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Abstract
Background The gut microbiota are reported to be altered in critical illness. The pattern and impact of dysbiosis on prognosis 
has not been thoroughly investigated in the ICU setting.
Aims We aimed to evaluate changes in the gut microbiota of ICU patients via 16S rRNA gene deep sequencing, assess the 
association of the changes with antibiotics use or disease severity, and explore the association of gut microbiota changes 
with ICU patient prognosis.
Methods Seventy-one mechanically ventilated patients were included. Fecal samples were collected serially on days 1–2, 
3–4, 5–7, 8–14, and thereafter when suitable. Microorganisms of the fecal samples were profiled by 16S rRNA gene deep 
sequencing.
Results Proportions of the five major phyla in the feces were diverse in each patient at admission. Those of Bacteroidetes 
and Firmicutes especially converged and stabilized within the first week from admission with a reduction in α-diversity 
(p < 0.001). Significant differences occurred in the proportional change of Actinobacteria between the carbapenem and non-
carbapenem groups (p = 0.030) and that of Actinobacteria according to initial SOFA score and changes in the SOFA score 
(p < 0.001). An imbalance in the ratio of Bacteroidetes to Firmicutes within seven days from admission was associated with 
higher mortality when the ratio was > 8 or < 1/8 (odds ratio: 5.54, 95% CI: 1.39–22.18, p = 0.015).
Conclusions Broad-spectrum antibiotics and disease severity may be associated with gut dysbiosis in the ICU. A progression 
of dysbiosis occurring in the gut of ICU patients might be associated with mortality.

Keywords Gut microbiota · Critical care · 16S rRNA · Dysbiosis · Antibiotics · Sequential organ failure assessment score

 * Masahiro Ojima 
 ojimarionet999@hp-emerg.med.osaka-u.ac.jp

 Kentaro Shimizu 
 shimiken@hp-emerg.med.osaka-u.ac.jp

 Daisuke Motooka 
 daisukem@gen-info.osaka-u.ac.jp

 Takuma Ishihara 
 t.ishihara.1989.2013@gmail.com

 Shota Nakamura 
 nshota@gen-info.osaka-u.ac.jp

 Ayumi Shintani 
 ayumi.shintani@gmail.com

 Hiroshi Ogura 
 ogura@hp-emerg.med.osaka-u.ac.jp

 Tetsuya Iida 
 iida@biken.osaka-u.ac.jp

 Kazuhisa Yoshiya 
 yoshiya@hp-emerg.med.osaka-u.ac.jp

 Takeshi Shimazu 
 shimazu@hp-emerg.med.osaka-u.ac.jp

1 Department of Traumatology and Acute Critical Medicine, 
Osaka University Graduate School of Medicine, Suita, 
Osaka 565-0871, Japan

2 Department of Infection Metagenomics, Research Institute 
for Microbial Diseases, Osaka University, Suita, Osaka, 
Japan

3 Department of Medical Statistics, Osaka City University 
Graduate School of Medicine, Osaka, Osaka, Japan

http://orcid.org/0000-0001-7490-1539
http://crossmark.crossref.org/dialog/?doi=10.1007/s10620-021-07000-7&domain=pdf


2421Digestive Diseases and Sciences (2022) 67:2420–2432 

1 3

Abbreviations
APACHE  Acute Physiology and Chronic Health 

Evaluation
B/F ratio  Ratio of Bacteroidetes to Firmicutes
CART   Classification and regression tree
CI  Confidence interval
DNA  Deoxyribonucleic acid
ICU  Intensive care unit
IQR  Interquartile range
OTUs  Operational taxonomic units
rRNA  Ribosomal ribonucleic acid
SOFA  Sequential Organ Failure Assessment

Introduction

Human beings live together with numerous different bac-
teria. The majority of these symbiotic bacteria, estimated 
to be  1014 microbes [1] comprising over 1000 different 
bacterial species, reside in the host’s colon [2]. These bac-
teria have a close connection with human metabolism and 
homeostasis of the immune system that is more complex and 
widespread than we ever imagined [3, 4]. Dysbiosis, defined 
as an imbalance in the microbial communities living in or 
on the body [5], leads to various diseases such as obesity, 
metabolic syndrome, cardiovascular diseases, cancer, and 
autoimmune diseases [6]. Dysbiosis has been confirmed to 
occur not only in chronic diseases but also in critical ill-
nesses such as sepsis [7], major burn [8], acute care surgery 
[9], and acute respiratory distress syndrome [10]. Recently, 
16S rRNA gene sequencing has been developed as a method 
to perform sequence-based studies of organisms previously 
thought to be inaccessible, including obligate anaerobes and 
other microorganisms that cannot alive outside their hosts 
without symbionts [11].

