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Abstract

Background: Host-associated microbial communities have important roles in tissue homeostasis and overall health.
Severe perturbations can occur within these microbial communities during critical illness due to underlying diseases
and clinical interventions, potentially influencing patient outcomes. We sought to profile the microbial composition
of critically ill mechanically ventilated patients, and to determine whether microbial diversity is associated with
illness severity and mortality.

Methods: We conducted a prospective, observational study of mechanically ventilated critically ill patients with a
high incidence of pneumonia in 2 intensive care units (ICUs) in Hamilton, Canada, nested within a randomized trial
for the prevention of healthcare-associated infections. The microbial profiles of specimens from 3 anatomical sites
(respiratory, and upper and lower gastrointestinal tracts) were characterized using 16S ribosomal RNA gene
sequencing.

Results: We collected 65 specimens from 34 ICU patients enrolled in the trial (29 endotracheal aspirates, 26 gastric
aspirates and 10 stool specimens). Specimens were collected at a median time of 3 days (lower respiratory tract and
gastric aspirates; interquartile range [IQR] 2–4) and 6 days (stool; IQR 4.25–6.75) following ICU admission. We
observed a loss of biogeographical distinction between the lower respiratory tract and gastrointestinal tract
microbiota during critical illness. Moreover, microbial diversity in the respiratory tract was inversely correlated with
APACHE II score (r = − 0.46, p = 0.013) and was associated with hospital mortality (Median Shannon index:
Discharged alive; 1.964 vs. Deceased; 1.348, p = 0.045).

Conclusions: The composition of the host-associated microbial communities is severely perturbed during critical
illness. Reduced microbial diversity reflects high illness severity and is associated with mortality. Microbial diversity
may be a biomarker of prognostic value in mechanically ventilated patients.

Trial registration: ClinicalTrials.gov ID NCT01782755. Registered February 4 2013.
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Background
The human body harbours trillions of bacterial cells on
and within its surfaces and mucous membranes [1]. These
microorganisms (microbiota) are largely commensals and
mutualists that can confer health advantages to the host.
The microbiome is essential for numerous features of host
physiology, including metabolism (by degrading otherwise
non-digestible molecules), resistance to infection (e.g., via
colonization resistance), and immune maturation and
homeostasis [2, 3]. Normally, the microbiota of healthy
individuals is stable over time, although it is sensitive to
changes in lifestyle, diet, and illnesses [1, 4]. Perturbations
of these microbial ecosystems can be associated with
several diseases, including inflammatory bowel disease,
and Clostridium difficile infection, as well as conditions
associated with critical illness (i.e., sepsis, acute respiratory
distress syndrome, and multiple organ dysfunction syn-
drome) [1, 5–9].
The microbiota of patients in the intensive care unit

(ICU) fluctuates considerably due to acute disease states
associated with critical illness, and common interventions
such as mechanical ventilation, antimicrobials, gastric acid
suppression, and enteral nutrition [6, 10]. Studies using
culture-dependent and culture-independent methods have
demonstrated that microbial diversity in the gastrointes-
tinal (GI) and respiratory tracts of critically ill patients
decreases following ICU admission, and that critically ill
patients experience pronounced disturbances of their
microbial communities which become more severe over
time [8, 11–17].
The consequences of microbial dysbiosis on illness

severity and mortality have been relatively unexplored,
particularly in the lower respiratory tract. A better un-
derstanding of microbial disturbances in the ICU setting
and their impact on clinical outcomes is needed, given
the emerging evidence suggesting that therapeutics tar-
geting the microbiota in critical illness may be promising
to prevent or treat complications [18–21].
The objectives of this prospective observational study

were to investigate the microbial composition at distinct
anatomical sites of the respiratory and GI tracts during
critical illness, and to evaluate whether the microbial di-
versity in the first week of the ICU stay of mechanically
ventilated patients is associated with illness severity and
mortality.

