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Abstract

Background: Dietary fiber increases short-chain fatty acid (SCFA)-producing bacteria yet is
often withheld in the intensive care unit (ICU). This study evaluated the safety and effect of fiber
in ICU patients with sampling of the gut microbiome at ICU admission and after 72 hours.

Methods: Consecutive adults 18 years or older were eligible if they were newly admitted to the
ICU. Rectal swabs were performed at ICU admission and 72 hours later. The primary exposure
was fiber intake over 72 hours, classified in tertiles and adjusted for caloric intake. The primary
outcome was the relative abundance (RA) of SCFA-producers based on 16S rRNA sequencing and
the tolerability of dietary fiber.

Results: In 129 ICU patients, median fiber intake was 13.4 g (IQR 0-35.49) over 72 hours. The
high fiber intake group had less abdominal distension (11% high fiber vs 28% no fiber, p<0.01),
and no increase in diarrhea (15% high fiber vs 13% no fiber, p=0.94) or other adverse events. After
72 hours, the median RA of SCFA producers was 0.40%, 0.50%, and 1.8% respectively for the no,
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low, and high fiber intake groups (p=0.05 for trend). After correcting for total caloric intake, the
median RA of SCFA producers was 0.41%, 0.32% and 2.35% in the no, low and high corrected
fiber categories (p<0.01). These associations remained significant after adjusting for clinical
factors including antibiotics.

Conclusions: During the 72 hours after ICU admission, fiber was well tolerated and higher fiber
intake was associated with less decrease in SCFA-producing bacteria.

dietary fiber; critically ill; gut microbiome; short chain fatty acid

INTRODUCTION

Pre- and probiotics are being explored in the ICU in the hope that they will modify the gut
microbiome to prevent multidrug-resistant (MDR) bacterial colonization and reduce
healthcare-associated infections (HAISs). In a meta-analysis of randomized trials, probiotics
showed benefit in preventing ventilation associated pneumonia and Clostridiodes difficile
infection in the 1CU.1-3 However, probiotic trials have been heterogeneous in terms of both
interventions and results, and some trials have suggested harm.2 4-6

Dietary fiber is a prebiotic which increases the abundance of bacteria which produce
butyrate and other short-chain fatty acids (SCFASs). These bacteria, or their metabolites,
appear to have immunomodulatory benefits that are relevant for ICU patients.”~2 In bone
marrow transplant recipients and select ICU cohorts, increased abundance of SCFA-
producing bacteria was associated with decreased MDR organism colonization including
decreased vancomycin-resistant Enterococcus.8: 10 In the ICU, diminished levels of SCFA
producers have been associated with higher Enterococcus and risk for death.1! In healthy
volunteers and ambulatory patients, fiber is well tolerated and increases SCFA producer
levels.12

For these reasons, fiber may be an appropriate prebiotic to test in the ICU. However,
concerns are often raised that fiber will increase bloating and contribute to diarrhea during
critical illness.13 14 Rare cases of bezoars and intestinal obstruction have been reported.
Guidelines emphasize the selective use of fiber for diarrhea rather than for all ICU patients.
15 1n clinical practice, ICU patients often receive fiber-free enteral formulations. Overall, it
is uncertain whether ICU patients who receive broad-spectrum antibiotics, mechanical
ventilation, and other interventions will respond to dietary fiber in the same manner as
healthy volunteers or ambulatory patients.

This study was conducted to assess the relationship between dietary fiber on SCFA-
producing bacteria within the gastrointestinal microbiome of ICU patients, and also to assess
its tolerability. Fiber intake and clinical factors were measured within a cohort of ICU
patients whose gut microbiota was serially sampled.
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This was a retrospective study nested within a longitudinal, prospective ICU-based cohort.®
In brief, adults 18 years old or more were eligible for the study if they were newly admitted
to any one of 5 distinct medical or surgical ICUs and could be reached within 4 hours of
ICU admission. Rectal swabs were performed at the time of ICU admission and 72 hours
later (£4 hours), and clinical data was gathered. The study focused on the 72-hour window
following ICU admission because of prior data indicating that interventions occurring early
during critical illness are disproportionately important in patient outcome.® Patients who
were il per os (NPO), who received enteral nutrition, or who took food by mouth were all
included provided that their nutritional intake was clearly recorded and calculable. Patients
were excluded if the 72-hour study assessment could not be completed due to death,
discharge, or patient refusal. Informed consent was obtained from all subjects or from
appropriate surrogates.1” This study was approved by the institutional review board of
Columbia University Irving Medical Center.