Several studies of dysbiosis in critical illness using 16S 
rRNA gene sequencing [9, 12, 13] reported similar find-
ings: The gut microbiota change rapidly and dramatically 
during the intensive care unit (ICU) stay. However, the 
patients were evaluated only at certain points in their ICU 
stay or by cross-sectional analysis, and thus, it was unclear 
how the gut microbiota of each patient change at multiple 
time points during the acute phase of critical care. From 
this viewpoint, we reported a pilot study that prospectively 
monitored 12 ICU patients and observed serial changes in 
their gut microbiota [14]. It revealed that dynamic changes 
in the gut microbiota occurred at the phylum level of each 
ICU patient during the acute phase and suggested that an 
extreme imbalance of the gut microbiota may be associated 
with prognosis in critically ill patients. However, because of 
the small population studied, we could not confirm whether 
this new finding would be generalizable. The study also 
raised a further question about the factors that can cause 

these changes in the human gut microbiota during the acute 
phase of critical illness.

The present study had three objectives: to investigate 
via 16S rRNA gene deep sequencing how the gut micro-
biota change at phylum level during the acute phase in ICU 
patients, to evaluate the associations of antibiotics and dis-
ease severity with the change of the host gut microbiota 
during the acute phase in ICU patients, and to explore the 
association of changes in the gut microbiota with the prog-
nosis of ICU patients.

Materials and Methods

Enrollment

This study was conducted in the ICU of the Emergency 
Department of Osaka University Hospital, an academic 
urban tertiary referral hospital in Osaka, Japan, from Febru-
ary 2014 to January 2015. Patients who were intubated and 
required mechanical ventilation at admission or during their 
ICU stay were consecutively enrolled in this study. Exclu-
sion criteria included postoperative patients with surgery of 
the rectum, patients with perianal infections, and patients 
expected to be on mechanical ventilation for less than 3 days. 
We included 71 patients in the study group, of whom 12 
patients were enrolled in our previous study [14]. Informed 
consent for participation in this study was obtained from 
each patient or their next of kin. Nine healthy adult subjects 
were also included as a control group. They had never taken 
antibiotics and had not been admitted to hospitals within 
3 months before participating in the study. This study was 
approved by the institutional review board of Osaka Univer-
sity Hospital (approval number: 12035).

Study Protocol

In this observational prospective cohort study, fecal sam-
ples were collected serially from patients during hospitali-
zation on days 1–2, 3–4, 5–7, 8–14, and thereafter when 
the researchers thought suitable. Fecal samples in the con-
trol group were collected on an arbitrary day without any 
symptoms. All samples were collected by inserting a sterile 
cotton-tipped swab 1–2 cm beyond the anus and rotating the 
swab for several seconds. Swabs were placed in sterile cen-
trifuge tubes and immediately stored in a freezer at − 78 °C 
until use. DNA was extracted from these fecal samples using 
a DNeasy PowerSoil Kit (QIAGEN). To monitor changes 
in gut microbiota of the study population, 16S rRNA gene 
(V1–V2 region) deep sequencing was performed on a MiSeq 
system using a MiSeq v2 500 cycle kit (both, Illumina). 
The samples from each patient were sequenced in the same 
batch. The paired-end sequences obtained were merged, 
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filtered, and denoised using DADA2. Taxonomic assignment 
was performed using the QIIME2 feature-classifier plugin 
with the Greengenes 13_8 database. The QIIME2 pipeline, 
version 2020.2, was used as the bioinformatics environment 
for the processing of all relevant raw sequencing data [15]. 
We collected and analyzed 238 samples of feces. Antibiotics 
class and duration were determined by the attending physi-
cian. Enteral nutrition with Glucerna®-Ex (Abbott Japan 
Co., Ltd.) was started via nasogastric tube within 48 h of 
admission if there were no contraindications. If infections 
occurred, patients were initially treated empirically for the 
underlying clinical syndrome using Gram staining and then 
according to the results of antibiotic susceptibility testing 
of the bacterial isolate causing the infection [16, 17]. Anti-
biotics were administered under the same policy during 
the entire study period. In trauma cases, antibiotics were 
administered prophylactically to prevent wound infections 
for about one week from admission.

