we presented a panel of amino acids 
increased in the presence of adenomas and return-
ing to normal following removal. Upon validation, 
this panel may serve as a noninvasive marker for 
adenomas and allow for the development of 
a scientifically based protocol on timing of surveil-
lance endoscopy, improving effectiveness and 
decreasing incidence of interval cancer.

Patients and methods

Study design

This multicenter prospective case–control study was 
performed as part of a larger study on CRC biomar-
ker discovery including 1039 patients between 
May 2017 and November 2017 in one tertiary refer-
ral hospital (Amsterdam UMC, location VUmc) and 

two district hospitals (OLVG West, Amsterdam and 
Spaarne Gasthuis, Hoofddorp and Haarlem), all 
located in The Netherlands. This study was 
approved on 04–09–2014 by the Medical Ethical 
Review Committee (METc) of Amsterdam UMC 
(2014.404) and by local METcs of OLVG West 
and Spaarne Gasthuis. Written informed consent 
was obtained from all participants.

Study participants and sample collection

A workflow similar to a previous study was 
adopted.35 In short, patients >18 years of age with 
a scheduled colonoscopy at one of the three hospi-
tals were asked to participate in this study, irrespec-
tive of endoscopy indication. Based on endoscopic 
and histological findings, patients were divided into 
different groups. For the current study, patients 
were eligible to take part in the case of (a) presence 
of advanced adenoma(s) with successful polypect-
omy during endoscopy, (b) presence of nonad-
vanced adenoma(s) (NA) with successful 
polypectomy during endoscopy, (c) controls, that 
is, patients with no abnormalities observed during 
endoscopy (excluding small anal fibroma, hemor-
rhoids and/or diverticula), no interventions per-
formed during endoscopy, and, in the case of 
mucosal biopsies, no histological abnormalities. 
The advanced adenoma group was characterized 
by polyps ≥1 cm in diameter, or with villous histol-
ogy, or high-grade dysplasia, according to the 
European Society of Gastrointestinal Endoscopy 
(ESGE) guidelines.36 The NA group was defined 
as adenomas without villous histology or high- 
grade dysplasia, sized 0.5–1.0 cm in diameter. 
Patients who underwent a polypectomy were 
matched to controls on age, BMI and smoking 
habits in a 1:1 ratio. Exclusion criteria for both 
subgroups of this study were the presence of an 
underlying gastrointestinal disease (such as inflam-
matory bowel disease, CRC, celiac disease), incom-
plete endoscopic assessment due to various reasons 
(e.g. hampered visibility due to inadequate bowel 
cleansing and incomplete colonoscopy due to 
pain), inability to collect or store sufficient fecal 
sample mass to perform analyses, incomplete 
removal of polyps for the polypectomy group and 
inability to match a case to a control participant 
based on strict predefined criteria.
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All patients collected one fecal sample (Stuhlgefäß 
10 ml, Frickenhausen, Germany) in the week prior 
to bowel preparation. These samples were stored in 
their own freezer at home within 1 hour following 
bowel movement and brought to the hospital on 
the day of their endoscopic assessment. Directly 
upon arrival at the hospital, the samples were stored 
at −24°C. In addition, all participants were asked to 
complete a questionnaire, which included items on 
demographic characteristics such as age, gender, 
body mass index (BMI) and smoking habits. 
Questions on comorbidity and medication use 
were included. Participants eligible for the current 
study were asked to collect a second fecal sample 
3 months after their endoscopy and to complete 
a second questionnaire (following the same proce-
dure as the first sample and questionnaire).

Endoscopic and histologic evaluation

All endoscopies were either performed or super-
vised by trained gastroenterologists. Using the elec-
tronic patient files, reports from endoscopy and 
histology outcome of mucosal biopsies and/or poly-
pectomy were obtained. The endoscopy reports 
were used as the standard reference for both loca-
lization and total number of removed adenomas in 
this study. The histology reports were used as refer-
ence for size, differentiation grade (e.g. hyperplasia, 
dysplasia) and villous aspects. The presence of ses-
sile and/or serrated characteristics was noted for all 
nonadvanced adenomas. In the case where multiple 
polyps were present and removed, this classification 
was based on the most advanced/largest lesion.

Sample preparation

Frozen subsamples of 500 mg per participant were 
divided for both AA and microbiota analysis while 
remaining on dry ice. Subsamples were weighed on 
a calibrated scale and transferred into glass vials 
(20 ml headspace vial, Thames Restek, Saunderton, 
UK). The subsamples were then transported on dry 
ice to the designated laboratories. Samples for amino 
acid measurements were brought to the metabolic 
laboratory of the clinical chemistry department at 
the Amsterdam UMC, location VUmc. The samples 

for microbiota analysis were transported to the 
Institute of Immunology and Immunotherapy of 
the University of Birmingham (UK).

