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Abstract

Minimal hepatic encephalopathy (MHE) is epidemic in cirrhosis but testing strategies often have
poor concordance. Altered gut/salivary microbiota occur in cirrhosis and could be related to MHE.

Aim: Determine microbial signatures of individual cognitive tests and define the role of
microbiota in diagnosis of MHE.

Methods: Cirrhotic outpatients underwent stool collection and MHE testing with Psychometric
hepatic encephalopathy score(PHES), Inhibitory control test(ICT) and Encephal App Stroop. A
subset gave saliva. MHE diagnosis/concordance between tests were compared. Stool/salivary
microbiota were analyzed using 16srRNA sequencing. Microbial profiles were compared between
patients with/without MHE on individual tests. Logistic regression was used to evaluate clinical
and microbial predictors of MHE diagnosis.

Results: 247 cirrhotics (123 prior overt HE, MELD 13) underwent stool and PHES; 175
underwent ICT and 125 Stroop testing. 112 patients also gave saliva. 59%—-82% of patients had
MHE depending on the modality. Inter-test Kappa for MHE was 0.15-0.35. Stool and salivary
microbiota profiles in MHE were different from those without MHE. Individual microbiota
signatures were associated with MHE in specific modalities. However, stool and salivary
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Lactobacillaceae relative abundance was higher in MHE regardless of modality used while
autochthonous Lachnospiraceae were higher in those without MHE, especially on PHES. On
logistic regression stool and salivary Lachnospiraceae genera (Ruminococcus, Clostridium XI1Vb)
were associated with good cognition independent of clinical variables.

Conclusions: Specific stool and salivary microbial signatures exist for individual cognitive
strategies in MHE. Presence of specific taxa associated with good cognitive function regardless of
modality could potentially be used to circumvent MHE testing.

INTRODUCTION:

Hepatic encephalopathy (HE) is one of the leading causes of morbidity and mortality in
cirrhotic patients(1, 2). The spectrum of neuro-cognitive impairment in cirrhosis ranges from
the subtle covert HE through disorientation, stupor and coma known as overt HE (OHE)(2).
Covert HE, which includes minimal HE (MHE), is associated with medical outcomes such
as progression to OHE, hospitalizations and death; as well as psycho-social outcomes such
as impaired driving ability, a lower health-related quality of life and socio-economic
status(3). Therefore, the diagnosis of MHE is important but is rarely made because MHE
diagnostic tests are often associated with poor inter-test agreement(4—7). In addition, testing
strategies for MHE interrogate different brain regions and are differentially associated with
ammonia and systemic inflammation(8-10).

Underlying this spectrum of cognitive impairment is an altered gut-liver-brain axis. The
components of these alterations include an unfavorable gut microbiota composition,
increased local and systemic inflammation and impaired immune response(11-13).
However, to date there has been limited study of the association between gut microbiota
profiles with differing MHE testing strategies and the potential practical use of specific
microbial profiles to diagnose MHE.

Our aim was to (a) Determine gut and salivary microbial profiles of patients with and
without MHE based on several approved tests and (b) Define a profile of gut and salivary
microbiota whose presence is associated with cognitive dysfunction in cirrhosis independent
of clinical variables.

METHODS:

The overall study is a prospective enrollment of outpatients with cirrhosis who underwent
cognitive testing and stool and saliva collection for characterization of the microbiota and
MHE status. We enrolled outpatients with cirrhosis from hepatology clinics at the Virginia
Commonwealth University and Richmond VA Medical Center after written informed
consent. Patients were diagnosed with cirrhosis based on any of the following, liver biopsy,
transient elastography, evidence of varices, nodular contour of liver or thrombocytopenia in
a patient with chronic liver disease or frank decompensation of cirrhosis. We excluded
patients with an unclear cirrhosis history, those unable to provide consent, grade 1 HE,
patients with current alcohol or illegal drug abuse, those on anti-psychatic, anti-seizure,
older anti-depressants or benzodiazepine usage, those with recent TIPS (<3 months), with
recent changes in opioid medications (over the last 3 months) and those with recent
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(<1month) hospitalizations. We included patients on stable SSRI or SNRI anti-depressants
and those on stable doses of opioid therapy (for >3 months).

Every patient was administered the mini-mental status exam (MMSE) and only those with a
score of =25 were given the specialized cognitive tests. Patients underwent testing with the
following validated strategies for MHE (a) Psychometric hepatic encephalopathy score
(PHES)(14) (b) Inhibitory Control test (ICT)(15) and (c) Encephal App Stroop(16) during
the same sitting in this order. We administered PHES to everyone, while a subset also
underwent ICT and Encephal App Stroop testing. MHE was diagnosed on US-based
norms(17).

Cognitive testing details:

PHES consists of 5 tests, the standard deviations of which are compared against healthy
controls and the total sum is added. A low total score against the reference control
population indicates poor performance. Encephal App Stroop has two sections, an easier Off
state where the subject has to recognize the color of the # signs appropriately and touch the
screen at the corresponding color, and a more difficult On state where the words meaning
specific colors are presented in discordant colors. The time to complete 5 correct runs in
each state are added with the total time, OffTime, OnTime and the number of runs required
to complete 5 states. A higher time required indicates poor performance. ICT is a computer-
based in which subjects are shown a series of letters and are asked to respond by pressing a
mouse key when an X is followed by a Y or a Y is followed by an X (alternating
presentation, termed targets). Patients are instructed not to respond to X following X or Y
following Y (non-alternating presentation, termed lures). High lure and low target response
indicate poor psychometric performance. The ICT is administered as a practice test followed
by a series of 6 similar 2-minute runs, separated by breaks to allow the subjects to rest.
There are total of 212 targets and 40 lures scattered throughout the test. Weighted lures are
lures divided by the square of target accuracy/100(18). While all patients underwent PHES,
the ICT and Encephal App Stroop administration varied based on availability of the test and
logistics at the time of the sample collection, and exclusions for the test including red-green
color blindness. None of the patients were systematically excluded from taking any specific
cognitive test. All patients also underwent a dietary history with recall over the last three
days focusing on caloric intake, protein intake and intake of meat vs vegetarian diets.