Patient Data Collection

Patient age, sex, Acute Physiology and Chronic Health Eval-
uation (APACHE II) score [18], and diagnosis were recorded 
on admission. The Sequential Organ Failure Assessment 
(SOFA) score [19] and the class of administered antibiotics 
were also recorded every day during hospitalization. Each 
patient’s outcome and date of death were also archived.

Statistical Analyses

Patient baseline demographic and clinical variables are pre-
sented as median and interquartile range (IQR, 25th–75th 
percentile). The composition of the five major phyla (Bac-
teroidetes, Firmicutes, Proteobacteria, Actinobacteria and 
Fusobacteria) and each genus of gut microbiota are pre-
sented as percentages. The proportion of the five major phyla 
at the first sample was compared according to disease types 
(trauma, cardiac arrest, and sepsis) by Kruskal–Wallis test. 
To estimate the change in gut microbiota, we focused on two 
variables. One was the absolute proportional change in each 
phylum from the first sample to that on the sampling day to 
observe the overall changes from admission. The other was 
the relative proportional change of each phylum between 
the sampling day and the preceding sample to observe the 
daily changes (Additional file 1: Fig. S1). The composi-
tion rate of each phylum and the proportional changes at 
phylum level as well as the number of OTUs (operational 
taxonomic units: clusters of similar sequence variants of 
the 16S rRNA marker gene sequence, considered one of 
the milestones of biological diversity [α-diversity] [20]) 
of the healthy controls and the patient group on days 1–3, 
4–7, and 8–14 were evaluated by Kruskal–Wallis test with 
the Dunn’s test used as a post hoc test. We also performed 

UniFrac distance analysis to compare the microbial flora 
structures [β-diversity] [21] between the healthy controls 
and the patient group on days 1–3, 4–7, and 8–14, and the 
distances were evaluated in the same way.

Carbapenems are thought to have one of the broadest 
spectrums of activity among all antibiotic classes; hence, 
we thought they would have the strongest influence on the 
gut microbiota. Samples were classified as belonging to the 
carbapenem group or the non-carbapenem group according 
to the antibiotic used on the day of sampling for a priori 
analyses. To account for dependencies in repeatedly meas-
ured observations within a subject, a nonlinear mixed-effect 
model was used with group, day, and interaction of group 
and day. Nonlinear associations between the difference in 
percentage in the phylum and day were assessed by includ-
ing restricted cubic splines in the model. To establish the 
normality of the residuals of the mixed model and the non-
linear model, we performed a log transformation on the 
outcome. Because log conversion was not possible when 
the outcome was zero, we added a small enough value not 
to affect the results of the outcome before log conversion. 
Multivariable regression analyses were adjusted for age, 
sex, APACHE II score on admission, and SOFA scores. 
The absolute proportional changes of each phylum between 
the carbapenem group, penicillin group, and cephalosporin 
group were also estimated in the same way.

We also used a nonlinear mixed-effect model with ini-
tial SOFA score, SOFA score changes from the initial score 
on the sampling day, and interaction of initial SOFA score 
and SOFA score changes. Nonlinear associations between 
the difference in percentage in the phylum and SOFA 
score changes were assessed by including restricted cubic 
splines in the model. Multivariable regression analyses were 
adjusted for age, sex, and APACHE II score on admission. 
The absolute proportional changes of microbiota at each 
hospital day were tested using contrasts of the estimated 
regression coefficients in each nonlinear mixed effect model.

The changes in gut microbiota were also evaluated by 
the ratio of Bacteroidetes to Firmicutes (B/F ratio). Bac-
teroidetes and Firmicutes are the most predominant phyla 
in humans, and the B/F ratio is thought to be one of the 
indicators of change in the gut microbiota [22]. The maxi-
mum and minimum B/F ratios calculated during the study 
period were taken as representative values of the changes 
and of dysbiosis. We previously reported in a preliminary 
study that a B/F ratio > 10 or < 0.10 may be associated with 
poor prognosis [14]. The maximum and minimum B/F ratios 
within seven days from admission were analyzed by classi-
fication and regression tree (CART) analysis to explore the 
association with mortality. CART analysis is a binary recur-
sive partitioning method using nonparametric approaches to 
identify high-risk and poor prognosis groups. The overall 
study group is split into two subgroups based on the most 
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powerful predictor of the outcome [23]. Multivariate logistic 
regression analyses adjusted by sex and APACHE II score 
on admission were performed to evaluate the association of 
B/F ratio suggested by CART analysis. A receiver operating 
characteristic (ROC) curve was created to evaluate classifi-
cation performance of B/F ratio suggested by CART analysis 
for the outcome of mortality, and the area under the curve 
(AUC) was calculated. Kaplan–Meier survival curves were 
constructed to display the probability of survival over the 
56-day period in the patients with B/F ratios suggested by 
CART analysis and in those without them. The difference 
between them was evaluated by log-rank test.

