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Profiling gut microbiota and bile 
acid metabolism in critically ill 
children
Iain Robert Louis Kean1*, Joseph Wagner2,3, Anisha Wijeyesekera4, Marcus De Goffau3,5,6, 
Sarah Thurston1,7, John A. Clark1, Deborah K. White1, Jenna Ridout1,8, Shruti Agrawal1,9, 
Riaz Kayani9, Roddy O’Donnell1,9, Padmanabhan Ramnarayan10,11, Mark J. Peters10,12, 
Nigel Klein10,12, Elaine Holmes13, Julian Parkhill3,6, Stephen Baker14,15 & Nazima Pathan1,9

Broad-spectrum antimicrobial use during the treatment of critical illness influences gastrointestinal 
fermentation endpoints, host immune response and metabolic activity including the conversion of 
primary to secondary bile acids. We previously observed reduced fermentation capacity in the faecal 
microbiota of critically ill children upon hospital admission. Here, we further explore the timecourse 
of the relationship between the microbiome and bile acid profile in faecal samples collected from 
critically ill children. The microbiome was assayed by sequencing of the 16S rRNA gene, and faecal 
water bile acids were measured by liquid chromatography mass spectrometry. In comparison to 
admission faecal samples, members of the Lachnospiraceae recovered during the late-acute phase 
(days 8–10) of hospitalisation. Patients with infections had a lower proportion of Lachnospiraceae 
in their gut microbiota than controls and patients with primary admitting diagnoses. Keystone 
species linked to ecological recovery were observed to decline with the length of PICU admission. 
These species were further suppressed in patients with systemic infection, respiratory failure, and 
undergoing surgery. Bile acid composition recovers quickly after intervention for critical illness which 
may be aided by the compositional shift in Lachnospiraceae. Our findings suggest gut microbiota 
recovery can be readily assessed via measurement of faecal bile acids.
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CA	� Cholic acid
DCA	� Deoxycholic acid
GCDA	� Glycochenodeoxycholic acid
GUDCA	� Glycoursodeoxycholic acid
IQR	� Inter-quartile range
ILCA	� Isolithocholic acid
LC–MS	� Liquid Chromatography-Mass Spectrometery
LCA	� Lithocholic acid
PICUs	� Paediatric intensive care units
RAB	� Recovery Associated Bacteria
RC	� Relative concentrations
SCFA	� Short Chain Fatty Acid
TCA​	� Taurocholic acid
THCA	� Taurohyocholic acid
HSD	� Tukey’s Honest Significant Differences
UDCA	� Ursodeoxycholic acid

The establishment of a healthy gut microbiota in early life is considered to be protective against a range of allergies 
and communicable and non-communicable diseases1–8. Multiple factors, such as delivery method, feeding, diet, 
illness, age, and antimicrobial use in early life, can impact on the establishment and maintenance a healthy gut 
microbiota1,2,8,9. The administration of broad-spectrum antimicrobials is often necessary during hospitalisation 
for critical illness, which reduces the diversity of the gut microbiota3. The effects of broad-spectrum antimicro-
bial therapy on the microbiota, and the subsequent recovery process, have been well documented10–12. However, 
critical illness can have profound effects on feeding and energy intake13, and respiratory complications may lead 
to low oxygen saturation and subsequent hypoxia, inducing disruption of the gut microbiota14. Furthermore, 
changes in the structure of the microbiota may exacerbate the disease state or alter the course of recovery3,12,15. 
The body of evidence identifying illness as both a cause and effect of an altered microbiota is becoming more 
extensive9.

Bile acids shape the composition of the microbiota and correspondingly the structure of the microbiota 
contributes to the metabolism of the bile acids16. Notably, the conversion from primary to secondary bile acids 
requires a cascade of enzymatic modifications incorporating a 7α-dehydratase enzyme expressed by a range of 
Gram-positive bacteria17,18. Further metabolism of bile acids by intestinal bacteria enhances passive reabsorp-
tion by the intestine; therefore, the microbiota also contribute to the recycling of bile acids19. Secondary bile 
acids can also inhibit intestinal pathogens and have been shown to restrict the germination and sporulation of 
Clostridioides20,21. The relationship between the microbiome and disease is complex; altered bile acid profiles are 
associated with diseases such as metabolic syndrome and colon cancer, which may also be exacerbated by the 
microbiota22–26. The western diet has been associated with higher levels of taurocholic acid, hydrogen sulphide 
and deoxycholic acid, which have been linked to ulcerative colitis and colon cancer24,27–30. Bile acids modulate 
the farnesoid X receptor and G-protein-coupled bile acid receptor, with both receptors playing active roles in 
glucose and lipid homeostasis as well as insulin sensitivity25,26.