Microbiota analysis:

In addition, patients provided a stool sample and a subset also provided salivary samples
using published techniques on the same day(19). 16srRNA microbiota analysis was
performed using Multitag sequencing on an lon Torrent PGM as previously published (20).
The main objectives were to determine the microbial taxa that differentiated between
patients who had MHE on individual modalities compared to the rest in the entire group and
the subset without prior OHE. All analyses were performed separately for stool and salivary
microbiota. We used LEFSe (Linear Discriminant Analysis Effect Size) to determine the
taxa that differentiated the groups(21).
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Model building to predict cognitive impairment with and without clinical variables:

Ultimately, microbial taxa that were significantly different on LEFSe between groups were
then introduced into a logistic regression model with clinical variables of defining cognitive
impairment. Variables significant at p<0.20 on univariate analysis were introduced into the
final models and backward logistic regression models were used to predict specific cognitive
impairments.

The clinical variables used were age, gender, education, prior OHE (for the entire cirrhosis
group), proton pump inhibitor (PPI) use and MELD score. In the no-OHE group, all the
above clinical variables were input apart from prior OHE. Microbiota families were input
one phylum at a time for data reduction and specific families that were p<0.20 were input
with the clinical variables for the final model.

Lastly, to interrogate the specific taxa at a deeper level, for bacterial families that emerged
significant in the prediction of the logistic regression models, we further analyzed them at
the genus level to determine the specific genera associated with specific cognitive
impairments or with normal cognitive function.

RESULTS:

We enrolled 267 patients with cirrhosis, all of whom underwent PHES testing and stool
collection. Of these patients 123 had prior HE (118 on lactulose and 77 on rifaximin). 175
patients underwent additional ICT and 125 were also given Encephal App Stroop tests. A
subset of patients (n=112) also gave saliva. The details of MHE diagnosis using the
individual modalities in patients who underwent stool and saliva collection are shown in
figures 1A and B.

As shown in table 1, patients with OHE were more likely to be men, be on PPI, have a
higher MELD score and worse cognitive performance than patients without prior OHE.
Most patients with prior OHE were on lactulose and rifaximin and none of the patients
without prior OHE were on any of these medications. Details of patients who gave saliva are
shown in table 2.

Minimal HE diagnosis:

In the entire group, using PHES, 145 (54%) of patients had MHE, in those given Stroop
(total n=125), 102 (81%) had MHE, while in patients administered the ICT (n=175), 115
(65%) had MHE (Table 3). In the 125 patients of these that underwent both Stroop and
PHES, 43 (34%) were discordant (p<0.0001 Chi-square). In the 175 patients that had both
ICT and PHES, 70 (39%) were discordant (p=0.001) and in the 99 who had both Stroop and
ICT, discordant results were seen in 29 (29%, p=0.01). There were no significant
demographic or cirrhosis-related differences between patients who received one, two or all
three tests (Supplementary tables 1 and 2 for patients who provided stool and saliva samples
respectively). The reasons for patients not being administered the Stroop were largely related
to the availability of the test which was developed after ICT and PHES and red-green color
blindness in potential patients, while reasons for not being able to administer ICT were

Am J Gastroenterol. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bajaj et al.

Page 5

logistical related to time and availability of the program at the time of the stool, saliva and
serum collection.

In patients without prior OHE who gave stool, there were 63 (of 144, 44%) that were
positive for MHE on PHES, 54 (of 87, 62%) positive for ICT and 35 (of 49, 71%) positive
for Stroop MHE. these patients only 61 patients were MHE positive and for both PHES and
Stroop (Table 4). When MHE positivity was compared, 83 (58%) were discordant between
ICT and PHES, 69 (47%) were discordant between Stroop and PHES and 54 (38%) were
discordant between ICT and Stroop.

Ultimately, there was poor kappa agreement between the modalities (PHES vs ICT=0.15,
PHES vs Stroop=0.35, Stroop vs ICT=0.20 for the diagnosis in those who had more than
one testing modality used.

Dietary analysis showed that all patients were non-vegetarian and largely followed a
Western diet. The mean=SD daily caloric intake and proportion of calories from protein over
the last 3 days on dietary recall was statistically similar between those with and without
MHE on PHES (no-MHE 23184230 Kcal vs. 2295+429 Kcal, p=0.62 and 28+10% vs
26+13% protein, p=0.19)

Microbiota changes

We obtained stool samples from all 267 patients while saliva was obtained from 122 patients
(49 prior OHE and 73 without OHE). The entire group was first evaluated from the salivary
and stool microbiota perspective based on MHE on the three individual modalities.

We then evaluated MHE on PHES in patients without prior OHE on stool and same for ICT
and Stroop. Shannon diversity indices are shown in table 5.

LEFSe in the entire group:

Stool changes (Figure 2A): Using PHES as the definition of MHE, there was a higher
relative abundance of Lactobacillales and Micrococcaceae with lower Lachnospiraceae,
Clostridiales Incertae Sedis X1 and X111l and Pasteurellaceae in those with MHE. Similarly,
using ICT, there was a higher relative abundance of Enterobacteriaceae, Streptocococcaceae,
Micrococcaceae and Eubacteriaceae and lower Bacteroidaceae in those with MHE. When
Stroop was used here was a higher relative abundance of Lactobacillales with lower
Eubacteriaceae, Telmatobacter and taxa belonging to Proteobacteria in those with MHE was
noted.