All statistical inferences were made with a two-sided sig-
nificance level of 5%. All statistical analyses were performed 
using SPSS (version 22, SPSS, Chicago, IL), R software 
version 3.3.2 using the “rms” package, and JMP Pro (ver-
sion 11.2.0, SAS Institute, Cary, NC), and the survival curve 
graph was created using GraphPad Prism (version 6.04, 
GraphPad Software, La Jolla, CA).

Results

Patient Characteristics

Patient characteristics are shown in Table 1. During the 
study period, all patients required mechanical ventilation 
and received antibiotics intravenously. The antibiotic types 
are summarized in Table 1. Except for two patients, none of 
the patients were administered antibiotics within 3 months 
before study enrollment. None of the patients developed 
Clostridioides (Clostridium) difficile infection. Enteral nutri-
tion was administered within 48 h from admission in 52 
patients (73.2%), and 15 patients (21.1%) did not receive 
enteral feeding during the study period. The median dura-
tion of ICU stay was 17 (IQR: 9–37) days. In this study, 24 
patients (34%) died from causes of death that included mul-
tiple organ failure in 10 patients, cardiac failure in 8 patients, 
and brain death in 6 patients.

Gut Microbiota at Admission and Progression 
of Dysbiosis During the Acute‑Phase ICU stay

All sampled data are summarized in Additional file  2: 
Table S1. The taxonomic composition of the gut microbiota 
at phylum level of the first sample and the last sample in 
each patient and the healthy controls is shown in Fig. 1. 
Bacteroidetes and Firmicutes were the predominant phyla 
in most patients, and their proportions varied from patient to 
patient at the first sample. The composition of the gut micro-
biota dramatically changed during the ICU stay. The occu-
pancy rates of the top 10 taxonomic compositions at phylum, 
class, order, family, and genus level of all patient samples are 

shown in Additional file 1: Fig. S2. The five major phyla in 
the patients were Bacteroidetes (44.1%), Firmicutes (34.1%), 
Proteobacteria (12.7%), Actinobacteria (4.2%), and Fuso-
bacteria (3.1%). The proportion of each phylum at the first 
sample between patients with trauma, cardiac arrest, and 
sepsis is shown in Additional file 1: Table S2. There were 
no significant differences between diseases types except for 
Proteobacteria (p = 0.032).

The composition rate and absolute proportional changes 
of each phylum as well as changes in the number of OTUs 
in the healthy controls and the patient group on days 1–3, 
4–7, and 8–14 from admission are shown in Fig. 2. The 
composition rate of each phylum was not significantly 
different between each sampling day. However, the abso-
lute proportional differences of Bacteroidetes and Firmi-
cutes significantly increased over time (p < 0.001; Fig. 2a, 
b), and the number of OTUs significantly decreased over 
time (p < 0.001; Fig. 2c). To compare the microbial com-
munity between the healthy controls and the patient group 
on each sampling day, we also performed UniFrac distance 

Table 1  Patient characteristics (N = 71)

Data are presented as median [interquartile range] or number (per-
centage)
APACHE Acute Physiology and Chronic Health Evaluation, SOFA 
Sequential Organ Failure Assessment

Characteristic Value

Age (years) 66.0 [51.0–78.5]
Sex (male) 48 (68%)
APACHE II score on admission 23.0 [16.0–31.0]
SOFA score on admission 6.0 [3.0–9.0]
Diagnosis
 Trauma 18 (25%)
 Cardiac arrest 18 (25%)
 Sepsis 12 (17%)
 Central nervous system disorder 7 (10%)
 Acute cardiac failure 6 (8%)
 Acute respiratory failure 6 (8%)
 Others 4 (6%)

Antibiotics when feces were collected (no. of feces samples = 238)
 Penicillins 108 (45%)
 Carbapenems 58 (24%)
 Cephalosporins 37 (16%)
 Vancomycin or linezolid or daptomycin 30 (13%)
 Quinolones 9 (4%)
 Others 38 (16%)
 Mortality 24 (34%)
 Cause of death
 Multiple organ failure 10 (14%)
 Cardiac failure 8 (11%)
 Brain death 6 (8%)
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analysis of our 16S rRNA gene sequencing data. The dis-
tance between the healthy controls and the patient group 
on each sampling day significantly increased until day 7 