We previously characterised the functional capacity of the intestinal microbiome by exploiting multi-com-
partmental metabolic profiling10, and observed a shift in the short chain fatty acid and faecal bile acids profiles in 
critically ill children compared to healthy age-matched controls. Our previous work examined the acute changes 
in faecal microbiome in children admitted to the Paediatric Intensive Care Unit (PICU) for critical illness. Here 
we examine differences in the microbiome of critically ill children on ventilators during different stages of hos-
pitalization for critical illness and the associated impact on total faecal bile acid composition.

Results
Demographics.  We examined samples from 70 mechanically ventilated critically ill children and 51 age-
matched healthy controls. The critically ill children were aged between 1 and 16.9 years with a median age of 
4.1 years (inter-quartile range (IQR); 8.5 years). The healthy controls were aged between 1 and 15.9 years, with 
a median age of 5.8 years (IQR; 2.6 years) (p = 0.31). The median weight of the critically ill children was 15.7 kg, 
(IQR; 13.9 kg); the healthy controls had a median weight of 20.4 kg (IQR; 9 kg) (p = 0.005). The median Weight 
for Age Z-score for patients was -0.135 (IQR; 2.313). The median Weight for Age Z-score for the healthy controls 
was 0.420 (IQR; 0.820). Our patient cohort was 55.7% female (39/70), and our control cohort was 55.0% female 
(28/51). The median number of PICU free days within 30 days of admission in the critically ill children was 22 
(IQR; 8 days) and the median number of days free of invasive mechanical ventilation within 30 days of admis-
sion was 26 days (IQR; 4.5 days). The survival rate was 96%. Further demographics are shown in Table S1 and 
Table S2.

Bile acids.  We analysed the composition of faecal bile acids and the relative concentrations of different bile 
acid groups using LC–MS on 43 stool samples collected from 39 critically ill children and 40 samples from 
healthy controls. The critically ill children sampled on day 1–3 and day 4–7 had significantly higher concentra-
tions of primary bile acids in their faeces compared than the control group (p < 0.001, p < 0.001) (Fig. 1a). Addi-
tionally, the concentration of primary bile acids was significantly lower at day 8–10 than earlier in the course of 
admission (day 1–3 samples) (p = 0.008). The inverse trend was observed for the secondary bile acids (Fig. 1b).

We examined the ratio of different bile acids. We observed a significant change in the ratio of the two primary 
bile acids, (cholic acid and chenodeoxycholic acid; CA:CDCA) in all patient sampling timepoints relative to 
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the control (Fig. 1c). The primary/secondary bile acid ratios in critically ill patients were significantly higher at 
day 1–3 and day 4–7 compared to controls (p < 0.001, p < 0.001). Conversely, there was a significant reduction 
in the primary/secondary bile acid ratios in the samples taken on days 8–10 compared to the control (Fig. 1d). 
The ratios of cholic acid to deoxycholic acid (CA:DCA) measured in patient sample faecal water significantly 
increased on day 1–3, day 4–7 and days 8–10, compared to the control samples but the median ratio on days 
8–10 was significantly lower than the median of day 1–3 and day 4–7 (Fig. 1e). A significant change was also 
observed in in the ratio of chenodeoxycholic acid to total lithocholic acid (CDCA:LCA) between the control 
group and day 1–3 and day 4–7 (Fig. 1f).

To assess bile acid differences at different sampling periods, we compared the relative concentration of indi-
vidual bile acids (Figure S1). Secondary bile acids were frequently more abundant in control samples than at 
day 1–3 and day 4–7. However, the median relative concentration of each bile acid from patients sampled at day 
8–10 shifted towards the median of the control group for the majority of bile acid interrogations (Fig. 1), Non-
DCA/LCA bile acids were more abundant in healthy controls; Hydroxy- and Oxo- modifications at carbon 3 and 
12 are reversible moieties catalysed by the gut microbiota, in addition to the well-established 7α-dehydratase 
conversion of CA to DCA and CDCA to LCA/ILCA.