Salivary changes (Figure 2C): In patients with MHE on PHES, salivary Lactobacillaceae,
Streptococcaceae, Sutterellaceae and Clostridiaceae were higher while a lower relative
abundance of Prevotellaceae, Saccharibacteria, Fusobacteriaceae and Eubacteriaceae was
seen. Using ICT, again there was a higher relative abundance of Lactobacillaceae with lower
Saccharibacteria, and constituents of Proteobacteria in those with MHE. On Stroop, in those
with MHE again a higher relative abundance of Lactobacillaceae, Streptococcaceae and
lower Proteobacterial, Fusobacteria and Prevotellaceae relative abundance was observed in
those with MHE.
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LEFSe in patients without prior OHE:

Stool changes (Figure 2B): Patients with MHE on PHES had a higher Lactobacillaceae
and Micrococcaceae and a lower relative abundance of Lachnospiraceae,
Acidaminococcacaeae and Cyanobacteria compared to those without MHE. Using ICT, there
were again higher Lactobacillaceae, Enterobacteriaceae and Streptococcaceae and lower
Bacteroidaceae and Peptococcaceae in those with MHE. When Stroop was used, there was a
higher relative abundance of Lactobacillaceae, Bifidobacteriaceae, Micrococcaeae and
Gammaproteobacteria and lower Cyanobacteria and Clostridiales Cluster X111 in those with
MHE.

Salivary changes (Figure 2D): PHES-associated MHE was associated with higher
Lactobacillaceae and lower Proteobacteria, Chloroplast and several members of the
Firmicutes phylum. Using Stroop, there was a higher relative abundance of Lactobacillacae
and Streptococcaceae and lower Proteobacteria in those with MHE. Patients with MHE on
ICT had higher Veillonellacaeae and lower Proteobacteria, Staphylococcaceae and
Acetobacteriaceae compared to those without MHE.

Logistic regression: As shown in table 6, several microbial families in the stool and
saliva were associated with MHE independent of the clinical variables input. Specifically,
Lachnospiraceae were associated with protection from MHE on PHES and Stroop while
Veillonellaceae were associated with ICT-associated MHE. In the saliva, Streptococcaceae
and Corobacteriaceae were associated with MHE on the three modalities while Clostridalies
cluster X1 and Prevotellaceae were associated with protection against MHE.

Genus-level changes in taxa found on logistic regression: In stool in all subjects, the
specific genera in Lachnospiraceae associated with protection from MHE as assessed by
PHES were Blautia, Dorea, Roseburia, Clostridium XI1Vb, Robinsiella, Coprococcus and
Ruminococcus, due to ICT were the genera were Ruminococcus, Clostridium XIVb and
Cellulosilyticum; and due to Stroop were Clostridium XI1Vb and Lachnospira. In the stool in
patients only without prior OHE, the similar Lachnospiraceae genera were higher in those
without MHE based on PHES and Stroop assessment, while Veillonella was the genus
higher in ICT-associated MHE.

In saliva, Streptococcus was the genus associated with MHE associated with Stroop and
PHES assessment in the entire group. In those without prior OHE, Lactobacillus and
Paralactobacillus were higher in MHE determined by PHES and Prevotella was higher in
those with MHE based on Stroop performance. In those without MHE determined by ICT
Abiotrophia from Aeroccocaceae and Clostridium XIVb of Lachnospiraceae were in greater
relative abundance.

DISCUSSION:

The current study results demonstrate that patients with cirrhosis and MHE defined
according to specific cognitive assessment strategies have unique microbial signatures in the
stool and saliva. These microbial changes are associated with the diagnosis of MHE
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independent of clinical criteria and the presence of specific bacterial taxa is indicative of
normal cognition in this population.

Patients with cirrhosis and MHE suffer from a poor health-related quality of life, a greater
likelihood to progress to OHE, increased need for hospitalization, and have a worse survival
compared to those without MHE (22, 23). These patients are often difficult to diagnose due
to logistic concerns related to the available cognitive assessment methodologies including
the relatively poor diagnostic agreement between these tests(24). Consistent with the
literature we found a similar discordance between PHES, Stroop and ICT in our patient
population(4-6). These tests interrogate different parts of the brain with psychomotor speed
being a common denominator between the tests. PHES places a strong demand on a
subject’s visual-motor coordination and abstraction ability(14). In contrast with the PHES
the Encephal App Stroop emphasizes cognitive flexibility; with the ICT assessing working
memory and response inhibition(25, 26). Given that each of the three cognitive methods
used in this paper emphases differing cognitive skill sets it is not surprising that MHE
classification, based on individual test results compared with locally derived norms, would
vary(27). However, the specific underlying factors associated with these neurobehavioral
changes in MHE patients remains uncertain.

An altered gut-liver-brain axis is believed to be a central pathogenic factor accounting for
the spectrum of cognitive impairment in cirrhosis, and indeed most HE-related therapies are
focused on the gut(2, 28). Therefore, the changes in brain function underlying impaired
performances on these tests could be related to alterations in gut microbiota. Changes in
microbiota in cirrhosis have been shown in the stool, intestinal mucosa, serum and saliva(7,
29-32). This is likely related to changes in underlying immune function in cirrhosis that
allows these alterations in microbiota to occur(13, 33). Patients with cirrhosis, especially
those with advanced cirrhosis and OHE, have lower relative abundance of autochthonous
bacterial taxa and higher potentially pathogenic ones(11). These are also associated with
salivary bacterial changes(19). Therefore, specific microbial signatures that were found in
our study that are linked to specific microbiota are intriguing.

We found that Shannon diversity indices varied according to the test used and patients who
were positive on PHES and Stroop, but not ICT, had lower diversity in the stool and salivary
microbiota. This trend continued to a large extent in those without prior OHE and was
despite similar dietary practices between the groups with and without MHE(34). This could
be a function of liver disease severity as patients with MHE on PHES in the entire group had
a higher MELD score compared to the rest. However, there are likely other factors at play
because the MELD score was similar in patients without prior OHE who were positive on
PHES and yet their diversity was lower. Regardless, the basic concept of diversity of the
microbiota already showed differentiating features between the three modes of MHE
diagnosis.