(p < 0.05; Fig. 2d), which meant that the microbial flora 
structures gradually changed until day 7. The taxonomic 
composition of the gut microbiota at genus level during the 

Fig. 1  Taxonomic composition of the gut microbiota at the phylum level in the first and the last samples of the 71 patients and healthy controls 
(n = 9). Color coding: red = Bacteroidetes, blue = Firmicutes, yellow = Proteobacteria, green = Actinobacteria, black = Fusobacteria 
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ICU stay and that of the healthy controls is shown in Addi-
tional file 1: Fig. S3. There were significant changes in the 
proportions of Blautia, Clostridium, Coprococcus, Ente-
rococcus, Faecalibacterium, Lacnospiraceae, Roseburia, 
Ruminococcus, and Streptococcus between the healthy con-
trols and each sampling day.

These results suggested that each ICU patient had their 
own unique gut microbiota at admission, and the dysbiosis 
was gradually proceeding with the loss of diversity of gut 
microbiota during the acute phase of the ICU stay.

Convergence of Gut Microbiota at the Phylum Level 
by Administered Antibiotics

To assess the association between the use of broad-spectrum 
antibiotics and the gut microbiota of the ICU patients, the 
absolute proportional change from the first sample and the 
relative proportional change from the preceding sample were 

estimated between the carbapenem and non-carbapenem 
groups by use of a mixed-effect model.

The absolute proportional changes of Bacteroidetes and 
Firmicutes increased and stabilized approximately on the 7th 
hospital day in both groups (Fig. 3). Statistically significant 
differences were found between the carbapenem and non-
carbapenem groups in Bacteroidetes from the 11th to 15th 
hospital day and in Firmicutes from the 7th to 14th hospital 
day (p < 0.05). The relative proportional changes of Bacte-
roidetes and Firmicutes converged almost to zero approxi-
mately on the 7th hospital day in both groups (Fig. 4).

Among the other phyla, Actinobacteria showed a sig-
nificant difference in the absolute proportional change 
between the carbapenem and non-carbapenem groups 
(p = 0.030; Fig. 3). Significant differences in the abso-
lute proportional changes in Proteobacteria from the 1st 
to 4th hospital day, in Actinobacteria from the 13th to 
17th hospital day, and in Fusobacteria from the 14th to 

Fig. 3  The absolute proportional changes from the first sample of 
each phylum between the carbapenem group and non-carbapenem 
group are shown. The amount of variation is indicated as a natu-
ral logarithmic value on the y axis. Each line and zone indicate an 
expected proportional change and the 95% confidence interval (CI) 

(carbapenem group = red, non-carbapenem group = blue). Shaded 
bars indicate days with a statistically significant difference between 
two groups. P indicates the p-value for interaction between hospital 
days and groups
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17th hospital day (p < 0.05) were also found by testing 
for contrasts in interaction (Fig. 3). The relative pro-
portional change of Proteobacteria converged almost to 
zero approximately on the 7th hospital day in both groups 
(Fig. 4).

To identify differences between other antibiotics, the 
absolute proportional changes of each phylum between 
the carbapenem group, penicillin group, and cephalo-
sporin group were also estimated (Additional file 1: Fig. 
S4). Each phylum reached inflection points approximately 
on the 7th hospital day in each antibiotics group, but the 
differences did not reach statistical significance between 
the groups.

These results suggested that the major changes of 
the gut microbiota, especially of Bacteroidetes and Fir-
micutes, may be completed within the first week after 
admission to ICU, and broad-spectrum antibiotics may 
be associated with the change of the composition of gut 
microbiota from the early phase after ICU admission. Act-
inobacteria may be more sensitive to carbapenems than 
other phyla.

Association Between Disease Severity 
and the Transition of Gut Microbiota 
in the Acute‑Phase ICU Patients

To estimate the association between disease severity and 
the gut microbiota of the ICU patients, the absolute pro-
portional changes from the first sample were estimated by a 
linear mixed-effect model with interaction of initial SOFA 
score and changes in SOFA score. There was a statistically 
significant difference in the absolute proportional change in 
Actinobacteria with interaction of the initial SOFA score 
and changes in SOFA score during the patients’ ICU stay 
(p < 0.001; Fig. 5). This result suggested that disease sever-
ity may be associated with the change in the proportion of 
Actinobacteria during the acute phase of ICU stay.