Bacterial populations.  Children admitted to a PICU are frequently administered broad spectrum antimicrobi-
als soon after admission. In this study, 42/43 (97.7%) PICU patients whose faecal microbiome was assessed by 
16S rRNA gene sequencing, received antimicrobial therapy during the course of PICU admission. Applying a 
Kruskal–Wallis chi-squared test, no significant difference was observed in the number of antimicrobials given 
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Figure 1.   Primary and secondary bile acids (a) primary bile acids (Cholic acid (CA), Chenodeoxycholic acid 
(CDCA), Glycochenodeoxycholic acid (GCDCA), and Taurocholic acid (TCA)) in faecal water measured by 
LC–MS as a ratio of total measured bile acid. (b) secondary bile acids (Deoxycholic Acid (DCA), Lithocholic 
acid (LCA), Isolithocholic acid (ILCA), Ursodeoxycholic acid (UDCA), 3α-Hydroxy,12-Ketolithocholic acid 
(3a-H,12-KLCA), Taurohyocholic acid (THCA), and Glycoursodeoxycholic acid (GUDCA)) in faecal water 
measured by LC–MS as a ratio of total measured bile acid. A significant reduction to the relative concentration 
of total secondary bile acids versus the total measured bile acid pool was observed for patients sampled at day 
1–3 and day 4–7 compared to the control. The median proportion of these secondary bile acids at days 8–10 was 
comparable to that of the aged-matched controls, but we observed a significant increase of patient bile acids at 
days 8–10 above the median for patients at day 1–3. (c) the ratio of CA to CDCA, two species of primary bile 
acids in the human gut. The control samples had a median CA:CDCA ratio of 0.9; the median CA:CDCA ratios 
on days 1–3, 4–7, an 8–10 in the faecal samples of the critically patients were 4.4, 4.4, and 5.9, respectively. (d) 
Ratio of primary bile acids to secondary bile acids. (e) ratio of CA to DCA in faecal water. The ratio of CA to 
DCA was elevated in across all patient timepoints compared to the control. Patient samples collected on days 
8–10 had lower ratios of CA:DCA than patients at day 1–3. (f) ratio of CDCA to LCA and ILCA. CDCA:LCA 
ratios were increased compared to controls in patient samples from day 1–3 and day 4–7, returning to control 
levels at days 8–10. Conover-Iman significance ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, p > 0.05 = not shown.
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to patients across all sampling groups10. No compositional difference was observed between male and females 
in this study (p = 0.80).

To investigate microbial variation between individuals and groups, alpha and beta diversities were exam-
ined. Quantifying alpha diversity using Shannon’s Index, we observed greater median diversity with a narrow 
range in the control group, compared to all patient sampling time points (Fig. 2a). To determine if groups were 
compositionally different, beta diversity was calculated using Bray–Curtis dissimilarity. Using NMDS plotting 
we observed that all patient sample groups significantly diverged from the control group based on Bray–Curtis 
dissimilarity (Fig. 2b). The difference between groups was significant by PERMANOVA, performed using Adonis 
from the vegan package in R (p = 0.0001). To identify intergroup significance, we applied Tukey’s Honest Signifi-
cant Differences (HSD) post hoc test to a principal coordinate analysis of the Bray–Curtis dissimilarity matrix, 
resulting in adjusted p-values of < 0.0001 for all pairwise comparisons between the control and patient groups 
(data not shown). Inter-group analysis using Tukey’s HSD identified no difference between patient samples 
(p > 0.95 for all groups). We observed no difference in microbial populations between male and female patients. 
The bacterial population profiles of study participants, represented at the Family level, are shown in Fig. 3.

Bacteria associated with gut microbiome recovery have previously been characterised in studies observing the 
fluctuation in microbiota induced by antimicrobial use12. Bacterial genera Alistipes, Bacteroides, Bifidobacterium, 
Coprococcus, Desulfovibrio, Faecalibacterium, Parabacteroides, Roseburia, Ruminococcus and Subdoligranulum 
have been previously described as recovery associated bacteria (RAB). Observing these genera as a group, the 
general proportion of all RAB significantly decrease from control samples across all patient sampling timepoints 
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Figure 2.   Bacterial diversity, and abundance of beneficial bacteria. (a) Shannon diversity of sampling groups, 
bars indicate 1st 2nd and 3rd quartiles. Due to the broad range of alpha-diversity at day 1–3, day 4–7 and days 
8–10, only the median alpha diversity of samples collected at days 8–10 was significantly lower than that of 
the control group after correcting for multiple comparisons. (b) NMDS clustering of beta diversity of bacterial 
populations compared between sampling groups. PERMANOVA p-value = 0.001. Ellipses indicate 60% 
similarity. Conover-Iman significance ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, p > 0.05 = not shown.
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(Fig. 4a). The loss of RAB was related to the time in which the sample was collected (Figure S2a). No correlation 
was observed between RAB proportion and number of antimicrobials administered prior to sample collection 
(ρ[51] =  − 0.058, p = 0.6854). Weak negative correlations were observed between RAB proportion and hospital 
days before sample collection, but this trend was not significant (ρ[51] =  − 0.217, p = 0.123). RAB were decreased 
relative to controls for patients admitted with non-respiratory infections, patients with non-infectious respiratory 
failure, and surgical patients (Fig. S2b).

