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Ammonia is a therapeutic target and can
be used for personalized prevention and
treatment of hepatic encephalopathy
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Value of Ammonia as a Biomarker in Patients with Cirrhosis
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Ammonia is a product of amino acid metabolism that accumulates in the blood of
patients with cirrhosis and plays a pivotal role in the pathogenesis of hepatic
encephalopathy (HE). Despite being one of the main drivers of brain dysfunction,
for many years international societies stated that increased blood ammonia does not
add any diagnostic, staging, or prognostic value for HE in patients with cirrhosis.
Nonetheless, in the last decades, evidence is emerging that supports the utility of
ammonia for risk stratification, but its role in guiding HE diagnosis, staging, and
treatment is unclear and there is equipoise in its use in clinical practice. This review
provides the latest evidence on the value of ammonia as a biomarker in patients with
cirrhosis. Although correct measurement of ammonia requires disciplined sample
collection, it provides extremely useful clinical guidance for the diagnosis of HE, offers

» biomarker

Lay Summary

Ammonia is a product of amino acid metabolism that
accumulates in blood of patients with cirrhosis. It is one of
the main drivers of hepatic encephalopathy (HE) but it is
not routinely used in clinical practice for diagnostic,
staging, or prognostic purposes. This review aims to
provide the latest evidence on the value of ammonia as a
biomarker in patients with cirrhosis to illustrate its
clinical utility for the diagnosis of HE, for identification of
patients at risk of developing overt HE, and for person-
alized prevention and treatment of HE.

Hepatic encephalopathy (HE) is a complex behavioral, neu-
ropsychiatric, and neurodevelopmental disorder that occurs
in approximately 30 to 80% of patients with cirrhosis."?
Worldwide, there are approximately 10 million people
with decompensated cirrhosis and approximately 30% of
these patients will be hospitalized with confusion, disorien-
tation, or coma (known as overt HE [OHE]) each year.>*
Importantly, when patients with cirrhosis develop OHE,
they are prone to repeated episodes and the chance of
complete reversibility decreases, their health-related quality
of life declines and the risk of death is abruptly increased up
to 20 to 30% at 1 year.>>®* Ammonia is a product of amino acid
metabolism that is known to accumulate in the blood of
patients with cirrhosis due to the reduced function of the
urea cycle, which is uniquely located in the liver. In health, its
circulating levels are tightly controlled but in liver disease,
hyperammonemia is commonly observed and recognized to
play a pivotal role in the pathogenesis of HE.” It is involved in
several pathophysiological processes such as astrocytic
swelling, astrocytic senescence, neuronal cell death, neuro-
inflammation, mitochondrial dysfunction, altered cerebral
bioenergetics, and impaired glioneuronal communication
resulting in neurological dysfunction.®-? Despite being one
of the main drivers of brain dysfunction, for many years the
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prognostic information, and it defines a therapeutic target.

European and the American Association for the Study of the
Liver (EASL and AASLD) stated that increased blood ammo-
nia alone does not add any diagnostic, staging, or prognostic
value for HE in patients with chronic liver disease, but in case
an ammonia level is checked in a patient with OHE and its
levels are normal, the diagnosis of HE is not clear.! In relation
to this, the new EASL clinical guidelines recommended that
in patients with delirium/encephalopathy and liver disease,
plasma ammonia measurement should be performed, as a
normal value brings the diagnosis of HE into question.? In the
last decades, evidence is emerging that supports the utility of
ammonia for risk stratification both in acutely decompen-
sated patients and clinically stable outpatients with cirrho-
sis.'®1! Nonetheless, its role in guiding HE treatment is
unclear and there is equipoise in its use in clinical practice.
The aim of the present narrative review is to provide the
latest evidence on the value of ammonia as a biomarker in
patients with cirrhosis.

Ammonia for HE Diagnosis

The value of ammonia for OHE diagnosis has been a matter of
debate for many years. EASL and AASLD recommend that
patients with suspected HE should be subjected to the same
standard diagnostic evaluation as other patients with altered
consciousness to identify alternative or additional causes of
neuropsychiatric impairment to improve diagnostic accuracy
and the results of treatment.'*? Comprehensive assessment of
the state of consciousness might include imaging modalities,
neurophysiological and neuropsychological tests, and bio-
chemical measurements, in particular ammonia levels. Many
years ago, several studies showed that a normal blood ammo-
nia level has a high negative predictive value.'?'3 Therefore, a
normal ammonia in a patient with cirrhosis and delirium
should prompt renewed or further differential diagnostic
work-up for other causes of delirium. A study performed in
42 patients with cirrhosis, 27 with HE and 15 without HE, and 9
controls without liver disease showed that all venous ammo-
nia (area under the curve [AUC]: 0.90 + 0.03), arterial ammo-
nia (AUC: 0.93 4+ 0.04), and pNH3 (AUC: 0.92 + 0.04) present an
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excellent accuracy in identifying patients with HE.'> Nonethe-
less, some patients presented high ammonia levels with a
normal mental status. This discordance between ammonia
levels and the neurological symptoms suggests the possibility
that factors other than ammonia play an important role in the
pathogenesis of HE and that blood ammonia concentration
may not always be representative of the ammonia levels to
which the brainis directly exposed. Given that HE is a diagnosis
of exclusion, the latest EASL guideline recommends measuring
plasma ammonia levels for HE diagnosis with a high level of
evidence and a 95% consensus.” The role of ammonia in
identifying patients that have minimal HE (mHE) or grade 1
HE has not been assessed. =Fig. 1 shows a proposed algorithm
for assessment of OHE in hospitalized patients with cirrhosis
and optimize their management.