The primary exposure was total fiber intake from the time of ICU admission when the first
sample was taken until 72 hours later when the second sample was taken. Fiber intake was
measured by manually extracting data from electronic nursing flow sheets. For patients
receiving enteral feeds, the type of feed, its nutritional values, the hourly infusion rate and
the duration of infusion were collected. Interruptions of feeding were recorded to the hour
by the nursing staff. The amount of soluble fiber in each type of feed was obtained from the
manufacturer’s published nutritional information sheet. Fiber intake over the 72-hour period
was then calculated by multiplying the total volume of feeds by the amount of soluble fiber
per unit. For patients receiving oral diets, the type of diet and the number of meals were
extracted from the electronic orders. Nutritional values for each meal type were obtained
from the Department of Food and Nutrition, including the fiber content of that meal. In the
participating ICUs, nurses visually inspect the meal tray after each mealtime and record the
percentage of each meal consumed in quartiles. The percentage of meal consumption as
recorded by the patient’s nurse was extracted from the nursing flow sheets. Short-term
withholding of meals (e.g., before procedures) was also accounted for. The amount of fiber
intake over the 72-hour period was then calculated as number of meals received multiplied
by the percentage of meal consumption from the nursing flowsheet and by the amount of
fiber contained in each meal. The calculated total fiber intake was analyzed in tertiles or as a
continuous measure.

onal Intake

Total caloric intake was calculated in a similar fashion as fiber intake. A patient-specific
calorie target was calculated by a registered clinical dietician using a hospital-wide
nutritional assessment protocol taking into consideration age, body mass index, ventilation
status, and comorbidities adapted from the American Society of Parenteral and Enteral
Nutrition (ASPEN) guidelines.1® Additional details are described in the Supplemental
Methods. The actual caloric intake over the 72-hour period was then divided by total calorie

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2020 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuetal.

Page 4

target to obtain the percentage of target calories received. The amount of fiber consumed
depends on total caloric consumption so, to explore the possibility that re/ative consumption
of fiber was a determinant of fecal microbial composition, a calorie-corrected “fiber index”
was calculated. The fiber index was defined as fiber intake over the 72-hour period divided
by the percentage of calorie target received.

Short Chain Fatty Acid-Producing Bacteria

The primary outcome was the relative abundance of SCFA-producing bacteria after 72 hours
in the ICU based on 16S rRNA gene sequencing results from the 72-hour rectal swab. This
was defined as the sum total of the relative abundance of the following taxa within
Clostridial Clusters IV/XIVa, with all taxa specified at the lowest possible hierarchical level:
Faecalibacterium prausnitzii, Eubacterium rectale, Ruminococcus, Blautia, Coprococcus,
and Roseburia.”~® Additional sequencing details are described in the Supplemental Methods.
Sequencing data is available in the short-read archive section of the National Center for
Biotechnology Information (accession number SRP149563).

Gastrointestinal Microbiome

An untargeted hierarchical linear discriminant analysis (LDA) effect size algorithm
(LEfSe)18 was used with sequencing results to identify altered taxa based on fiber intake.
Additionally, Enterococcus relative abundance was pre-specified as a secondary outcome of
interest within the gastrointestinal microbiome because our previous study identified it as an
independent predictor of death and infection in the ICU study.1! Standard microbiome alpha
diversity measures (Shannon and Chao index) were assessed, also based on 16S rRNA gene
sequencing.