Association Between Gut Dysbiosis and Mortality 
During the Acute‑Phase ICU Stay

We explored whether gut dysbiosis during the acute-phase 
ICU stay could be associated with mortality by using CART 

Fig. 4  The relative proportional changes from the preceding sample 
of each phylum between the carbapenem group and non-carbapenem 
group are shown. The amount of variation is indicated in fraction 
form on the y axis. Each line and zone indicate an expected propor-

tional change and the 95% confidence interval (CI) (carbapenem 
group = red, non-carbapenem group = blue). P indicates the p-value 
for interaction between hospital days and groups
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and multivariate logistic regression analyses. The cutoff val-
ues of the maximum and minimum B/F ratios within seven 
days of admission were determined to be 8 and 1/8, respec-
tively. The diagnostic characteristics of this tree have a sen-
sitivity of 54.2% and specificity of 74.5% (Fig. 6a). ROC 
curve analysis using these B/F ratios for the outcome of ICU 
mortality was performed, and the AUC was 0.853 (Fig. 6b). 
Differences in the rates of ICU mortality were calculated by 
Kaplan–Meier analysis using these B/F ratios, and the haz-
ard ratio was 2.41 (95% confidence interval [CI]: 1.04–5.51, 
p = 0.039) (Fig. 6c). Multivariate logistic regression analysis 
showed an association between an imbalance in B/F ratio 
and higher mortality when the B/F ratio was > 8 or < 1/8 
(odds ratio: 5.54, 95% CI: 1.39–22.18, p = 0.015; Table 2). 
We also performed multivariate logistic regression analysis 
adjusted for APACHE II score on admission, sex, and B/F 
ratio (> 8 or < 1/8) of the fecal samples on the first three days 
from admission or at seven to nine days from admission to 
estimate ICU mortality (Additional file 1: Table S3). The 
B/F ratio on the first three days from admission was not 

associated with ICU mortality, whereas the B/F ratio one 
week after admission was associated with ICU mortality.

These results suggested that the B/F ratio within seven 
days from admission might be useful as an indicator of poor 
prognosis and that an extreme change in the composition of 
the gut microbiota may be associated with mortality in the 
ICU. Although it may be difficult to predict prognosis based 
on the value of the B/F ratio on admission, changes in the 
B/F ratio during the ICU stay may be more useful for the 
prediction of prognosis.

Discussion

The main findings of this study are that (1) each ICU patient 
had his/her own unique gut microbiota at admission, (2) the 
gut microbiota of the ICU patients converged and stabilized 
with loss of diversity within the first week after admission, 
(3) both antibiotics and the severity of illness may be associ-
ated with migration of the gut microbiota and Actinobacteria 

Fig. 5  The absolute proportional changes from the first sample of 
each phylum, with interaction of initial SOFA score and changes 
in SOFA score, are shown. The amount of variation is indicated as 
a natural logarithmic value on the y axis. Each line and zone indi-

cate an expected proportional change and the 95% confidence inter-
val (CI) (initial SOFA score is indicated by color: 5 = red, 10 = blue, 
15 = green). P indicates the p-value for interaction between initial 
SOFA score and changes in SOFA score
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might be more sensitive to these factors than other phyla, 
and (4) an extreme change in the composition of the gut 
microbiota as represented by the B/F ratio may be associated 
with higher mortality in the ICU.

Healthy individuals have been shown to have widely dif-
ferent gut microbiota and microbial diversity [24]. How-
ever, the composition of gut microbiota in ICU patients at 
admission is uncertain, and in the present study, it differed 
widely between the patients. McDonald et al. reported that 
patients had developed their own unique gut microbiota 
within 48 h of ICU admission [12]. These findings suggest 

that ICU patients also have their own unique gut microbiota 
at admission.