Specific bacterial taxa in the stool and saliva differentiated between patients with and
without MHE, but Lactobacillaceae were over-represented in the MHE group(30). In the
stool Lactobacillaceae are associated with the use of lactulose, which was prescribed to the
majority of prior OHE patients. However, we found a higher relative abundance of
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Lactobacillaceae in the stool of patients without prior OHE who had MHE and in the saliva
as well. Since patients without OHE were not treated with lactulose and were not on specific
probiotics, it is highly unlikely that this was an iatrogenic change. In prior studies based on
16srRNA and metagenomic sequencing, Lactobacillaceae have been associated with more
advanced liver disease and to be linked with ammonia-associated changes on brain MRI(9,
35). In animal models of cirrhosis, lactic acid has been associated with cerebral edema(36).
In the logistic regression both Lactobacillus and Paralactobacillus genera were found to be
higher in saliva of patients with MHE due to PHES. The intriguing aspect is that this
increase in relative abundance of Lactobacillaceae was greater in the group without prior
OHE and was found to be higher in patients with MHE regardless of the modality used.
While there have been studies evaluating the role of Lactobacillus-only probiotics in
cirrhosis, they have not consistently resulted in cognitive improvement(37). Also, there are
several species within Lactobacillus genus that are associated with pathogenic outcomes in
addition to being probiotic in nature(38). Lactobacillus spp have been also associated with
super-infections with other organisms and can increase after immunosuppressive therapy(39,
40). While Lactobacillaceae changes did not remain significant after logistic regression,
these relatively consistent differences are intriguing and further analyses of the role of these
microbes in gut-brain axis alterations in cirrhosis is needed.

On the other hand, genera belonging to Lachnospiraceae were present in greater relative
abundance in patients without MHE in the stool in those with PHES and Stroop, even on
logistic regression independent of clinical factors. Specific genera included Blautia,
Roseburia, Clostridium XIVb and Ruminococcus. These taxa are associated with intestinal
barrier integrity and short-chain fatty acid production and are usually found in higher
relative abundances in patients with good cognition in prior studies(31, 41, 42). Specific
Clostridia are responsible for synthesizing the neuro-protective 3-indole propionic acid as
well(43). The interesting aspect is that the presence of these taxa especially Clostridium
X1Vb and Ruminococcus indicates better cognitive function on all three testing strategies
and could be a method to exclude significant cognitive dysfunction in patients with cirrhosis.
However, further prospective studies are needed to confirm these findings in other
populations.

In the saliva, apart from the Lactobacillaceae changes, there was a higher relative abundance
of Veillonella and Streptococcus in patients with cognitive impairment, even on logistic
regression. Streptoccocaceae are associated with production of ammonia via urease activity,
which could be associated with cognitive dysfunction and were found in greater relative
abundance when the entire group was studied rather than those without OHE(44).
Interestingly, these oral-origin taxa were not consistently higher in the stool of patients with
MHE, likely due to the similar proportion of PPI use across the groups with and without
MHE (45).

The association of altered biological processes in the determination of brain dysfunction in
cirrhosis is relevant from a clinical and patho-physiological perspective. In prior studies,
PHES and EEG have been separately linked with systemic inflammation and ammonia
metabolism in patients with cirrhosis(8). Both modalities were independently associated
with poor outcomes regardless of the pathogenesis. There is published evidence that changes
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in microbial composition can be associated with hospitalizations, HE episodes, death and
recovery of brain function post-transplant(46—49). Prior reports have also focused
differentially on specific gut microbiota and associated ammonia-related and inflammation-
related consequences on brain MRI in cirrhosis(9). A prior study from China has found a
higher stool Streptococcaccae relative abundance linked with ammonia in patients with
cognitive impairment on paper pencil tests(44). The current results extend these results
further by including the entire spectrum of cognitive dysfunction, using multiple methods of
cognitive impairment to define MHE and by using salivary microbiota.

Our study is limited by its cross-sectional design and by relative small numbers of patients
who underwent Stroop compared to other modalities. We also had relatively smaller number
of salivary microbiota analyses compared to the stool. Also due to logistic concerns, not all
patients underwent all MHE testing modalities or salivary collection. We did not focus on
differentiating prior OHE compared to those without prior OHE in this analysis because
those data have been published extensively and are usually confounded by disease severity
and therapeutic options for OHE that can affect the microbiota.

We conclude that there is a specific microbial signature in the stool and salivary microbiota
that is associated with individual cognitive impairment in patients with cirrhosis. These
microbial changes are associated with cognitive impairment independent of clinical factors.
Specific microbial taxa are associated with good cognitive function regardless of MHE
testing modality and could potentially be used to circumvent MHE testing as a beneficial
biomarker of a healthy gut-liver-brain axis in cirrhosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STUDY HIGHLIGHTS
. What is current knowledge

- Minimal hepatic encephalopathy (MHE) is an epidemic neuro-
cognitive disorder in cirrhosis with serious medical and psychosocial
consequences

- Several tests such as PHES, ICT and Encephal App Stroop, that are
used to diagnose MHE, have poor concordance, which makes it
difficult to diagnose MHE routinely.

- Cirrhotic patients have an altered gut-brain axis, but the individual
microbial signatures related to specific MHE tests and potential use
of microbiota to evaluate normal cognition is uncertain.

. What is new here

- In outpatients with cirrhosis, there were different microbial
signatures in stool and saliva of patients who tested positive for
MHE based on individual modalities

- Lactobacillaceae were higher in relative abundance in patients with
MHE regardless of modality in stool and saliva.