Ammonia for Staging Severity of HE

Several studies showed a positive correlation between
ammonia and the severity of HE. In a prospective single-
center cohort study with 121 hospitalized patients with
cirrhosis, the authors measured arterial and venous total
ammonia, as well as arterial and venous partial pressure of
ammonia. They found that each of the four measures
increased with the severity of HE: arterial total ammonia

Ballester et al.

(rs=0.61, p < 0.001), venous total ammonia (rs=0.56, p <
0.001), arterial partial pressure of ammonia (rs=0.55, p <
0.001), and venous partial pressure of ammonia (r;=0.52, p
< 0.001)."* The previously mentioned study that included
42 patients with cirrhosis and nine without liver disease
also showed that venous ammonia (r=0.56), arterial am-
monia (r=0.76), and pNHs (r=0.75) were all correlated
with the severity of HE, concluding that there is little to be
gained by measuring pNHj3 or arterial ammonia over venous
ammonia. Nonetheless, there were considerable overlap of
the values observed in patients with differing degrees of
HE." In a cohort study that included 101 patients with
acute-on-chronic liver failure (ACLF) requiring admission to
the intensive care unit (ICU), ammonia levels (umol/L) were
73 +£32,91 £ 26, and 90 + 24 in patients with HE grade 0-1,
HE 2, and HE 3-4, respectively (p=0.02), indicating that
ammonia was elevated in OHE patients, but was not core-
lated with the severity of HE.'® Therefore, although ammo-
nia is generally elevated in patients with OHE, its levels do
not really correlate with the severity of HE and an isolated
high ammonia level does not always determine OHE diag-
nosis. Therefore, it is important to note that the effect of
ammonia on the brain may be conditioned by other factors
such as age, sodium levels, inflammation, infection, or the
use of neurotropic drugs.'®

’ Hospitalized patients with cirrhosis ‘

Assess Airway, Breathing and Circulation ‘

Medical history
Neurological examination
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Fig. 1 Proposed algorithm for assessment of overt hepatic encephalopathy in hospitalized patients with cirrhosis (adapted from Haussinger
et a|9). Measurement of ammonia levels in patients with neurological symptoms and normal CT scan is based on the latest EASL guideline.2
Measurement of ammonia levels in patients hospitalized without neurological symptoms is based on the current evidence for the importance of
ammonia as a prognostic biomarker (=Table 2). CT, computed tomography; EASL, European Association for the Study of the Liver.
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Ammonia for Staging Severity of the
Underlying Liver Disease

Beyond its connection with HE, ammonia has been linked to
the severity of liver disease in several aspects. In the outpatient
clinic, a prospective multicenter study including 754 patients
with cirrhosis, ammonia levels standardized to the upper limit
of normal for the reference laboratory (AMM-ULN) exhibited
higher levels in patients with more advanced stages of cirrhosis
(0.9,1.5,and 1.6 in Child-Turcotte-Pugh [CTP] groups A, B, and
C, respectively, and 1.0, 1.4, and 1.6 in MELD [Model for End-
Stage Liver Disease] score groups <9, 9-12, and >12, respec-
tively, p <0.001), with a positive correlation with both the
MELD (r=0.22, p<0.001) and MELD-Na score (r=0.25,
p<0.001). Moreover, the AMM-ULN level was significantly
higher in decompensated cirrhosis (1.6) compared with the
compensated group (0.9; p<0.001).17 Similar results were
reported in various studies.'®'®1° In a retrospective, single-
center cohort study including 549 clinically stable outpatients
with compensated advanced chronic liver disease, ammonia
also exhibited a progressive increase across different clinical
stages of cirrhosis (p < 0.001).'