Co-Variables

Demographic information, laboratory data, and data related to ICU interventions was
extracted from the electronic medical record. Baseline comorbidities were recorded
including immunosuppression and sepsis as the admitting diagnosis. ICU interventions were
recorded including proton pump inhibitors, mechanical ventilation, vasopressor support and
hemodialysis (either intermittent or continuous). Antibiotic use (any dose or duration) was
recorded and divided into narrow- and broad-spectrum based on previous studies reporting
the extent of antibiotic disruption to the gut microbiota.19-22 For clinical data, the following
data was extracted: presence of edema on physical exam, abdominal distention, nausea/
vomiting (either by symptoms recorded in the physician’s notes or the administration of
antiemetic agents), diarrhea, bowel obstruction confirmed by radiography, history of
gastrointestinal surgery, and severe malnutrition as diagnosed by a clinical nutritionist.
Clinical and laboratory data were used to estimate acute severity of illness as the Acute
Physiologic Assessment and Chronic Health Evaluation (APACHE 1V) score.23

Statistical Analysis

Comparisons of clinical data were performed using Fisher’s exact test or a chi-squared tests
for categorical data. T tests or rank-sum tests were used for continuous variables. For
multiple groups, analysis of variance (ANOVA) or Kruskal-Wallis tests were used. To assess
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the independent effect of fiber after adjusting for additional exposures, a non-parametric
least squares regression model was constructed for the outcome of relative abundance of
SCFA producers.2* 25 Exposure variables were included in this model if they had an
independent relationship with SCFA producer level (p<0.10). Alpha was 0.05 for all
analyses unless otherwise specified.

A total of 178 patients were enrolled in the original study cohort including 142 who
completed both study assessments and were considered for this study (36 patients died or
refused the second sample collection). An additional thirteen patients were excluded because
there was insufficiently detailed dietary information recorded in the nursing flowsheets,
leaving 129 patients who were analyzed.

Fiber Intake

Fiber Index

Median cumulative fiber intake during the 72 hours after ICU admission was 13.4 g (IQR 0—
35.49). Excluding patients who received no fiber, the median cumulative fiber intake was
27.3 g over 72 hours (IQR 11.6-39.3g). Patients who received more fiber were less acutely
ill (lower APACHE IV scores) and less likely to receive broad-spectrum antibiotics (Table
1). They also had a higher total caloric intake and attained a higher percentage of goal
calories (Table 2). There were no differences in gastrointestinal events based on fiber intake
category including no difference in bowel obstruction, nausea or vomiting, enteric
infections, edema, or diarrhea (Table 3). Patients with higher fiber intake were less likely to
have abdominal distension (11% high fiber vs 4% low fiber vs 28% no fiber, chi-squared
p<0.01).

Total fiber intake tends to be correlated with total caloric intake, so a fiber index was
calculated to assess the impact of fiber on the gut microbiome after correcting for total
caloric intake. Like high fiber patients, high fiber index patients were less acutely ill and less
likely to receive broad-spectrum antibiotics compared to low fiber index patients, although
these differences were less marked compared to total fiber intake (Supplemental Table 1).

Fiber Intake and SCFA Producing Bacteria

The median relative abundance of SCFA producers was 2.8% (IQR 0.42—7.9%) at the time
of ICU admission and 0.80% (IQR 0.062—6.3%) 72 hours later (median change —0.33%,
Wilcoxon p=0.02). Relative abundance of SCFA producers was similar at ICU admission
across fiber intake categories (Supplemental Figure 1). After 72 hours, higher levels of
SCFA producers were seen in patients with higher fiber intake (median 1.8% high fiber vs
0.40% no fiber, Figure 1A). Results were similar based on calorie-corrected fiber index
rather than fiber intake (Figure 1B).
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Gastrointestinal Microbiome

An untargeted algorithm (LEfSe) was used to test for differences in the relative abundance
across all bacterial taxa based on fiber intake. The SCFA producers Blautia (4.0-fold
difference) and £. prausnitzii (3.9-fold difference) were among 7 taxa that were enriched in
the high fiber group compared to the no fiber group. Enterococcus (4.8-fold difference) was
the only taxon that was enriched in the no fiber group compared to the high fiber group.
Comparing the high fiber group to the low fiber group, Blautiawas among 3 taxa that were
enriched in the high fiber group (3.7-fold difference). Median relative abundance of
Enterococcus was 0.0076% at ICU admission (IQR 0.0016-0.13%) and 0.070% (IQR
0.0072-0.77%) 72 hours later (median change 0.010%, Wilcoxon p<0.01). Higher fiber
intake associated with lower abundance of Enterococcus after 72 hours (median 0.066%
high fiber vs 0.30% no fiber, Figure 2A). Results were similar based on fiber index rather
than fiber intake (Figure 2B).