The uniqueness of each healthy individual’s gut micro-
biota remains stable over time [14, 24], whereas a dynamic 
change in gut microbiota has been confirmed in critically 
ill patients [9, 12, 13, 25, 26]. However, only a few reports 
followed the serial changes of gut microbiota in the same 
patients in critical care situations [9, 25]. These reports 
suggested dynamic variations of gut microbiota along with 
the loss of diversity and disruption of inherent commensal 
microbes with the growth of pathogens within one week 

Fig. 6  a Mortality partitioned by B/F ratios using classification and 
regression tree analysis. B/F ratio (max), maximum B/F ratio; B/F 
ratio (min), minimum B/F ratio. b Receiver operating characteristic 
curve analysis using B/F ratios (maximum B/F ratio > 8 or minimum 
B/F ratio < 1/8) for the outcome of ICU mortality. The area under the 
curve was 0.853. c The 56-day overall survival rate of patients with 

B/F ratios (maximum B/F ratio > 8 or minimum B/F ratio < 1/8) and 
those without them. Solid line, overall survival of patients with B/F 
ratios (maximum B/F ratio > 8 or minimum B/F ratio < 1/8). Dotted 
line, overall survival of patients without B/F ratios (maximum B/F 
ratio ≦ 8 and minimum B/F ratio ≧ 1/8)

Table 2  Results of multivariate 
logistic regression analysis

Coeff coefficient, SE standard error, CI confidence interval, APACHE Acute Physiology and Chronic 
Health Evaluation, B/F ratio ratio of Bacteroidetes to Firmicutes

Covariates Coeff (β) SE (β) p value Odds ratio 95% CI

Lower Upper

APACHE II score on 
admission

0.162 0.045  < 0.001 1.176 1.077 1.283

B/F ratio 1.713 0.707 0.015 5.543 1.386 22.176
Sex  − 0.681 0.711 0.338 0.506 0.125 2.040
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after ICU admission both inter- and intra-individually. We 
newly found that the rates of occupancy of Bacteroidetes 
and Firmicutes, predominant phyla in the human gut micro-
biome, continued to change until one week after ICU admis-
sion along with a reduction in diversity, and after that, no 
further convergence could be observed. Proteobacteria, 
which includes major pathogens such as Enterobacteria 
and Pseudomonas, was also subject to similar effects. It 
also appeared that convergence occurred independently of 
the antibiotics groups. These findings suggested that in ICU 
patients, convergence of the gut microbiota occurred during 
the period until one week after admission, and thus, it may 
be effective to administer enteric therapy such as probiotics 
or synbiotics in the early ICU period to prevent the progres-
sion of dysbiosis. Although there have been positive reports 
of the efficacy of probiotics/synbiotics therapy for ICU 
patients, this therapy remains controversial. Shimizu et al. 
recently reported that prophylactic synbiotics administered 
from the early period could modulate the gut microbiota and 
may reduce enteritis and ventilator-associated pneumonia 
in sepsis patients [27]. A cystamatic review by Manzanares 
et al. also reported that probiotics show promise in reducing 
infections in the ICU [28]. Further study is needed to clarify 
the connection between gut microbiota and patient outcome 
in critical illness.

Antibiotics-induced dysbiosis in the ICU has been 
reported in a few studies. Two small observational studies 
reported the reduction of microbial diversity with over-
growth of pathogenic microorganisms such as Enterococ-
cus in relation to prolonged use of antibiotics [29, 30]. 
However, these reports dealt with feces collected later than 
one week after ICU admission, so the impact of antibi-
otics on gut microbiota during the acute ICU phase was 
unknown. We found in the present study that antibiotics 
were associated with the changes in gut microbiota in the 
acute-phase ICU patients, and the change of Actinobac-
teria was significantly associated with carbapenems. The 
differences in response to antibiotics by each phylum were 
probably attributable to the antibiotics spectrum or anti-
biotic excretion [31]. We also found that the change of 
Actinobacteria was significantly associated with disease 
severity. Shimizu et al. previously showed that Bifidobac-
terium, the major genus belonging to Actinobacteria, was 
decreased in patients with severe systemic inflammatory 
syndrome [7]. The decrease in Bifidobacterium was also 
reported in various diseases such as necrotizing entero-
colitis, colorectal cancer, and inflammatory bowel disease 
[32]. Actinobacteria might be more vulnerable to exter-
nal stimuli such as exposure to antibiotics, inflammation, 
ischemia, or hypoxia. Bifidobacterium is also thought to 
have an important role in preventing growth of pathogenic 
microorganisms in the gut, maintaining the intestinal envi-
ronment, and modulating the host immunity system [33]. 

The change of Bifidobacterium related to antibiotics and 
disease severity might affect these functions. Further study 
is needed to clarify these points.