We observed a decrease in the proportions of RAB as PICU stay lengthened, with most samples collected at 
days 8–10 containing < 50% RAB by relative proportion (Fig. 4a). RAB proportion reduced with sample produced, 
where first samples had higher abundance or RAB than the second or third stool sample collected. (Fig. S2a). RAB 
were also higher for all admitting diagnosis groups except for Neurological admissions (Fig. S2b). The Individual 
RAB comparisons are shown in Fig. S3. Bacteroides spp. contributed the largest proportion of gut bacteria in the 
control group (Fig. S3b). The patient group displayed a wide range of Bacteroides abundance across sampling 
ranges; however, the median abundance was significantly below that of the control group for all time frames 
(Fig. S3b). The majority of patient samples were comprised of < 25% Bacteroides. Of the RAB, Faecalibacterium 
spp. and Ruminococcus spp. both contributed similarly to the proportion of the control group (Fig. S3). A signifi-
cant reduction was observed between the control faecal microbiomes and patient faecal microbiomes for both 
genera (p = 0.001, p = 0.004, p < 0.001). The amount of Faecalibacterium during all timepoints in PICU stays was 
dramatic, with an average proportion of 0.25% in patient samples versus 6.7% in control samples. This observa-
tion is suggestive of extensive antimicrobial susceptibility among the Faecalibacterium. A significant reduction in 
abundance of Ruminococcus spp. was observed in all patient groups compared to control microbiome abundances.

The metabolism of primary bile acids to secondary bile acids is classically performed by members of the order 
Clostridiales19,23. To determine if there was a link between secondary bile acid recovery and the microbiome, 
we measured the correlation between secondary bile acids and bacterial proportions for patient samples that 
were subjected to both analyses (n = 15). Total secondary bile acids correlated weakly (0.20 ≤ ρ < 0.4), with the 
observed proportion of Clostridium sensus stricto group 1 (ρ[15] = 0.205, p = 0.446). The genus Clostridioides was 
moderately correlated (0.40 ≤ ρ < 0.6) with DCA (ρ[15] = 0. 483, p = 0.068). Assessing the correlation between 
the abundances of bacterial genera and major secondary bile acid relative concentrations (DCA and total LCA/
ILCA) (Fig. S4), we observed a strong correlation between DCA and Agathobacter, Anaerovorax and the Eubac-
terium oxidoreducens group across all patient samples with paired bile acid profiles and quantified microbiomes 
(Fig. S4). The genera Anaerovorax, Gordonibacter, Romboutsia, Solobacterium and, Turicibacter were strongly 
correlated with LCA and DCA. Four bacterial genera with moderate positive correlation (Fig. S4) were from 
the family Lachnospiraceae.

The genera within the Lachnospiraceae identified in this study were Agathobacter, Anaerobutyricum [Eubac-
terium] hallii group31, Anaerocolumna, Anaerostignum, Anaerostipes, Blautia, Butyrivibrio, Coprococcus, Dorea, 
Eisenbergiella, Fusicatenibacter, Howardella, Hungatella, Lachnoanaerobaculum, Lachnoclostridium, Lachnospira, 
Mediterraneibacter [Ruminococcus] gnavus group32, Mediterraneibacter [Ruminococcus] torques group, Oribacte-
rium, Pseudobutyrivibrio, Roseburia, Stomatobaculum and Tyzzerella. There was no significant difference in the 
proportional representation of the Lachnospiraceae between patient groups (Fig. 4b). A shift in the composition 
of the Lachnospiraceae was observed when the constituent genera were examined (Fig. S4); Heterogeneous, 
Agathobacter dominant control profiles were replaced with Lachnoclostridium and A. hallii group bacteria in 
patient profiles (Fig. S5).