The diversity and richness of the gut microbiota was analyzed using the Shannon and Chao
indices. Over the 72-hour period, there was a significant within-individual decline in
Shannon diversity (median —0.20, 95% CI —0.34 to —0.063, p<0.01) and Chao richness
(median -26, 95% CI -48 to —3.7, p=0.02). Higher fiber intake was associated with higher
fecal microbial diversity at 72 hours yet not richness (p=0.04 and 0.50 respectively, Figures
3A and 3B). A similar result was seen based on fiber index (data not shown).

Multivariable Model

In a multivariable model, higher fiber intake remained associated with higher relative
abundance of SCFA producers after adjusting for antibiotics, admission APACHE IV score,
and exposure to mechanical ventilation or use of vasopressors (Table 4). There was a 0.30%
median increase in SCFA producers after 72 hours per additional 10g of fiber intake
(p<0.01).

DISCUSSION

In 129 critically ill patients sampled at the time of ICU admission and 72 hours later, higher
fiber intake was associated with higher levels of SCFA-producing bacteria. Fiber intake was
not associated with adverse gastrointestinal events including diarrhea. The association
between fiber intake and SCFA producers was seen even though 77% of the study cohort
received antibiotics and even after accounting for acute severity of illness. The association
also remained even after correcting as much as possible for the fact that patients with a lower
caloric intake also inevitably had a lower fiber intake.

Considerable efforts are being expended to develop pre- or probiatics suitable for critically
ill patients. SCFA producers are among the leading targets for such therapies, and therefore
the results of this study provide encouraging data that dietary fiber—a simple, inexpensive
treatment—may promote the growth of beneficial gut micro-organisms in the ICU. However,
it must be recognized that this study was observational and intervention studies with
randomization to fiber should be performed before concluding that a causal relationship
exists between fiber intake and SCFA producers.
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The timing and the density of caloric delivery in the ICU has been studied extensively,
usually with disappointing results. Multiple randomized controlled trials (RCTs) have shown
negligible clinical differences between early versus late enteral nutrition, and between
calorie-dense versus calorie-sparse feeding strategies.26-31 Comparatively few studies have
examined the specific effects of dietary fiber. In 15 patients receiving chronic enteral
nutrition, fiber had little impact on SCFA producers yet increased the SCFAs including
acetate and butyrate.32 Interestingly, fiber was associated with decreased levels of
Enterococcus, similar to this study. Another RCT involving 22 critically ill patients found no
increase in levels of SCFA producers after a low (7g) daily dose of fiber, although the study
failed to meet its enrollment target.33

While ICU studies are conflicting, ambulatory studies have consistently shown that fiber
supplementation increases SCFA producer levels.3# In two placebo-controlled studies, fiber
was associated with a doubling of £ prausnitzii and other SCFA-producers and concurrent
decreases in candidate biomarkers for infection such as serum C-reactive protein (CRP) and
lipopolysaccharide (LPS).35 36 In another placebo-controlled study, the fiber arm had higher
post-treatment total SCFA levels and butyrate levels, lower circulating LPS concentrations,
and decreased gene expressions of pro-inflammatory cytokines in whole blood.3 In this
study, the associations between higher fiber intake and SCFA producer level were large in
magnitude, with 4-fold higher £ prausnitzii and Blautia in the highest compared to the
lowest fiber intake group. Future investigations should test whether these changes were also
associated with biomarkers like CRP or LPS.