Targeted amino acid analysis

By means of the standard operating procedure that 
have previously been published, fecal samples were 
analyzed using HPLC.37 In short, the 500 mg fecal 
subsample was mixed by vortex with 1000 µL of 
distilled water for 1 minto homogenize the samples. 
The samples were investigated by a laboratory 
researcher (ES) who was blinded for the diagnosis. 
Samples were first frozen at −30° and then freeze- 
dried for 24 h (Christ Alpha 2–4), to avoid bias by 
differences in fecal consistency. The residual after 
freeze-drying was mixed with distilled water, con-
sistently maintaining a feces–water ratio of 
100 mg:5 mL. Before the analysis of amino acids, 
this mixture was again vigorously homogenized. 
A total of 400 µL of the mixture was pipetted into 
a filter and centrifuged for 20 min at 14.000g (Hettig 
Zentrifugen Mikro 2 R). In a one-to-one ratio, the 
supernatant was mixed with an internal standard 
solution before centrifuging for 10 min. The final 
mixture was then filtered (Whatman) into compa-
tible containers for the final amino acid analyses 
(Biochrome 30). Amino acids were separated by 
ion-exchange chromatography and detected by UV- 
absorbance after post-column derivatization with 
ninhydrin. As per our protocol, amino acids were 
excluded from further analysis if levels were 
unquantifiable or undetectable in at least one of 
the study subjects per group to circumvent possible 
over- or underestimation of the results. Levels of 
5 μmol or lower were considered unquantifiable 
and levels of 0 μmol/l were considered undetectable.

Microbial 16S rRNA profiling

Extracted paired DNA was used for 16S rRNA gene 
amplification and sequencing, as part of the Qiagen 
AllPrep DNA/RNA Mini Kit, strictly following the 
Earth Microbiome Project

protocol.38 Using primer targeting, the 16s rRNA 
V4 region (515 F-806 R) in a one-step, single-indexed 
PCR approach, the 16s rRNA genes were amplified in 
duplicate. This was done in batches, using the appro-
priate negative controls. Subsequently, paired-end 
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sequencing (2x250bp) was performed on an Illumina 
MiSeq platform (Illumina, Dan Diego, US) and pro-
cessed the pipeline Quantitative Insights Into 
Microbial Ecology 2 (QIIME2).39 Taxonomy was 
assigned against the Silva-132–99% OTU database.40

Statistical analyses

Both AA profiles and microbiota data were normal-
ized using autoscaling (mean-centered and divided 
by SD of each variable). For data on microbial 
profiles, relative abundances per study group were 
analyzed using linear discriminant analysis (LDA) 
effect size (LEfSe).41 Taxa with LDA>2 and 
a p-value below 0.05 were considered significant. 
For data on amino acids, univariate analysis was 
performed on each amino acid based on Mann– 
Whitney U tests for the unpaired data and based on 
the Wilcoxon signed rank tests for the paired data. 
Multivariate analyses were performed using Elastic 
Net (EN) analysis.42 This is a variable selection 
method extended from the linear regression 
method. It automatically selects the best subset of 
features linked with the outcome variable. EN uses 
a penalty parameter, λ (range: 0 to 1) that provides 
a sparse solution. Penalty parameters are optimized 
using 10-fold cross validation. The stronger the 
penalty (close to 1), the smaller the number of 
selected variables, while the weaker the penalty 
(close to 0) higher numbers of variables are selected 
based on EN analysis. The penalty is applied to the 
sum of the absolute values of the regression coeffi-
cients (L1 norm) and then L2 (Ridge penalty) is 
applied. The L1 penalty encourages the sparse 
representation, whereas L2 stabilizes the 
solution.42 This method has an improved perfor-
mance when the number of features are signifi-
cantly larger than the number of samples, by 
allowing for grouped selection or the selection of 
correlated variables.43,44 We applied a generalized 
linear model (GLM) on the variables identified by 
EN to cater for the stability analysis of the selected 
features.43,44 The process was repeated 100 times 
and the features were ranked according to their 
respective selection frequency associated with each 
run. Amino acids were considered significantly dif-
ferent between groups when selected by EN analy-
sis (defined as a selection frequency >50) combined 
with a p-value <0.05 in the univariate analysis. 

Then, amino acids and bacterial taxa that met the 
significance criteria for the comparison between 
adenomas and controls at baseline, as well as for 
the comparisons between adenomas pre- and post- 
polypectomy were considered as adenoma-specific 
markers. Combination of this biomarker panel was 
used in logistic regression with a 10-fold cross 
validation to generate performance matrices with 
confidence intervals, sensitivity and specificity- 
values. Two AUCs were generated, one on the 
training data set, and another on the 10-fold ran-
dom sampling treated as test set. In addition, we 
performed Pearson correlation and estimated cor-
relation coefficient (r) to determine associations 
between the selected amino acids and microbial 
taxa across adenoma and control samples.
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