Methods
Subject recruitment
We recruited critically ill patients 18 years of age or
older receiving invasive mechanical ventilation from a
medical-surgical and a neuro-trauma ICU in 2 hospitals
in Hamilton, Canada. Samples were collected between
October 2013 and June 2014 as a translational study
nested within a multicenter pilot randomized blinded

trial (PROSPECT, NCT02462590) testing the effect of
the probiotic Lactobacillus rhamnosus GG versus pla-
cebo on the risk of ventilator-associated pneumonia
(VAP) and other infections [22]. Further information
concerning patient recruitment is available in the
Additional file 1.
Healthy donors included in this study were indi-

viduals older than 18 years of age without comorbidi-
ties who had not received antibiotics in the 6
months before sample collection. Healthy donors
were included to investigate the microbial compos-
itional differences between healthy and critically ill
individuals; they also participated in other ongoing
studies in our laboratory [23–25].
This study was approved by the Hamilton Integrated

Research Ethic Board. All participants or their substitute
decision makers provided written informed consent
prior to participation.

Sample collection
Endotracheal tube aspirate (ETA), gastric tube aspirate
(GA), fecal samples and peripheral venous blood were
aseptically collected and transferred by the research
coordinator at each ICU. To limit confounders due to
probiotic administration, the first available sample fol-
lowing study enrollment from each patient at each body
site was used to compare differences in the composition
of the microbiota between anatomical sites. All samples
included were collected before the 7th day in the ICU.
For the healthy cohort, nasopharyngeal and oropharyn-
geal swabs, fecal samples and bronchoalveolar lavages
(BAL) were collected as described elsewhere [23, 24, 26].

DNA extraction, 16S rRNA gene sequencing, and
sequence processing
The genomic DNA extraction and amplification for
sequencing on the Illumina MiSeq platform by the
McMaster Genomics Facility (Hamilton, Canada) was per-
formed as described previously [27]. Paired-end sequences
of the v3 region of the 16S rRNA gene were processed
through a standardized workflow [28]. A negative genomic
extraction and sequencing controls were conducted to en-
sure that sequencing contamination was not an issue for
low-biomass samples. Our sequencing data and metadata
is available at NCBI SRA BioProject PRJNA428805 (SRA
accession: SRP128586). Supplementary information is
available in the Additional file 1.

Data analysis
The α and β-diversity estimates were generated in R (R
Core Team 2016) [29] using the ‘phyloseq’ package [30].
β-diversity was calculated on the proportionally normal-
ized operational taxonomic unit (OTU; i.e., a proxy for
bacterial ‘species’) table excluding singletons, and OTUs
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classified as non-bacterial. The α-diversity was calculated
using the OTU table excluding only non-bacterial OTUs
and rarefied to 2800 reads per sample 100 times, and
the mean value of the α-diversity measurements was
used. Three α-diversity metrics were included in this
investigation; the Shannon and Simpson diversity indices
account for richness (i.e., number of taxa) and evenness
(i.e., taxa relative abundances), while the metric
Observed Species accounts only for richness [31]. The
within-body site distance-to-centroid was calculated on
a Bray-Curtis distance matrix using the function betadis-
per from the R package ‘Vegan’ [32]. The UPGMA con-
sensus tree was generated in QIIME with support
established using jackknife [33]. The correlation analysis
between patients’ metadata and α-diversity measure-
ments was performed using the R packages ‘Hmisc’ and
‘corrplot’, using the Spearman’s rank correlation coeffi-
cient [34, 35]. The Kaplan-Meier estimate was generated
using the R packages ‘survival’ and ‘survminer’ [36, 37].
Survival analysis using Simpson diversity was not
included since the same sets of patients were generated
in both groups resulting in identical results than using
Shannon diversity. The impact of concomitant anti-
microbial exposure with sample collection on ETA
α-diversity was investigated. Additional investigation on
the influence of individual antimicrobials was unsuitable
given our limited number of samples.