Animal studies and data from ambulatory patients suggest that increased SCFA levels may
have clinical benefits that are relevant for ICU patients.8 In animals, SCFA producers confer
colonization resistance against common enteric pathogens including vancomycin-resistant
Enterococcus (VRE).38-43 This study also observed an inverse relationship between SCFA
producers and Enterococcus. In addition to higher SCFA producers, dietary fiber intake was
associated with improved fecal microbial diversity. Diversity within the microbiome may be
a surrogate for colonization resistance against VRE or other pathogens. In ICU patients,
fecal microbial diversity tends to be low on admission and to decline with prolonged
hospitalization.** 45 In bone marrow transplant recipients, low diversity and low SCFA
producer levels prior to transplant have been associated with VRE bacteremia, respiratory
infections, and increased risk for death.”. 10. 46, 47

Historically, fiber has often been withheld in the ICU for fear of diarrhea or bowel
obstruction. This study showed no difference in gastrointestinal-related side effects in
patients with high fiber intake, although there were relatively few gastrointestinal events
overall. To date, there are no reports of serious adverse effects due to soluble fiber in the
ICU.?8 In a dose-ranging study, ICU patients received open-label wheat dextran for 5 weeks
at doses up to 36 g/day with good tolerance.*9 Patients had higher SCFA-producers and fecal
SCFAs seen comparing post- versus pre-fiber. Like these studies, this study provides
reassurance given the concerns occasionally raised regarding prebiotics in patients with
altered small bowel or colonic motility.5: 50
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There are several strengths to our study. It is one of the first to explore the effect of a specific
dietary component in critically ill patients. A rigorous protocol was implemented for sample
collection and fiber intake measurement. A broad range of clinical data was collected to
ensure comprehensive analysis and to control for important differences between patient
groups, including use of antibiotics and acute severity of illness. It also has limitations.
Patients in the study were not randomized to different amounts of fiber, and conclusions
regarding causality should therefore be cautious. The dietary fibers used in this study varied
by chain length, fermentability and solubility. We hope that well-designed RCTs follow up
on our findings. Another important limitation of the study design is that fiber intake cannot
be completely separated from caloric intake although we made substantial efforts to do so.
In addition, it was not possible to collect whole stools immediately at the time of ICU
admission and therefore we were unable to directly measure the level of SCFAs.

In sum, in this ICU-based cohort study, fiber intake during the initial 72 hours in the ICU
was not associated with gastrointestinal intolerance and was correlated with higher levels of
SCFA-producing bacteria, even after adjusting for antibiotics and acute severity of illness.
SCFA-producing bacteria have been associated with health benefits in animals and humans,
including improved colonization resistance against enteric pathogens. Fiber may be a simple
candidate therapy for critically ill patients, and future controlled studies should test whether
fiber can modulate the gut microbiome to confer benefit in ICU patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevancy Statement

Probiotics have been tested in the intensive care unit (ICU) setting in the hope of
enriching the gut microbiome in beneficial micro-organisms. Dietary fiber is a potent
prebiotic which has beneficial effects on the gut microbiome of healthy volunteers, but
the safety and effect of dietary fiber on the gut microbiome in the ICU is uncertain. In
this study, fiber was safe in the ICU and was associated with relative preservation in
putatively beneficial short-chain fatty acid producing bacteria.
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hours after ICU admission.
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Figure2.

Relative abundance of Enterococcus 72 hours after ICU admission. This is shown stratified
by (A) fiber intake and (B) fiber index during the 72 hours after ICU admission.
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hours after ICU admission, stratified by fiber intake during the 72 hours after ICU
admission.
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Table 1.

Baseline and ICU characteristics, stratified by fiber intake.

CHARACTERISTICS (N, %) NOFIBER (N=36) LOW FIBER (N=46) HIGH FIBER (N=47) P-VALUE

Baseline

Female sex 17 (47) 21 (48) 19 (40) 0.51

Age 0.09
<60 14 (39) 12 (26) 21 (45)

60-70 10 (28) 24 (52) 13 (28)

>70 12 (33) 10 (22) 13 (28)

ICU type 0.23
Medical 21 (58) 20 (43) 28 (60)

Surgical 15 (42) 26 (57) 19 (40)
Immunosuppression 6 (30) 4 (42) 8 (39) 0.44
Kidney disease 6 (13) 7 (15) 9 (19) 0.72
Diabetes 16 (34) 16 (34) 14 (30) 0.38
Pulmonary disease 3(6) 2(4) 4(8) 0.49
Intensive care unit
Sepsis 16 (34) 12 (26) 7 (15) <0.01
APACHE IV score <0.01