- Specific genera belonging to autochthonous Lachnospiraceae were
associated with normal cognition independent of clinical variables
and regardless of MHE testing modality, and could potentially be
used as a beneficial biomarker of a healthy gut-liver-brain axis in
cirrhosis.
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267 underwent

175 underwent
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| 145 with MHE 115 with MHE on 102 with MHE
on PHES ICT on Stroop
| 122 without 60 without MHE 23 without MHE
MHE on PHES on ICT on Stroop
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|

122 underwent
PHES

113 underwent
ICT

70 underwent
Stroop

42 with MHE on
PHES

62 with MHE on

ICT

47 with MHE on

78 without MHE
on PHES

51 without MHE
on ICT

Stroop

23 without MHE

Figure 1:

on Stroop

Flowchart of patients. MHE: minimal hepatic encephalopathy, ICT: inhibitory control test,
PHES: psychometric hepatic encephalopathy score
Figure 1A: Flow of patients who had stool collected and testing results for minimal hepatic
encephalopathy using the specific modalities
Figure 1B: Flow of patients who had saliva collected and testing results for minimal hepatic
encephalopathy using the specific modalities

Am J Gastroenterol. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bajaj et al.

Page 16

- Stool-PHES-0  EEE Stool-PHES-1
\ ' | . ' '
Firmicutes. aacm. La:(oha:l\lales _
: Firmicutes. Bacilli [
Micrococcaceae [
Firmicutes.Clostridia. Clostridiales.Clostiidiales
Firmicutes. Clostridia.Clostr [ stridiak

Actinobacteria Act

teria.

Firmicutes. Clostridia.Clostr [.:Jlostridiales IncertaeSedisX|

i L. .
Firmicutes.Clostridia.Clostridiales.Lachrospiraceae
Firmicutes.Clostridia. Clostridiales.

| frmicutes. clostridia

i
-6.0 —4.B —3.6 —2.4 —1 2 00 .2 24
LDA SCORE (log 10)

3.6

B Stool-ICT-0  EEEE Stool-ICT-1

Frfnicutes, Bacilli Lactobacillales.

Armicutes.Bacilli
[.-Jeteriate:

Proteobacteria
Protecbactenia Gammaproteobacteria

rmi Clostridia.Clostridial

Frmicutes. Bacilli.Lactobacillales. Streptococcaceae
Actinobactenia Actinobacteria.Actinoniycetales
Battervidale:

_ Bacteroidetes Bactéroidia Bacteroidoles

I -t oidetes. aa:xermd;a

| ——————
1
—60 —48 —36 —24 —12 00 1.2 24

i i
36 48

6.0

,- SI‘:noI Stmlop 0 ‘- ano\ Strt:op 1 , LDA SCORE (log 10)
‘Frmicutes. Bacilli Lactobacillales
Firmicutes Bacill Lactobacillples.Lactobacillaceae S S S |
actinobacteria [N
Actinobacteria.Actinobacteria [N
Firmicutes Clostridia. Clostridiales, Eubacteriaceae
Acidobacteria.Acidobacteria GpE
Acidobacteria.Ac pL ter
teria. Alphar [.iIria_incertaesed
Proteobacteria. Alphaproteobactéria.Caulobacterales
i Gpl.
#cidobacteria
Acidobacteria Acidobacteria
ia. p _incertaesedis
Pr ia. [-:llobacterates. daceae
i Rimicutes Bacill Bacilales Listetiaceae
i ] \
-4 -1 0 1 2 3 4 5
LDA SCORE (log 10)
BN Stool-PHES-NoHEO  EEE Stool-PHES-NoHE1 B StoolICT-NoHEO  HEE Stool-ICT-NoHEL
L ! | ' ' | | '
Frmicutes.acil Lactobacilales. [ i Rt Lt i s_
| et o, R — rrmicues cac: R
: : ] Femicutes Bacill Lactobacillales Lactabdcilaceac (N
Actinobacteria Actinobacteria Actinomycetales Micrococcaceae [N proteppacreria [N
: [ i c.es.Clostridia. Clost [ Jstrdiales ncertaesedisxi Proteabscteria.Gammapratepbacteria [N
[ 1 cutes Clostridin Clostridiales.Clostridisles ProtecbacteriaiGammapioteobs [. cterisles.Enterobacieriacese (NN
T v i s Hegativinutes. Selenomonadales. Acidaminacoccaceal - L . (e ——
I~ -:actevia Garnmaproteabacteria hictichales Fimicutes Bacil.Lactobacillakes, Streptochecaceae IR
I o octeria Chioroptast Proteobacteria Betaprateobac [. Jurkholderiales_incertaesedis R
_ cyanobacteria_Chioroplast. Chioroplast Actinebacteria.Actinobacteria Actinorycetales [ NG
[ . 2 bacteia_Chiproplast.ch [ Jast Chloroplast Chioroplast Fmicutes Clostridip, Clastridiples Peptdcaccacesel
I s Chioropiast Chioroplast Chioropiast Bactiroidia. B -

I e Clostridia Closiridiales.Lachdospiraceae
| . Clos:icin Closidiales

Firmicutes. Clostridia

| | i i

-4 -2 0 2 4
LDA SCORE (log 10)

| Stocl-Stmup—NuHEG
protebbacteria. Gammanmaobamm _
Firmicutes.Bacilli Lactobacillales. Lactobacillaceae [N
. Jeteriak
Actinobacteria Actinobacteria Bifidelacteriales
: : © Actnobacteria

Bl Stool-Stroop-NoHE1

#Actinobacteria Actinobacteria
Actinobacteria A:tlnnba(ima Actinomycetales, Micrococcaceae

Cyanobacteria_Chlorgplast.Chiofoplast
Cyancbacteria_Chloroplast

I - cbacteria_Chioréplast.Chiofoplast.Chidroplast
| i ) i i i | |

-3 =L 0 1 2 3 4
LDA SCORE (log 10)

Frmicutes. Clostridia. Clostr [..Jstridiales acertaesedisxil

Cyanobacteria_Chlorplast.Ch [ :Jlast Chloroplast Chioroplast

5

_m:rero.aelesﬂanemm Bacteroidales

[ o5 Bctéroicia
e

—60 —48 —36 —24 —12 00 1.2 2.4
LDA SCORE (log 10)

i i
3.6 48

6.0

Am J Gastroenterol. Author manuscript; available in PMC 2020 July 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bajaj et al.