Statistical analysis
Differences across body sites in community composition
(biogeography) was investigated using a permutational
multivariate analysis of variance (PERMANOVA),
performed with the ‘Vegan’ package in R [32] on a
Bray-Curtis distance matrix, using 100,000 permutations.
Differences in within-site inter-sample Bray-Curtis and
centroid distances were tested with the ‘lmerTest’ pack-
age in R [38], using a linear mixed model with fixed
effects of cohort (i.e., Healthy and ICU) and anatomical
site, and a random effect of patient on intercept. Compos-
itional differences between the ICU patients and healthy
donors were tested in QIIME using a Kruskal-Wallis test.
P values were adjusted using Benjamini-Hochberg false
discovery rate (FDR) correction. The α-diversity, bacterial
load, serum cytokines and clinical markers results are pre-
sented using the median and interquartile range and were
analyzed with a Mann-Whitney test using GraphPad
Prism version 6.0 (La Jolla, CA, USA). Correlation analysis
was followed with FDR correction to account for
multiple-testing [29]. For the survival analysis, differences
in mortality between groups were tested using a log-rank
test [29]. The two population proportions (deceased vs.
discharged alive within the low and high diversity groups)
were compared using a Fisher’s exact test using GraphPad
Prism. The significance threshold was set at p < 0.05.

Sensitivity analysis
To evaluate whether study product exposure influenced
the outcome, L. rhamnosus GG sequences (OTU5) were
removed from the sensitivity analysis. Results of these
analyses were then compared to ensure that the impact
of the ingested probiotic administration was minimal
and that the study results were not influenced by the
presence of L. rhamnosus GG. More information is
available in the Additional file 1.

Results
Demographics of the critically ill cohorts and healthy
controls
In total, 34 mechanically ventilated critically ill patients
were enrolled; demographic data are presented in Table 1.
Patients were a mean (standard deviation [SD]) of 66.6
(10.9) years of age, had an Acute Physiology and Chronic
Health Evaluation (APACHE) II score of 25.5 (8.5), and
14/34 (41.2%) were female (Table 1). Patients were admit-
ted to the ICU for medical conditions (n = 31, 91.2%), sur-
gical conditions (n = 1, 2.9%), or trauma (n = 2, 5.9%). The
median ICU length of stay was 11.5 days (IQR 7–20.5)
and 22 (64.7%) patients were alive at hospital discharge.

Table 1 Demographics and characteristics of ICU patients

Characteristics Patients (n = 34)

Age (years), mean (SD) 66.6 (10.9)

APACHE II, mean (SD) 25.5 (8.5)

Female, n (%) 14 (41.2)

Type of patient, n (%)

Medical 31 (91.2)

Surgical 1 (2.9)

Trauma 2 (5.9)

Admitting Diagnosis, n (%)

Pneumonia 13 (38.2)

Sepsis 8 (23.5)

Chronic obstructive pulmonary disease exacerbation 2 (5.9)

Congestive heart failure 2 (5.9)

Respiratory arrest 2 (5.9)

Trauma 2 (5.9)

Alcohol withdrawal 1 (2.9)

Cardiac arrest 1 (2.9)

Cardiogenic shock 1 (2.9)

Laminectomy 1 (2.9)

Renal failure 1 (2.9)

ICU length of stay (days), median (quartile 1, quartile 3) 11.5 (7, 20.5)

Hospital length of stay (days), median (quartile 1,
quartile 3)

32 (15, 55)

ICU Mortality, n (%) 5 (14.7)

Hospital Mortality, n (%) 12 (35.3)
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In total, 65 samples were collected including 29 ETAs,
26 GAs and 10 stool specimens (Additional file 1: Table
S1). Data collection was a median of 3 days following
ICU admission for ETA and GA samples (IQR 2–4), and
6 days for stool samples (IQR 4.3–6.8).
Samples from 35 healthy adults were included to

establish reference points for the biogeography of the
healthy microbiome for comparison to the ICU cohort.
One specimen type was collected per healthy donor with
the exception of the nasopharynx (NP) and oropharynx
(OP) swabs, which were both collected from the same indi-
vidual. In total, 42 samples from 35 healthy adults consist-
ing of 7 BALs, 7 NP swabs and 7 OP swabs, and 21 stool
specimens were included (Additional file 1: Table S2).