Lowest tertile (< 45) 7(19) 14 (30) 25 (53)

Medium tertile (45-70) 9 (25) 16 (35) 12 (26)

Highest tertile (>70) 20 (56) 16 (35) 10 (21)

Antibiotics 0.02
None 2(6) 10 (22) 17 (36)
Narrow-spectrum 12 (33) 10 (22) 10 (21)
Broad-spectrum 22 (61) 26 (56) 20 (42)

Proton pump inhibitors 16 (44) 22 (48) 25 (53) 0.72

Mechanical ventilation 14 (39) 4(9) 3(6) <0.01

Hemodialysis 6 (17) 3(6) 1(2) <0.01

Vasopressors 14 (30) 8 (17) 5(11) <0.01
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Table 2.

Nutrition during the 72 hours after ICU admission, stratified by fiber intake.

NUTRITIONAL CHARACTERISTICSOVER 72 NO FIBER (N=36) LOW FIBER (N=46) HIGH FIBER (N=47) P-VALUE

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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HOURS
Total fiber (median g, IQR) 0.0 11.2 (3.8-18.2) 39.3(34.7-50.2) <0.01
(mean g, standard deviation) 0.0 (0.0) 11.0 (7.5) 43.4(13.2)
Nutritional intake (n, %) <0.01
NPO 25 (69) 0 0
Enteral feeds 11 (31) 3(9) 1(2)
By mouth 0 43 (91) 46 (98)
Total calories (median kcal, IQR) 0 (0-128) 1082 (674-1574) 3215 (2698-3769) <0.01
Target calories (median kcal, IQR) 0.0% (0.0-2.4%) 16.9% (9.9-27.2%) 61.3% (46.2-71.7%) <0.01
Fiber index (MEDIAN G/%, IQR) 0.0 49.7 (28.9-76.0) 74.0 (63.6-82.3) <0.01
Total protein (median g, IQR) 0.0 (0.0-6.6) 46.5 (6.3-68.7) 153.5 (133.7-177.4) <0.01
Total fat (median g, IQR) 0.0 (0.0-3.6) 33.2 (4.7-54.6) 105.7 (94.0-129.4) <0.01
Diagnosis of malnutrition (n, %) 1(2) 2(4) 0 0.37
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Table 3.

Gastrointestinal events during the 72 hours after ICU admission, stratified by fiber intake.
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GASTROINTESTINAL NO FIBER LOW FIBER HIGH FIBER P-VALUE, HIGH P-VALUE, HIGH
EVENTS(N, %) (N=36) (N=46) (N=47)  VS.NO FIBER VS. MEDIUM

FIBER
Abdominal distension 13 (36) 2(4) 5(11) <0.01 <0.01
High gastric residuals 0 0 0
Bowel obstruction 0 0 0
Nausea or vomiting 8(22) 21 (46) 21 (45) 0.04 0.23
Enteric infections 2(6) 4(9) 0 0.18 0.69
Edema 10 (28) 10 (22) 12 (26) >0.99 0.61
Diarrhea 6 (17) 8 (17) 7 (15) >0.99 >0.99
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Table 4.

Multivariable model for relative abundance (RA) of short chain fatty acid (SCFA) producers after 72 hours in
the ICU.

Exposure Variables Median Increasein RA of SCFA Producers  Estimate QR p-value
Fiber, per 10 g increase +0.30% +0.10 to +0.46% <0.01
Antibiotics

None Reference

Narrow-spectrum only +1.0% -2.410 +4.4% 0.56

Broad-spectrum -0.62% -3.6 to +2.4% 0.69
APACHE IV score at admission, per 10-point increase +0.27% -0.15 to +0.69% 0.21
Mechanical ventilation +0.40% -3.1to +3.9% 0.82
Vasopressors -1.7% -4.7t0 +1.3% 0.26

This kernel-based least squares regression model estimates the median independent effect of each exposure variable on the outcome of relative
abundance of SCFA producers after 72 hours in the ICU. This model was selected because the relative abundance of SCFA producers is non-linear

(left skewed) data. See text for additional details. IQR: interquartile range (25th to 75th percentile).
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