NN PHES-0 EEE PHES-1

Armicutes

Firmicutes Bacilli Lactobacillales
4 i Armicutes.Bacilli
Frmicutes BacilliLactobacillales Streptococcaceae

Firmicutes: Bacilli Lactobacillales. Lactobacillaceae
Proteobacteti L Sutts
FArmicutes Clostridia.Clostridiales. Clostridiaceae_1

Hlaceae

Firmicutes Clostridia.Clostridiales, Eubacteriaceae
Actinobacteria.Actinobacteria. Coriobacteriales

ndidatl

Actinobacteria Actipobacteri .. Jacteriajes.Coriobacteriaceae
Fusobacteria. Fusobacteriia, Fsabacteriales Fusobacteriaceae
Candidats Secchinibacteria [ Jccharibacteria incertaesedis

B Stroop-0  EEE Stroop-1
1 1 1 i 1 | '
Firmicutes Bacilli Lactobacillales

* Frmicutes.Bacilli

Firmicutes. Bacilli.L

Frmicutes
Firmicutes:Bacilli. Laclchac\lla\es Lactobacillaceae

teria.
Fusobacteria. Fusobacteriia.Fusobacteriales.Fusobacteriaceae
Proteobacteria

Bacteroidetes. Bactéroidia Badteroidales
Bacteroidetes. Bactéroidia

Bactenoidetes

Candidatis. sarrnanmnmm

Bactéroid
Bacteraidetes
Bacteroidetes Bacteroidia Bagteroidales

Bazleru-netes aa(Lerwu-a

i 0 '
—60 48 —36 24 12 00 1.2 2.4 36 48 6.0
LDA SCORE (log 10)

candidatus_Saccharibacteria, [.. Lunmnzclem incertaesedis

1 I I 1
—60 48 -3.6 2.4 —12 00 1.2 24 36 48 6.0
LDA SCORE (log 10)

B ICT-0 I ICT-1
| ' | | | | | i

Armicutes Bacilli/Lactabacillales Lactobacillaceae [N

. Beijerinckiad
.xanthor|

Firmicutes. Clostridia Clostridiales. Clostridiales

candidatus_Sacc Sar

Firmicutes. Clostridia Clestr [ ]stridiales. Incertae_Sedis_Xi

Candidatus_Saccharibacteria. [.:Jccharibacteria_incertaes|

Candidatus_Saccharibacteria

-2 -1 1 2 3 4
LDA SCORE (log 10)

|
wn

|
IS

|
w
o-

| candidatus_saccharibacteria. [.dccharibacteria,_incertaed

Bl Saliva-PHES-NoHEO  EEE Saliva-PHES-NoHE1

' ' | |
Firmicutes. Bacill Lactobacillalés Lactobacillaceae [N NN

Proteobacteri

Actinobacteria. Actinobacter [ .Jcetales:Propionibacteriaceae

Firmicutes Bacill Lactobacillales Aerococcaceae
Cyanobacteria_Chloroplast :
I - ctacteria_Chicraplast Cyanabacteria FamilyLFamilyl
I ot cteria_Chioroplast Cyancbacteria

Rrmicutes Bacilli Bacillales. Bacillales. IncertaeSedisXi
acillales. Bacillales

2
3
£
]
7

Cyansbacteria_Chibroplast r_yanoba:reni Familyl
Armicutes Bacilli Bacillales

Frmicutes Clostridia. Clostridiales

Firmicutes Clostridia

Protesbacteria. Alphaproteobacteria
Candidatussaccharibacteria

Ccandid.

ibacteria Sacc _incertaesedis

o

S [.Jecharibacteria i
R Candipupsaoenadraotes s L Jochaiatiiia ficerthosods

2 4

|
B

|
]
=1

LDA SCORE (log 10)

B Saliva-ICT-NoHEO B Saliva-ICT-NoHE1

' [ [ [

Firmicutes Negativicutes.Selenomonadales.veillonellaceae [ NN
rrmicutes negativicutes [N

Firmicutes. Negativicutes. Selenomonadales

< Ccy c
I
Bacteroidetes.Cytophagia
Cytophagia.Cytoph,
Proteobacteria [..Ispirillales. A aceae

illales

— Firmicutes. Bacilli Bacillales.Staphylococcaceas
_ Acidobacteria.Acidobacteria
A:wdnbac(eﬂa

I - iootussacchanibacteria

I haribacteria ia
I - cicotussaccharibacteria.S [..Jccharibacteria_incertaesedis
— Candidatussacchatibacteri.5 . Jecharibacterio_incertaeseds

-4 -2 2 4

o-

LDA SCORE (log 10)

Il Stool-Stroop-NoHEO M Stool-Stroop-NoHE1
| ' ' '
Proteabacteria.Gammaprotéobacteria
Firmicites. BaclliLactobacillales Lactobacillaceae
[ keriale
A terial
Actinobacteria

Actinobacteria_Actinobacteria
Ac i
N ..o Closiidia. Clost [ Jstridiales. IncertaeSedisXill
Cyanobacteria Chlnroplisl Chioroplast
Cyanobacteria_Chloroy

NN ..o Chir s, st Chicbpast ottt

| cyanobacteria_chiorépiast chioiopiast.chidropiast
-4 -3 =2 -1 o] 1 2 3 4 5
LDA SCORE (log 10)