Loss of biogeography within the ICU cohort compared to
healthy controls
We compared the microbial community structures of pa-
tients admitted to the ICU to a healthy cohort to investigate
the homogeneity of microbial composition within each
body site and to observe any change in biogeography dur-
ing critical illness (Fig. 1). The β-diversity was measured
using the Bray-Curtis dissimilarity metric. Microbial com-
munities segregate substantially and significantly by body
site in healthy individuals (PERMANOVA, p < 0.001, R2 =
0.529; Fig. 1a). However, differences in composition by ana-
tomical site were considerably less pronounced in the ICU
cohort than healthy controls (PERMANOVA, p < 0.001, R2

= 0.082; Fig. 1a). Indeed, there is minimal visible clustering
in ICU specimen types (Fig. 1b), and the distance-to-cen-
troid within-body site is significantly higher in the ICU co-
hort than the healthy controls (p < 0.001, Fig. 1b).
Comparison of the pairwise Bray-Curtis dissimilarity
among individual body site specimens from the ICU and
the healthy cohort demonstrates significantly higher hetero-
geneity within the ICU cohort for samples collected at
those body sites (p < 0.0001; Additional file 1: Figure S1).
These results show that the distinct biogeographical com-
position of the microbiome at different body sites is attenu-
ated in ICU patients.
Additionally, the hierarchical clustering of samples

shows an overlap between GA and ETA and a subset of
stool samples, further indicating a lack of compositional
definition between anatomical sites in the ICU samples
(Fig. 1c). Only the microbiota from a subset of ICU stool
specimens cluster distinctly from the other samples sites
(Fig. 1a, c). The heterogeneity in the microbial compos-
ition of host-associated communities within and between
anatomical sites and patients is shown in the taxonomic
summaries (Fig. 2). In summary, these results suggest a
lack of separation between distinct anatomical sites, and
high heterogeneity within body sites. Comparison with
samples from a healthy cohort emphasizes the microbial
dysbiosis occurring during critical illness.

Relative abundance of specific bacterial taxa are
decreased in the lower respiratory and GI tracts in the
ICU cohort when compared to healthy controls
The compositional disparities between ICU and healthy
specimens were investigated. We included 29 ETA sam-
ples from the ICU cohort, 7 BAL specimens from the
healthy cohort, as well as 10 ICU patient stool samples
and 21 healthy subject stool specimens. Analyses showed
that the relative abundances of 34 OTUs for respiratory
and 29 OTUs for stool samples were significantly differ-
ent between critically ill vs. healthy individuals following
multiple-test correction (Additional file 1: Table S3, S4).
In respiratory specimens, OTUs with the greatest change
in abundance were from the genera Neisseria, Veillo-
nella, Streptococcus, Staphylococcus, and Corynebacter-
ium; these were significantly decreased in the ICU
cohort compared to the healthy cohort (Additional file
1: Table S3). OTUs from the Lachnospiraceae family,
from the genera Faecalibacterium, Blautia, Subdoligra-
nulum, and Lachnobacterium were depleted in stool
specimens from ICU patients (Additional file 1: Table
S4). Several of these microorganisms are members of
the host-associated communities in healthy individuals
[1, 39–41]. Only a few significant OTUs were in-
creased in the ICU patients, indicating that the
pathogen expansion tends to be patient-specific. How-
ever, the loss of specific bacteria from body sites was
more generalized among ICU patients.