In hospitalized patients, an elevated ammonia level is also
associated with a higher frequency of organ failures. In a cohort
study including 312 patients with acute decompensation (AD)
or ACLF, the median level of arterial ammonia at admission was
higher in ACLF compared with AD patients (103 vs. 86 umol/L,
p<0.001). In addition, those with baseline ammonia levels
>79.5 pmol/L presented a higher proportion of brain failure
(34.8vs.11.0%, p < 0.001) and respiratory failure (28.1 vs. 6.6%,
p<0.001) compared with patients without hyperammone-
mia.? In a study including 174 ACLF patients based on the
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Asian Pacific Association for the Study of the Liver (APASL)
definition,an ammonia level >89 umol/L was associated with a
higher frequency of cerebral failure (36.2 vs. 5.2%, p < 0.001)
and coagulation failure (39.7 vs. 16.4%, p < 0.001). This study
also showed a positive correlation between serum ammonia
and ACLF grade (r=0.342, p < 0.001).2!

In terms of portal hypertension, higher ammonia levels
have been associated with increasing hepatic venous pressure
gradients (HVPGs); 28.3 umol/L (24.0-37.1), 30.7 (22.0-35.8),
35.5(26.8-46.0), and 44.8 (33.8-59.6) in patients with HVPG
of 0-5mm Hg, 6-10mm Hg, 10-15 mm Hg, and higher than
16mm Hg, respectively.'® A single-center cross-sectional
study from Egypt including 359 patients with cirrhosis also
demonstrated a correlation between serum ammonia and
esophageal varices (EVs). The optimal cutoff for the presence
of EV was >123 pg/dL(72.23 nmol/L), yielding a sensitivity and
specificity of 70 and 92%, respectively, and an accuracy of
83.4%. An ammonia cutoff value of >156 pg/dL (91.6 umol/L)
was associated with high-risk EV with a sensitivity, specificity,
and accuracy of 52.38, 75.68, and 64.2%, respectively.?? Simi-
larly, the value of serum ammonia as a noninvasive method for
early prediction of EV was confirmed in a more recent study,
although with different crude ammonia cutoffs.>> Additional-
ly, a single-center cross-sectional study involving 381 patients
with HCV or hepatitis B virus-related cirrhosis revealed that
plasma ammonia correlates with the presence and severity
of portal hypertensive gastropathy (PHG). Cases with severe
PHG had significantly higher levels of blood ammonia
(192.69 +59.87 vs. 151.39 + 54.37 pg/dL, p = 0.026).24

Despite all the evidence correlating ammonia levels with
severity of liver disease (~Table 1), there are significant
overlaps between different stages that challenges its role as a

Table 1 Selected recent studies summarizing the evidence of ammonia and severity of liver disease

outpatients with
cirrhosis

levels for liver-related
outcomes

Study Study design Aim Main results
Tranah et al, Prospective To test if severity of The mean values of AMM-ULN were 0.9, 1.5, and
20227 observational study of | hyperammonemia is a risk 1.6in CTP groups A, B, and C(p <0.001), and 1.0,
754 clinically stable factor for liver-related 1.4, and 1.6 in MELD groups <9, 9-12, and >12
outpatients with complications in clinically (p <0.001). AMM-ULN correlated with both MELD
cirrhosis stable outpatients with and MELD-Na scores (r=0.22, p<0.001)
cirrhosis (r=0.25, p<0.001). AMM-ULN was higher in
decompensated compared with compensated
patients: 1.6 versus 0.9 (p <0.001).
Balcar et al, Retrospective study of | To investigate the prognostic | AMM-ULN/AMM consistently increased with the
202318 549 clinically stable value of venous ammonia CTP score (p <0.001), UNOS MELD (2016) score

(p<0.001), the severity of portal hypertension
(p<0.001), and across clinical stages (p < 0.001)

Ballester et al,
2023"°

Multicenter prospective
observational study of
426 outpatients with
cirrhosis

To determine the role of
neuropsychological or
psychophysical tests and
ammonia, and to develop a
model to stratify the risk of
OHE development

AMM-ULN correlated with CTP categories
(p<0.001) and was higher for decompensated
compared with compensated patients
(p<0.001)

Shalimar et al,
2020%°

Single-center, retro-
spective study of 312
patients with cirrhosis
and AD and ACLF

To evaluate the association
between the dynamic
changes of ammonia over
the first 3 days after
admission and the

On day 1, the median ammonia levels were higher
in ACLF compared with AD patients (p <0.001).
Patients with hyperammonemia had a higher
proportion of brain failure (p < 0.001) and

Seminars in Liver Disease © 2024. The Author(s).




Value of Ammonia as a Biomarker in Patients with Cirrhosis

Table 1 (Continued)

Ballester et al.