Actinobacteria

Figure 2:

Linear discriminant effect size (LEFSe) changes in stool and saliva of patients with and
without minimal hepatic encephalopathy. Bars in red represent bacterial taxa that were
higher in patients who tested negative for MHE while those in green represents bacterial
taxa that were higher in patients who tested positive for MHE using that specific modality.
MHE: minimal hepatic encephalopathy, ICT: inhibitory control test, PHES: psychometric

hepatic encephalopathy score.
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Figure 2A: Stool changes in all patients (regardless of prior overt hepatic encephalopathy)
ICT-1: MHE present on ICT, ICT-0: No MHE on ICT, PHES-0: MHE present on PHES,
PHES-0: No MHE on PHES, Stroop-0: MHE present on Stroop, Stroop-0: No MHE on
Stroop

Figure 2B: Stool changes in all patients without prior overt hepatic encephalopathy ICT-1:
MHE present on ICT, ICT-0: No MHE on ICT, PHES-0: MHE present on PHES, PHES-0:
No MHE on PHES, Stroop-0: MHE present on Stroop, Stroop-0: No MHE on Stroop
Figure 2C: Salivary changes in all patients (regardless of prior overt hepatic encephalopathy)
ICT-1: MHE present on ICT, ICT-0: No MHE on ICT, PHES-0: MHE present on PHES,
PHES-0: No MHE on PHES, Stroop-0: MHE present on Stroop, Stroop-0: No MHE on
Stroop

Figure 2D: Salivary changes in all patients without prior overt hepatic encephalopathy
ICT-1: MHE present on ICT, ICT-0: No MHE on ICT, PHES-0: MHE present on PHES,
PHES-0: No MHE on PHES, Stroop-0: MHE present on Stroop, Stroop-0: No MHE on
Stroop
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Table 1:

Details of patients with stool collection and PHES scoring

No prior Overt HE | Prior Overt HE | P value
(n=144) (n=123)

Age (years) 59.247.1 59.1+7.3 0.91
Education (years) 13.7£2.2 13.4+2.3 0.26
Gender (male) 96 (67%) 110 (89%) <0.0001
Proton Pump Inhibitor use 58 (41%) 74 (60%) 0.001
Alcoholic etiology of cirrhosis 39 (27%) 30 (24%) 0.42
MELD score 10.745.5 15.6%6.1 <0.0001
Lactulose - 118 -
Rifaximin - 77 -
MHE (yes/no)
PHES (n=267 total) 63 (44%) 82 (67%) <0.0001
ICT (n=175 total) 54 of 87 (62%) 61 of 88 (69%) 0.31
Stroop (n=125 total) 35 of 49 (71%) 67 of 76 (88%) 0.02
PHES components
Number connection A (seconds) 38.0+17.4 57.6+36.0 <0.0001
Number connection B (seconds) 97.3+48.6 174.0£127.0 <0.0001
Digit Symbol (seconds) 53.4+17.6 39.2+14.9 <0.0001
Line tracing time (seconds) 101.0+£35.5 128.6+77.8 <0.0001
Line tracing errors (number) 28.9+24.9 42.9+34.2 <0.0001
Serial dotting test (seconds) 64.7422.7 92.0+44.2 <0.0001
PHES total score (+4 to —15, median IQR) -2 (5.25) =7 (9.00) <0.0001
ICT components (n=175)
Lures (number incorrect, max=40) 12.548.9 14.4+9.1 0.13
Targets (% correct) 96.1+5.9 89.5+14.5 <0.0001
Weighted lures (number) 14.1+11.4 22.4+22.6 <0.0001
EncephalApp components (n=125)
OffTime (seconds) 85.6+24.6 103.0+29.4 0.001
OnTime (seconds) 102.7£33.9 131.0+51.3 <0.0001
OffTime+OnTime (seconds) 187.0+£52.6 234.0£79.0 <0.0001
OnTime-OffTime (seconds) 12.5+8.5 28.1+27.4 <0.0001
Number of runs Off (number) 5.7+1.0 6.1+1.5 0.02
Number of runs On (number) 6.3+1.6 6.8+4.0 0.28

Page 19

Data is presented as mean+SD unless mentioned otherwise. Comparisons performed using unpaired t-tests or Mann-Whitney tests as appropriate.
MHE: minimal hepatic encephalopathy, ICT: inhibitory control test, PHES: psychometric hepatic encephalopathy score. A high score on Stroop
components, ICT lures, ICT weighted lures and Digit symbol indicates poor performance and a low score in the remaining cognitive tests indicate

poor performance.
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Details of patients with saliva collection

Table 2:

No prior Overt HE | Prior Overt HE | P value
(n=73) (n=49)