Respiratory tract microbial diversity is associated with
illness severity in the ICU cohort
To determine whether microbial diversity was associated
with clinical parameters, a correlation analysis was per-
formed. Since microbial diversity and environment vary
across body sites, correlation was tested separately for
each anatomical site. We examined the correlation
between α-diversity and APACHE II score used to assess
illness severity in the ICU [42]. Both Shannon and Simp-
son diversity indices in ETA specimens were inversely
correlated with APACHE II score (r = − 0.46, p = 0.013;
Fig. 3a and r = − 0.44, p = 0.017; Fig. 3b, respectively).
The association between APACHE II score and Ob-
served Species was not statistically significant, but the
magnitude of the correlation was similar (r = − 0.31, p =
0.11; Fig. 3c). No significant correlation between any
α-diversity metric and APACHE II score was observed
with GA samples (Additional file 1: Figure S2).
We also investigated the association between microbial

diversity, patient demographic information, and clinical
parameters in the correlation analysis (Fig. 3d). From the
45 correlation analyses included in the correlation
matrix of the 29 ETA samples, 6 combinations were
significant following multiple-test correction (Additional
file 1: Table S5).
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Fig. 1 (See legend on next page.)
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In summary, our results suggest a possible association
between illness severity and ETA microbial diversity in
mechanically ventilated patients.

Reduced respiratory tract microbial diversity is associated
with mortality in critical illness
Samples were stratified based on hospital mortality. Taxo-
nomic summaries are included in the (Additional file 1:

Figure S3). Within-site compositional differences between
deceased and discharged alive patients were assessed, and
no OTUs were found to be significantly different between
the groups studied (Additional file 2: Table S6). However,
the Shannon and Simpson diversity indices of the ETAs
were significantly lower in patients who died versus those
who survived their hospital stay (p = 0.045 and p = 0.0185;
Fig. 4a, b). These results could not be explained by an

(See figure on previous page.)
Fig. 1 Lack of microbial consensus and loss of biogeographical distinction in ICU patients. Principal coordinate analysis (PCoA) ordination using
the Bray-Curtis dissimilarity metric between the ICU and healthy cohorts demonstrate that samples collected from the healthy cohort tend to
cluster per body sites (PERMANOVA, p < 0.001, R2 = 0.529) whereas the samples from different anatomical sites tend to overlap in the ICU cohort
(PERMANOVA, p < 0.001, R2 = 0.082; a). The ordination plot of group dispersions within body site demonstrates a lack of compositional
homogeneity within anatomical sites in the ICU cohort (p < 0.001; b). The overlaying lines on the scatter plot show the median distances
between the cluster’s centroid displayed with a black circle and each samples within the group and the interquartile range of each site. UPGMA
dendogram showing the Bray-Curtis dissimilarity between specimens displays a perfect segregation of samples in the healthy cohort based on
collections sites. This is not observed in the ICU cohort (c)

Fig. 2 Compositional heterogeneity observed within and between anatomical sites in critically ill patients. Taxonomic summaries of the 65
samples included in this study displayed by patients and anatomical sites. Bacterial groups present at less than 5% relative abundance are
grouped in the “other” category displayed in gray. Taxonomic groups are labeled according to the highest level resolved if not at the Genus
(Order; o_, Family; f_)
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increased prevalence of infection in the deceased group
since both groups have a similar rate of pneumonia when
specimens were collected (9/10 vs. 16/19, p = 1.00). Add-
itionally, quantification of 16S rRNA gene in ETA samples
demonstrated that bacterial loads were not different be-
tween both groups (p = 0.804; Additional file 1: Figure S4).
No significant difference in ETA α-diversity was detected
between admission diagnoses (Additional file 1: Figure S5).
Furthermore, we failed to detect a correlation between
concomitant antimicrobial exposure and Shannon (r = −
0.1, p = 0.63) and Simpson diversity indices (r = − 0.14, p =
0.5) of the ETA microbiota, nor when patients were strati-
fied based on hospital mortality (Additional file 1: Figure
S6). Moreover, specimen’s collection day was not associ-
ated with Shannon (Deceased: r = 0.099, p = 0.79; Dis-
charged alive: r = − 0.15, p = 0.53) and Simpson diversity
indices (Deceased: r = − 0.21, p = 0.56; Discharged alive: r
= − 0.16, p = 0.51). GA samples did not exhibit microbial
diversity differences between deceased and discharged alive