The present study suggested that extreme changes in the 
composition of gut microbiota represented by the change 
of B/F ratio may be associated with mortality in the ICU. 
Bacteroidetes and Firmicutes contain a number of obligate 
anaerobes occupying the majority of the gut microbiota in 
healthy adults. They are involved in the regulation of lipids 
and bile acids metabolism to maintain energy homeostasis 
in the host [34]. However, lipids and bile acids can modu-
late the gut microbiota via their direct or indirect antibacte-
rial effects and regulate host immune homeostasis [35, 36]. 
Accumulating evidence suggests that the disruption of this 
crosstalk relates to various diseases such as cancer, obesity, 
inflammatory bowel disease, or Clostridium difficile infec-
tion [37]. It was also reported that butyrate, which is a major 
short fatty acid in feces, is mainly produced by Firmicutes 
along with some Bacteroidetes [38]. Butyrate has an essen-
tial role in the maintenance of gut homeostasis and immu-
nity by controlling gut inflammatory response and inducing 
regulatory T cells [39]. The decrease in butyrate-produc-
ing microbiomes was reported in various diseases such as 
inflammatory bowel diseases and in patients with allogenic 
hematopoietic cell transplantation [40, 41]. A decrease in the 
proportion of butyrate-producing microorganisms (such as 
Blautia, Clostridium, Coprococcus, Faecalibacterium, Lac-
nospiraceae, Roseburia, or Ruminococcus) was also found 
in our study (Additional file 1: Fig. S3).

In the ICU setting, Shimizu et al. also reported patients 
with severe systemic inflammatory response syndrome had 
lower concentrations of short-chain fatty acids in feces that 
contained lower total anaerobic bacterial counts including 
Bacteroidetes and Firmicutes species, and a decrease in 
anaerobic bacteria was also associated with septic compli-
cations and death [7, 42]. Osuka et al. also reported that fecal 
pH extending beyond the normal range, meaning that the 
feces contained lower numbers of bacteria producing short-
chain fatty acids including Bacteroidetes and Firmicutes 
species, was associated with the prognosis of critically ill 
patients [43]. The rationale for the association between the 
changes of gut microbiota or gut environment and the out-
come of ICU patients is unclear. There are also controversies 
regarding the relation of dysbiosis to patient prognosis in the 
ICU. Lankelma et al. reported no association of B/F ratio 
with patient prognosis in an ICU setting by means of 16S 
rRNA gene sequencing [13]. We focused on the maximum 
and minimum B/F ratios within seven days from admission 
as indicators of a change in gut microbiota, which may make 
a difference in the interpretation of the results as they relate 
to prognosis. We suppose the imbalance of gut microbiota 
represented by the change in B/F ratio might be associated 
with the disruption of lipids or bile acids metabolism or the 
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host immune system in ICU patients. Further study is needed 
to elucidate these points.

The extreme change of gut microbiota during the ICU 
stay as represented by the B/F ratio might be a predictor 
of ICU mortality. Recently, some observational studies 
reported that disruption of the gut microbiota was associ-
ated with higher mortality in patients undergoing allogenic 
hematopoietic cell transplantation or in neurocritically ill 
patients [44–46]. The finding in our study was consistent 
with these reports, and we newly found that the B/F ratio 
might be a marker indicating disruption of the gut micro-
biota. We suppose that maintenance of the gut microbiota as 
represented by a certain range of B/F ratio might be a thera-
peutic target to ameliorate ICU mortality. Enteric therapy 
such as probiotics/synbiotics therapy or fecal transplantation 
might be a promising treatment. Further study is needed 
from this viewpoint in the ICU setting.

There are several limitations in this study. First, we 
assessed the data of each sample in terms of the antibiot-
ics used on the sampling days. However, the gut microbiota 
could also be impacted by prior antibiotics exposure. We did 
not consider this factor in the statistical analyses because of 
concern of overfitting of the model due to the small sample 
size. Further study is needed to evaluate the effects of the 
duration of antibiotics exposure on gut microbiota. Second, 
all of the patients required and received antibiotics, and so 
we could not evaluate the effects of critical illness on gut 
microbiota in patients not receiving antibiotics. Third, the 
composition of gut microbiota is influenced by ethnicity or 
living environments [47–49]. Thus, it is unclear whether the 
findings in this study would be valid in other countries.

Conclusions

In conclusion, each patient had a unique gut microbiota even 
on admission to the ICU. Each patient’s gut microbiota dra-
matically changed with a reduction in diversity during the 
ICU stay and converged at new levels within the first week 
after admission. The transition of gut microbiota was asso-
ciated with broad-spectrum antibiotics and disease severity. 
The extreme change of gut microbiota during the acute-
phase ICU stay might be associated with mortality.
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