We examined the proportion of individual Lachnospiraceae genera for correlation with other bacteria groups 
in samples from day 8–10. Where a correlation was identified, Ruminococcus and Solobacterium were most 
often positively correlated to genera of Lachnospiraceae. There was a negative correlation between Enterococcus 
and Anaerobutyricum hallii group, Dorea, Lachnoclostridium, Mediterraneibacter gnavus group, and Tyzzerella 
(Τable S3).

Comparing the median proportions of Lachnospiraceae across all major admission diagnoses we observed 
a decreased median proportion for respiratory infections, and non-respiratory infections. The difference was 
not significant after correction for multiple comparisons across six groups (Fig. S2c). Patients with respiratory 
infections had significantly lower proportions of Lachnospiraceae than healthy controls when compared to all 
other diagnoses (Fig. S2d). When patients were admitted for a non-respiratory infection, the Lachnospiraceae 
were also significantly decreased from the control group (Fig. S2e).

Discussion
In this study, we identify divergent faecal bile acid profiles between patients and healthy controls; these differences 
may prove useful clinical markers of gut health and recovery. In our study group, day 1–3 and day 4–7 patient 
sampling time ranges had median primary bile acid compositions significantly above the control group while 
patients sampled during days 8–10 of PICU stay had bile acid compositions comparable to healthy control. The 
greater proportion of CA, and CDCA may be attributed to the reduction of intestinal bacteria capable of bile acid 
conversion23,33–35; concordantly, the inverse was observed for secondary bile acids. It is possible that the appar-
ent recovery of bile acid metabolism by the end of PICU stays may reflects early-stage microbiome recovery. A 
future study with later timepoints would be needed to confirm this observation.

An alternative hypothesis for the increased levels of CA and CDCA in patients is an increase in the propor-
tion of bacteria expressing bile salt hydrolase (BSH) in critically ill children.

This model would suggest that increased deconjugation of BAs leads to an over-abundance of primary BAs 
and a reduction in conjugated BAs in patients. BSHs are common among intestinal bacteria18,36, and an essential 
enzymatic process prior to the 7α/β-dehydratase pathway required to convert CA and CDCA to DCA and LCA/
ILCA19,37,38. If an over-abundance of BSH expressing bacteria was increasing the concentration of primary BAs, 
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one may expect to observe a decrease in conjugated BAs in faeces; no significant difference was observed in the 
proportion of conjugated BAs between timepoints. Our data suggests that the opposite may be true in some 
instances, where treatment for critical illness reduced the number of bacteria capable of de-conjugating bile salts. 
We observed individual patient samples containing high relative proportions of conjugated BAs where some 
samples contained proportions of TCA level reaching almost 80% and individual patient GCDCA reaching 50%. 
It was reported by Van Eldere and colleagues that deconjugation of TCA increased rates of primary to secondary 
bile acid conversion in mixed cultures39. Extrapolating this theory, one could assume an increased rate of decon-
jugation drives a conversion from primary to secondary bile acids if taurine conjugates were abundant. Taurine 
conjugated bile salts account for roughly 50% of the median conjugated primary bile salts in our analysis at each 
timepoint. BSHs are well represented in the genomes of gut bacteria36, and bacteria capable of a 7α/β-dehydratase 
reaction are rare19,40. If the bottleneck in primary to secondary bile acid metabolism is the rare 7α/β-dehydratase 
pathway, it would follow that a small relative increase in a BSH expressing bacterial population would not drive 
the difference in primary and secondary BAs a strongly as a decrease in bacteria capable of 7α/β-dehydration.

The composition of the gut microbiota was significantly affected during critical illness. Differences in micro-
bial composition and richness between controls and critically ill patients were observed in this study. Decreas-
ing alpha-diversities at varying body sites during hospitalisation in paediatric intensive care facilities has been 
previously reported by Rogers et al.11. An expected decrease in microbial richness, quantified by Shannon’s index, 
can be observed as the length of PICU stay increases. Treatment with broad-spectrum antimicrobials will be 
the driver for the compositional change and loss of diversity. Beta diversity varies widely in all treatment groups 
compared to control samples, and as expected there is a difference in faecal microbiome beta diversity between 
the control and sampling groups, most likely driven by antimicrobial treatment. A study by Chng and colleagues 
identified bacteria linked to microbiome recovery after antimicrobial therapy12. These RAB may act as keystone 
species41,42, providing metabolic substrates for endpoint fermenters such as the Lachnospiraceae. The general 
trend for RAB was to decrease in proportion with treatment length. The loss of these species in over time in our 
study is most likely explained by the duration of action of antimicrobial therapy. Decreased motility may account 
for some protection of RAB bacteria from antimicrobial killing, or the withdrawal of antibiotics but continued 
hospitalization may have allowed for recovery. Reduced gastric motility during critical illness can hinder sample 
collection. Patients in this study may not have had a first sample collected until 10 days post-admission.