patients (Fig. 4a, b), or in either anatomical site using ob-
served species (Additional file 1: Figure S7).
We compared inflammatory markers and APACHE II

score between patients with ETA who were deceased or
discharged alive. No significant differences were detected
in inflammatory markers (e.g. IL-6, C-reactive protein,
leukocyte and neutrophil counts) or in illness severity
(Additional file 1: Figure S8).
To further investigate the impact of ETA α-diversity

on hospital mortality, proportions and time-to-event
analyses were performed. Kaplan-Meier curves were
generated to compare survival in patients with low ver-
sus high Shannon diversity. Although it appeared that
patients with lower respiratory tract bacterial diversity
(Shannon index < 1.61) were more likely to die in hos-
pital over time than those with more diverse microbiota,
this was not statistically significant (p = 0.25; Fig. 4c).
From the 29 patients included in the survival analysis,
10 (34.5%) died in hospital; 2/14 (14.3%) in the high

Fig. 3 Lower respiratory tract microbial diversity is associated with illness severity in critically ill patients. Correlation analysis using Spearman’s
rank correlation coefficient demonstrated an inverse association between APACHE II score and Shannon diversity (r = − 0.46, p = 0.013; a), Simpson
diversity (r = − 0.44, p = 0.017; b) and Observed species (r = − 0.31, p = 0.11; c). Correlation matrix of clinical parameters and microbial diversity
markers showed only a limited number of significant associations (d). The sizes of the circles are dependent on the correlation coefficient value
(r). Comparisons that did not achieve significance are represented with a gray circle. LOS represents the length of stay
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microbial diversity group died before discharge versus 8/
15 (53.3%) in the low microbial diversity group (p =
0.05).

Sensitivity analysis
From the 65 samples included in the study, 31 (from 23
patients) were collected before the administration of L.
rhamnosus GG or placebo and 34 samples (from 22
patients) were collected following randomization. Our
results were not affected by the removal of OTU5,
assigned to Lactobacillus, that would included the ad-
ministered probiotic L. rhamnosus GG or closely related
indigenous strains of Lactobacillus from the analysis.
Supplementary information concerning the results of the
sensitivity analysis is available in the Additional file 1.

Discussion
In this prospective observational study, we profiled the
composition of microbial communities in a cohort of
mechanically ventilated critically ill patients with a high
incidence of pneumonia within their first week in the

ICU, and how these communities relate to illness sever-
ity and clinical outcomes. Our results demonstrate that,
in contrast to findings in healthy individuals [39], the
bacterial community structures are considerably less
defined by body site in the upper GI tract and lower re-
spiratory tract. Conditions associated with admission to
the ICU and interventions in this setting could com-
promise normal host barriers and lead to compositional
overlap between the airway and stomach, reflecting a
loss of microbial separation across anatomical sites in
critical illness. This work builds upon early studies of
the microbiome in ICU patients [7, 11, 14, 43], by in-
cluding a control group with lower respiratory tract
specimens to compare our findings with those of healthy
individuals, and by including additional gastric samples
in the ICU cohort to expand the multi-anatomical site
analysis. While the proximal gastrointestinal tract is
established as an important reservoir of ICU-associated
pathogens [44], the role of the stomach as a source of
tracheal colonization is controversial, and is not always
considered to be a substantial contributor to the