Age (years) 59.4+6.6 60.6.1+7.1 0.31
Education (years) 13.5+2.5 13.6+2.3 0.87
Gender (male) 51 (69%) 42 (86%) 0.05
Proton Pump Inhibitor use 28 (38%) 31 (63%) 0.01
Alcoholic etiology of cirrhosis 21(28%) 15 (30%) 0.52
MELD score 9.8+6.5 15.6+6.5 <0.0001
Lactulose - 47 -
Rifaximin - 30 -
MHE (yes/no)
PHES (n=122 total) 13 (18%) 29 (59%) <0.0001
ICT (n=113 total) 31 of 47 (66%) 39 of 66 (59%) 0.36
Stroop (n=70 total) 24 of 42 (57%) 23 of 28 (82%) 0.03
PHES components
Number connection A (seconds) 36.4+20.1 52.6+35.1 0.005
Number connection B (seconds) 91.6+48.3 159.0+£116.0 <0.0001
Digit Symbol (seconds) 52.6+20.0 42.3x15.1 0.002
Line tracing time (seconds) 98.5+38.2 112.9+66.2 0.17
Line tracing errors (number) 29.7+26.8 42.6+30.2 0.02
Serial dotting test (seconds) 64.5+24.4 81.1+39.0 0.01
PHES total score (+4 to —15, median IQR) -1(5.0) -4 (7.5) 0.005
ICT components (n=113)
Lures (number incorrect, max=40) 12,1494 12.6+8.2 0.78
Targets (% correct) 96.5+5.8 91.6+14.1 0.03
Weighted lures (number) 12.7+10.4 20.1+22.6 0.04
EncephalApp components (n=70)
OffTime (seconds) 88.2+26.2 94.6+32.3 0.40
OnTime (seconds) 104.2+£32.1 117.5+52.1 0.24
OffTime+OnTime (seconds) 192.3+56.4 212.0+83.6 0.29
OnTime-OffTime (seconds) 14.0+9.1 22.9+22.9 0.07
Number of runs Off (number) 5.9+0.8 6.2+1.6 0.12
Number of runs On (number) 6.3+1.4 7.0£2.8 0.23
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Data is presented as mean+SD unless mentioned otherwise. Comparisons performed using unpaired t-tests or Mann-Whitney tests as appropriate.
MHE: minimal hepatic encephalopathy, ICT: inhibitory control test, PHES: psychometric hepatic encephalopathy score. A high score on Stroop
components, ICT lures, ICT weighted lures and Digit symbol indicates poor performance and a low score in the remaining cognitive tests indicate

poor performance.
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Patients with MHE on PHES compared to those without MHE in all patients

Table 3:

Patients who provided stool

Subset who also provided saliva

No minimal HE | Minimal HE | Pvalue | No Minimal HE | Minimal HE | P value
(n=122) (n=145) (n=78) (n=42)
Age (years) 59.449.1 60.1+7.0 0.07 59.5+6.1 61.4+8.2 0.21
Education (years) 13.8+2.3 13.4+2.2 0.20 13.8+2.5 13.1+2.1 0.10
Gender (male) 85 122 0.003 54 38 0.006
Proton Pump Inhibitor use 54 77 0.11 36 22 0.07
MELD score 14.3+7.1 11.3+4.7 <0.0001 15.7+7.1 10.2+3.9 <0.0001
Prior OHE 42 82 <0.0001 20 29 <0.0001
Lactulose 38 80 <0.0001 19 28 0.001
Rifaximin 22 55 <0.0001 12 18 <0.0001
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Data is presented as mean+SD unless mentioned otherwise. Comparisons performed using unpaired t-tests or Mann-Whitney tests as appropriate.
OHE: overt hepatic encephalopathy
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Table 4:

Patients with MHE on PHES compared to those without MHE in those without prior OHE

Patients who provided stool

Subset who also provided saliva

No minimal HE | Minimal HE | P value | No minimal HE | Minimal HE | P value
(n=80) (n=63) (n=58) (n=13)
Age (years) 59.2+7.0 59.9+7.5 0.58 65.0+8.5 59.8+6.44 0.06
Education (years) 13.9+2.4 13.6x2.2 0.56 13.8+2.5 13.1+2.1 0.09
Gender (male) 51 44 0.34 39 11 0.19
Proton Pump Inhibitor use 35 19 0.11 23 5 0.52
MELD score 10.3+4.7 10.2+4.5 0.93 9.3+3.7 11.4+3.8 0.09
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Data is presented as mean+SD unless mentioned otherwise. Comparisons performed using unpaired t-tests or Mann-Whitney tests as appropriate.
OHE: overt hepatic encephalopathy
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Diversity indices between groups

Table 5:

Stool microbiota diversity All patients Patients without prior OHE
MHE No-MHE MHE No-MHE
MHE on PHES 1.9+0.7 | 2.2+0.6* 1.9+0.7 2.2+0.6*
MHE on ICT 2.0+0.7 2.1+0.6 2.2+0.6 2.1+0.8
MHE on Stroop 1.9+0.6 | 2.1+0.6* 1.7+0.6 2.2+0.6*
Salivary microbiota diversity All patients Patients without prior OHE
MHE No-MHE MHE No-MHE
MHE on PHES 2.0£04 | 2.3x0.4* 2.0£0.5 2.5+0.3*
MHE on ICT 2.1+0.5 2.1+0.5 2.2+0.3 2.3+0.3
MHE on Stroop 2.0£0.5 | 2.3x0.4* 2.1+0.4 2.240.2

MHE: minimal hepatic encephalopathy, OHE: overt hepatic encephalopathy. ICT: inhibitory control test, PHES: psychometric hepatic
encephalopathy score. MHE diagnosis made according to US-based norms.
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Table 6:

Logistic regression results for stool and salivary microbiota at the family level
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Stool microbiota and All patients Patients without prior OHE
clinical variables - - - - - - - -
Higher in MHE Higher in no-MHE Higher in MHE Higher in no-MHE
MHE on PHES MELD, age, male Lachnospiraceae MELD, age, male Lachnospiraceae,
gender gender
MHE on ICT Veillonellaceae - Veillonellaceae -
MHE on Stroop Male gender Lachnospiraceae Male gender Eubacteriaceae
Salivary microbiota All patients Patients without prior OHE
Higher in MHE Higher in no-MHE Higher in MHE Higher in no-MHE
MHE on PHES Age, prior OHE, - Lactobacillaceae -
MELD,
Streptococcaceae
MHE on ICT Coriobacteriaceae - Coriobacteriaceae Clostridiales clusterXI, Aerococcaceae

MHE on Stroop

Streptococcaceae

Male Gender

Prevotellaceae

MHE: minimal hepatic encephalopathy, OHE: overt hepatic encephalopathy. ICT: inhibitory control test, PHES: psychometric hepatic

encephalopathy score. MHE diagnosis made according to US-based norms. Clinical variables studied were age, gender, MELD score, prior OHE
(in the entire group), PPI use and education in years.
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