Treatment for critical illness drives a compositional change in the Lachnospiraceae, with a slight decrease 
in median abundance. The observed increase in secondary bile acids in patients sampled at day 8–10 could be 
driven by a change in Lachnospiraceae, specifically, bacteria related to Lachnoclostridium and the A. hallii group 
bacteria40,43,44. Bacteria from Lachnoclostridium and the A. hallii group were present (> 10 counts) in 7 of 11 
patient samples at days 8–10. Other bacteria in the family Lachnospiraceae were minor contributors in the micro-
biota of patients at days 8–10, with the exception of patient 18. Compositional changes of the Lachnospiraceae 
may be driven by changes in the upstream fermentation capacity of patient microbiota leading to increased 
production of mid-point fermentation products by the new dominant microbiota of critically ill children10. 
Bacteria in the A. hallii group and Lachnoclostridium are capable of utilising lactate produced by Escherichia coli, 
Bifidobacterium, Lactobacillus, and Enterococcus45. Further interpretation of the connection between bile acid 
production at days 8–10 and the microbiota is limited due to the small overlap in patients with both microbi-
omes and bile acid profiles (n = 2). An average PICU stay in the United Kingdom lasts 2–3 days, across all ages46. 
Samples collected at later timepoints are often from the sickest patients. The study is limited by the inability to 
follow the microbiome and bile acids of patients post-discharge.

Members of the Lachnospiraceae are known to metabolise primary to secondary bile acids through a 
7α-dehydratase process40. The selection of enrichment for A. hallii group bacteria may be due to their ability 
to use both D- and L-lactate45. Increased total lactate was indicated as a measure of critical illness10. Members 
of the Clostridiaceae and Ruminococcaceae were not as abundant as the Lachnospiraceae at days 8–10, therefore 
unlikely to drive bile acid conversion.

An alternative hypothesis is that members of the Lachnospiraceae are differentially resistant to antibiotics, 
and strains are expanding to fill empty ecological niches. The interpretation of differential resistance is limited 
due to the use of 16S rRNA gene profiling and lack of information on the distribution of antimicrobial resistance 
genes. The shift in Lachnospiraceae composition from control to patient profiles appears as early as the first day 
of PICU admission. Duration of antimicrobial therapy and classes of antimicrobial can be difficult to quantify in 
a PICU setting; patients may have received antimicrobial therapy prior to admission, where information about 
treatment may held by another hospital and not readily available. After antimicrobial therapy certain bacteria 
recover more rapidly than others, contributing to the total biomass of faeces. We observed no strong effect due to 
change in faecal biomass, or biomass recovery when using contamination of 16S rRNA gene sequences derived 
from DNA extraction kits as a proxy for bacterial biomass.

During early life, the composition of the microbiome changes substantially, from species acquired during 
delivery, through breastfeeding and the transition to different foods. Studies have linked the method of delivery 
to an altered microbiome, children born by Caesarean section are at greater risk of autoimmune disease compared 
to children delivered via normal vaginal delivery1,47–49. As children mature, microbial complexity increases and 
“healthy” microbiomes are associated with greater bacterial diversity, with Bacteroidetes and Firmicutes making 
up the majority of the proportional representation50. The general trend in our study was that healthy children 
had richer microbial diversity and high proportions of Firmicutes and Bacteroidetes. Children requiring hos-
pitalisation in PICUs often had highly disrupted microbial communities when compared to healthy children. 
Upon arrival to PICU, patients have most often received a course of antimicrobial therapy or will be treated 
with a broad-spectrum antimicrobial such as ceftriaxone. The effect of these treatments confounds the ability to 
interpret the impact of critical illness on the microbiome in the absence of internal reference.
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Previously, we examined paediatric critical illness from a multi-component perspective and demonstrated that 
critical illness affects the microbiome of paediatric patients, which is consistent with other similar studies10. Faecal 
metabolic profiling indicated a higher correlation of sugars and lactate in patients, with short chain fatty acids 
increased in age matched controls. A brief examination of bile acids by Wijeyesekera et al.10 directly linked levels 
of the secondary bile acids DCA, LCA and ILCA to the proportion of Bacteroides, Ruminococcus, Eubacterium, 
Lachnospiraceae, and Faecalibacterium in faeces. Our results indicate a positive correlation in patient samples 
between secondary bile acids and the genera Anaerovorax, Barnesiella, Faecalitalea, Gordonibacter, Megamonas, 
Odoribacter, Parasutterella, Pseudoflavonifractor, Solobacterium and Turicibacter, however, the limited number 
of patient samples with both a quantified microbiome and a bile acid profile limits the predictive power of these 
observations.