Fig. 4 Association between microbial diversity and hospital mortality within ICU samples. Shannon (a) and Simpson diversity (b) of ETA and GA
specimens shaded by hospital mortality demonstrates a significant reduction in the ETA Shannon diversity in the patients deceased in the
hospital versus patients discharged alive. Kaplan-Meier survival curves displayed by high and low microbial diversity groups (c). The censored (i.e.,
discharged alive) patients are indicated by ticks marks. The threshold for grouping by diversity was the median value of the Shannon diversity
measurements for the 29 samples included in this analysis. Confidence intervals are represented by the blue and red shaded areas. Numbers of
patients included in the analysis and censored are shown per group under the Kaplan-Meier curve
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pathogenesis of VAP [45]. The prominent gastric
colonization in ICU patients may be primarily due to
use of prophylactic acid suppression to prevent
stress-related gastric bleeding [46]. The overlap in mi-
crobial compositions of the respiratory tract and stom-
ach has also been demonstrated in non-critically ill
pediatric patients receiving proton-pump inhibitors [47],
suggesting that these agents may contribute to the ob-
served loss of biogeographical distinction.
The limited compositional similarities between healthy

and ICU cohorts could be explained by the loss of com-
mensal microorganisms during critical illness. We have
demonstrated that ‘normal’ host-associated taxa, includ-
ing the Lachnospiraceae family, Faecalibacterium, and
Blautia genera in the GI tract and Veillonella, Prevo-
tella, and Neisseria genera in the lower respiratory tract
[1, 40, 41] were decreased in relative abundance in the
ICU cohort. The decrease of these commensal taxa in
the GI tract is consistent with other work [11, 14]. Sev-
eral of the depleted OTUs are known to confer host ad-
vantages, such as anti-inflammatory and nutritional
benefits via the production of short-chain fatty acid
(SCFA) [3, 48, 49]. The level of fecal SCFA is drastically
decreased upon admission to the ICU [9, 50]. Moreover,
perturbation of the indigenous microbiota could lead to
harmful repercussions and allow colonization by oppor-
tunistic secondary potential pathogens such as C.
difficile, Candida albicans or facultative anaerobic
gammaproteobacteria such as Pseudomonas [2, 51].
Interestingly, the OTUs that were increased in the ICU
cohort in comparison to the healthy cohort were com-
mon pathogens associated with ICU-acquired infections
from the Enterococcus, Pseudomonas, and Staphylococ-
cus genera [52]. The limited number of OTUs that were
significantly increased in the ICU cohort versus healthy
cohort reflects the heterogeneity of the critically ill
population due to various comorbidities and clinical in-
terventions. We also demonstrate a lack of a shared mi-
crobial community structure in the ICU cohort toward a
microbiota dominated by only few taxa. These results sug-
gest that the emergence of pathogens is patient-specific,
while the decrease in relative abundance of commensal
taxa is observed more uniformly within the ICU
population.
In this study, we demonstrated an inverse association

between ETA microbial diversity and both illness sever-
ity and hospital mortality. We observed a significant de-
crease in respiratory microbial diversity in patients who
died versus survived their hospital stay. Several studies
have established that microbial composition tends to
collapse in ICU patients toward the dominance of only a
few taxa [12–14]. It has been suggested that the micro-
bial collapse is driven by aggressive antimicrobial admin-
istration during critical illness. A large prospective study