Currently, profiling of microbiomes by 16S rRNA gene sequencing or shotgun metagenomics is a cost- and 
labour-intensive process. Even using only nanopore sequencing devices involves multiple steps. Days of data 
collection and processing are required to obtain a snapshot of the microbiome. The measurement of metabolomes 
by mass spectroscopy is rapid (under 30 min) and can be performed with minimal preparation from biological 
samples10,51,52. Clinical diagnostic laboratories may have services using mass spectroscopy as standard analyti-
cal techniques53,54. Measurement of primary and secondary BAs from blood, urine and faeces may therefore be 
within the capabilities of modestly outfitted laboratories.

The development of a healthy microbiome early in life is considered essential to systemic health3,4,55,56. If 
the microbiome fails to recover quickly, or enters an altered state, there may be differential bile acid metabo-
lism, SCFA production, and overall altered microbial metabolic interactions. The recovery of the microbiota 
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Figure 4.   Relative abundance of recovery associated bacteria (RAB) and Lachnospiraceae. (a) Proportion of 
RAB present in microbiomes. Patient samples from day 1–3, day 4–7 and days 8–10 were significantly reduced 
from the median level of the control group. RAB at days 8–10 were also significantly reduced from the median 
RAB level at day 4–7. (b) Proportion of Lachnospiraceae present in microbiomes. No significant difference was 
observed between groups after controlling for multiple comparisons. Conover-Iman significance ***p ≤ 0.001, 
**p ≤ 0.01, *p ≤ 0.05, p > 0.05 = not shown.
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is dependent on the diversification of metabolic interactions after antibiotics12,57. Current predictive modelling 
programs attempt to predict host metabolomes from gut microbiomes58,59 and it may be possible to estimate the 
recovery of the microbiome based on metabolomics alone.

The power of this study to predict bacteria contributing to the recovery of bile acid profiles is limited by the 
overlap of patients with both microbiomes and bile acid profiles. The gastric transit of critically ill children is 
reduced due to multiple factors. The reduced intestinal motility limits the number and volume of faecal samples 
collected; therefore, analysis of some samples has been limited to bile acid profiling or 16S rRNA gene profiling.

Conclusion
Our study observed relative concentrations of secondary faecal bile acids to be comparable with those of healthy 
controls after hospitalization in a PICU for 8–10 days. Compositional proportions of Bacteroides, Ruminococ-
cus, and Fecalibacterium were reduced in microbiomes at day 8–10, but proportional representation of Lach-
nospiraceae remained close to control levels across all time ranges. Monitoring of faecal metabolites (SCFAs, 
sugars) and bile acids provides a rapid and cost-effective approach to determine intestinal microbiome health 
and recovery. Further studies are warranted to link markers of microbiome recovery after intervention for criti-
cal illness with clinical significance.

Materials and methods
In this study we further examined the data collected by Wijeyesekera et al.10.

Study participants.  In this prospective, multi-centre cohort study, critically ill children were recruited if 
they were admitted to one of three paediatric intensive care units (PICUs) in the North Thames Region (UK). 
Following informed consent by caregivers, children aged between 1 and 16 years were eligible if they required 
mechanical ventilation. Children with chronic illness or prolonged steroid use were excluded. Healthcare data 
was acquired from hospital medical records. Patients receiving enteral nutrition were given expressed breast 
milk or formula without probiotic supplementation. Standard antimicrobial treatment upon admission to PICU 
is the administration of a broad-spectrum agent, often a third-generation cephalosporin unless otherwise clini-
cally indicated. In order to compare data with healthy controls, faecal samples were obtained from age-matched 
children, who were recruited from the local community. These children were eligible if they were free of inter-
current illness, had a normal healthy diet, and had not received antibiotics in the prior 3 months.

Approval for the study was granted by the East Midlands-Nottingham 2 Research Ethics Committee for 
recruitment from the PICUs at Cambridge University Hospitals NHS Foundation Trust, Great Ormond Street 
Hospital NHS Foundation Trust, and Imperial College Healthcare NHS Foundation Trust. The City Road and 
Hampstead Research Ethics committee approved recruitment of healthy children in the Cambridge vicinity. REC 
reference: 13/LO/0974. All methods were performed in accordance with the relevant guidelines and regulations.

Faecal samples.  Faecal samples were collected at early (within first 3 days of PICU admission), mid (days 
4–7 of PICU admission), and late timepoints (days 8–10 of PICU admission) from critically ill children. Serial 
samples were collected from each child as they became available. Samples were used for 16S rRNA gene sequenc-
ing, and or bile acid profiling as biomass allowed. A single faecal sample was collected from healthy children. 
All samples from critically ill children were taken from nappies, placed in sterile plastic containers, and stored 
at − 70 °C until use.

Taxonomic data.  We performed sequencing of the bacterial 16S rRNA gene in the faecal samples and allo-
cated these data into the various taxonomic groups, as described previously by Wijeyesekera et al.10. Briefly, total 
nucleic acid was extracted from faecal samples using the PowerFecal DNA Isolation Kit (MPBio). The V1V2 
region of the bacterial 16S rRNA gene was amplified by PCR and sequenced using a MiSeq V3 600 cycle flow cell 
(Illumina) at the Wellcome Sanger Institute, UK. 16S rRNA gene sequences were quality filtered and analysed 
using Mothur software60.

Bile acid analysis.  Bile acids were extracted from faeces and assayed using liquid chromatography-mass 
spectrometry (LC–MS), following the methods described by Sarafian et al.51. Briefly, faecal samples were pro-
cessed to extract faecal water, and the supernatant was mixed 1:3 with ice-cold methanol as described previously 
by Gratton et al.10,61 . Reverse-phase chromatography was performed using two mobile phases and a short alkyl 
(C8) stationary phase adapted from Shockcor et al.62. Mobile phase A consisted of acetonitrile and ultra-pure 
water (1:10), with a final concentration of 1 mM ammonium acetate and adjusted to pH 4.18 using acetic acid, 
and mobile phase B consisted of acetonitrile and 2-propanol (1:1). Bile acid identification was based on the 
retention times of individual standards. LC–MS settings are published in Sarafian et al.51. Example LC–MS traces 
are available in Fig. S6 and individual bile acid retention times are summarised in Table S4.

Statistical analysis.  Data analysis was performed using R v4.0.263. Non-parametric variance was calcu-
lated using the Kruskal–Wallis rank sum test64. Conover-Iman rank sum tests were used to perform multi-
ple comparisons when H0 is rejected by a Kruskal–Wallis test65. Inter-group significance displayed in graphs 
was calculated using the Conover-Iman test. Conover-Iman tests were performed using the conover.test pack-
age for R66. Multiple comparisons were corrected using the method proposed by Benjamini and Hochberg, as 
implemented in conover.test66,67. Graphs were created using ggplot268. Data frame melting was performed with 
reshape269. Weight-for-Age Z-scores were calculated using zscorer70. Values which were not calculated by the R 
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package were calculated with PediTools71. Shannon diversity indices were calculated using the diversity function 
from vegan 2.5–672. Beta-diversity was calculated using the vegdist function of vegan and plotted with ggplot2. 
Spearman’s ρ was calculated using cor.test in R63. Correlation interpretations are based on guidelines published 
by the British Medical Journal73.

Ethics approval and consent to participate.  Approval for the study was granted by the East Midlands-
Nottingham 2 Research Ethics Committee for recruitment from the PICUs at Cambridge University Hospitals 
NHS Foundation Trust, Great Ormond Street Hospital NHS Foundation Trust, and Imperial College Healthcare 
NHS Foundation Trust. The City Road and Hampstead Research Ethics committee approved recruitment of 
healthy children in the Cambridge vicinity. REC reference: 13/LO/0974.

Consent for Publication.  Parents of all study subjects provided consent for publication of de-identified 
data.

Data availability
The datasets analysed during the current study are available in the European Nucleotide Archive, https://​www.​
ebi.​ac.​uk/​ena/​brows​er/​view/​prjeb​13830. Data used for analysis can be found in the Supplementary Information 
1: Data table, and Supplementary Information 2: Family Taxonomy.
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