including 14,414 critically ill patients has demonstrated
that 71% of the patients were receiving antibiotics [53].
Nevertheless, we did not see a correlation between con-
comitant antimicrobial exposure and ETAs microbial di-
versity in our cohort. This could be due to the fact that
the samples included in this study were collected early
during critical illness and an effect could be observed
with later time points. Zakharkina et al. recently demon-
strated no association between respiratory tract micro-
bial diversity and antimicrobials in mechanically
ventilated patients [8]. Moreover, it has been demon-
strated that lower respiratory tract samples from mech-
anically ventilated patients with pneumonia tend to have
lower α-diversity in comparison with patient without
suspected pneumonia [15]. The loss of diversity could be
due to the predominance of potential pathogens and
could explain why this decrease in diversity is observed
only with metrics accounting for taxa relative abun-
dances (e.g., Shannon and Simpson diversity). However,
survival groups exhibited no detectable difference of bac-
terial biomass nor rates of pneumonia. These results high-
light the potential utilization of α-diversity metrics as an
index of severity of illness and could, in addition to other
clinical markers, improve patient’s stratification based on
their survival prognosis. To the best of our knowledge, re-
spiratory α-diversity has not been identified as a potential
predictor of survival outcome in ICU patients. Microbial
diversity of the GI tract has been associated with outcome
in patients undergoing allogeneic hematopoietic stem cell
transplantation, severe inflammatory response syndrome,
and in high-risk patients admitted to the ICU [16, 54, 55].
By contrast, in one study of 34 ICU patients, no associ-
ation between survival and microbial diversity of the GI
tract was observed [17].
Our analysis was performed on samples collected

during the first week of ICU stay (median collection
time was 3 days following ICU admission for ETA
and GA and 6 days for stool samples). This suggests
that early time points could potentially be used to
study the association between dysbiosis and an out-
come occurring further downstream during the hos-
pital stay (median 28.5 days IQR 14–50). Although
there was no significant difference in survival curves
between low and high ETA microbial diversity groups,
of 29 patients included in the survival analysis, 35%
died in hospital whereas 80% of the deceased patients
were in the low diversity group. This suggests how
ETA microbial diversity may be a complementary
prognostic variable. As an indicator of illness severity
akin to organ dysfunction, loss of microbial diversity
can be conceptualized as a marker of poor outcome
that potentially could be modifiable.
The limited number of samples and patients influences

the power of these analyses. Larger studies will be
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required to increase our confidence in the association
between microbial diversity and mortality. The compari-
son of critically ill patients and healthy individuals was
constrained by lack of BAL specimens from the ICU
cohort; therefore, more easily obtained ETA samples were
used. Moreover, in clinical practice, BAL would not typic-
ally be performed early enough or commonly enough in
patients without classical immunocompromised states for
inclusion in our study. Although the ICU patients received
several clinical interventions that could potentially affect
the microbial structure of host-associated communities
(e.g., antimicrobials, acid suppressants), these are intrinsic
to critical care management. Adjustment for confounders
such as sex, age, specific medications, and comorbidities
was not suitable with our limited sample size, although no
significant difference in α-diversity measurement was de-
tected between the admission diagnoses. Moreover, des-
pite the great heterogeneity observed in ICU patients, a
proinflammatory state is a unifying feature of critical
illness, regardless of the reason for admission (i.e.,
non-infectious conditions such as trauma and pancreatitis,
as well as various infectious problems). Changes in
colonization resistance and on the host’s biologic pro-
cesses mediated by the microbiota may be similar across
critically ill subgroups. Our study was confounded by the
collection of samples over the first 7 days in the ICU.
However, there was no correlation of ETAs α-diversity
with time of sample collection and outcome (deceased or
discharged alive).
Strengths of this study include the prospective data

collection, protocolized specimen procurement and
complete follow-up. We compared specimens from crit-
ically ill patients in 2 centers with a control group of
healthy individuals. Our study was nested in a random-
ized trial testing the probiotic L. rhamnosus GG versus
placebo; to avoid confounding results due to probiotic
administration, only samples collected in the first week
were included. However, we also performed a sensitivity
analysis in which we removed OTU sequences assigned
to L. rhamnosus GG and our results were not different,
increasing confidence in the findings.

Conclusions
In this study, we demonstrated that the composition of
the host-associated microbial communities is severely
perturbed early in mechanically ventilated critically ill
patients. We found that lower respiratory tract microbial
diversity is associated with illness severity and may be
associated with risk of death. Together, our results sug-
gest that critically ill patients have a potential microbiota
signature associated with illness severity and hospital
mortality even early in the ICU stay. The prognostic role
of these microbial signatures is a promising focus for
future research.
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