Study

Study design

Aim

Main results

development of organ
failure, severity of ACLF, and
28-day outcomes

respiratory failure (p <0.001) compared with
patients without hyperammonemia

Hu et al, 20202’

Single-center prospec
tive study of 174
patients with
APASL-ACLF

To determine the association
between ammonia level and
short-term prognosis

An ammonia level >89 pmol/L was associated
with a higher frequency of organ failure: cerebral
(p<0.001) and coagulation (p <0.001). Ammo-
nia level was positively associated with ACLF
grade (r=0.342, p<0.001).

Elzeftawy et al,
201922

Single-center cross-sec-
tional study, including
359 HCV-positive
cirrhotic patients

To find out if there was a
possibility to use ammonia
levels to predict the presence
of esophageal varices or
high-risk varices

Blood ammonia was higher in patients with
esophageal varices than without (p < 0.001). The
best cutoff for prediction of the presence of
varices was >123 pg/dL, yielding a sensitivity and
specificity of 70% and 92%, and an accuracy of
83.4%

Darweesh et al,
202123

Prospective study of
204 patients with
HCV-related cirrhosis

To assess the value of serum
ammonia as a noninvasive
method for early prediction
of esophageal varices

Serum ammonia was higher with esophageal
varices than without (p <0.0001) and with large
esophageal varices than small/without esoph-
ageal varices (p < 0.0001). Serum ammonia could

predict the presence of esophageal varices using
a cutoff value of 82 pmol/L with a sensitivity of
92.3%, specificity 92%

El-Kalla et al,

la Cross-sectional study of
2018

381 patients with HCV
or HBV-related cirrhosis

To assess the relation of
blood ammonia to the
presence and severity of PHG

Blood ammonia was 162, 153, and 103 pg/dL
among patients with PHG, patients with esoph-
ageal varices, and controls (p = 0.001). Cases with
severe PHG had higher levels of blood ammonia
(192.69 4+59.87 vs. 151.39 £54.37 pg/dL)
(p=0.026)

Abbreviations: AD, acute decompensation; ACLF, acute-on-chronic liver failure; AMM-ULN, ammonia upper limit of normal; CTP, Child-Turcotte-
Pugh; CS, clinical stages; cACLD, compensated advanced chronic liver disease; HBV, hepatitis B virus; HCV, hepatitis C virus; HE, hepatic

encephalopathy; PHG, portal hypertensive gastropathy.

biomarker for disease staging. However, the associations
described here suggest that ammonia may be more than a
biomarker and may independently drive organ dysfunction
as it is known to be cause of immune dysfunction, sarcope-
nia, and liver injury in patients with chronic liver disease.

Ammonia for Guiding HE Treatment

The first and most important aspect in the treatment of HE is
the identification and correction of precipitating causes, but,
notably, in 30% of cases of HE, precipitating factors are not
identified.? Specific treatment for HE has little prospect of
success without management of precipitating factors, and it
remains unclear whether HE-specific treatment alone
improves prognosis.? It is generally accepted that hyperam-
monemia is the cardinal pathogenic factor in the pathogenesis
of HE. Therefore, specific treatment strategies for HE aim to
reduce ammonia levels by either decreasing ammonia produc-
tion or increasing its elimination. Nonabsorbable disacchar-
ides (lactulose, lactitol), rifaximin, probiotics, and fecal
microbiota transplantation aim to decrease ammonia produc-
tion, while zinc, carnitine, L-ornithine-L-aspartate, and meta-
bolic ammonia scavengers (sodium benzoate, glycerol
phenylbutyrate, ornithine phenylacetate) aim to increase
elimination?%-2’ (=Fig. 2). Nonetheless, in clinical trials,
patients are usually not categorized by hyperammonemia,

which probably impacts negatively in the development of
new drugs considering that most of the therapies are directed
to reduce ammonia levels. An example of this is the failure of a
Phase 2b study of AST-120, which used R-BANS, a neuro-
psychometric test to select patients for inclusion, which failed
most likely due to the lack of an accurate biomarker for patient
selection.?® The failure of ornithine phenylacetate in a Phase 2b
study was due to the inclusion of patients in whom ammonia
was normal. Removal of these patients from the subsequent
post-hoc analyses allowed the trial to demonstrate significant
effect of the drug on time to HE improvement.?°

A similar situation is seen in clinical practice. Whereas a
recent study demonstrated that ammonia testing during
hospitalization has increased significantly from 2007 to
2015, and particularly in 2014 and 2015, these levels are
not used for guiding HE treatment.>%3! This was illustrated
by a study performed on 1,202 patients admitted to the
hospital with HE, which aimed to evaluate the impact of
ammonia levels on HE management. The authors showed
that ammonia levels were only measured in 46% of patients,
and that there was no difference in lactulose dose in patients
with and without elevated ammonia levels (p = 0.42).3?

Based on the current evidence, ammonia is a useful com-
panion and response biomarker for personalized prevention
and treatment of HE but further validation would add to how
ammonia can be used for this purpose in the real world.

Seminars in Liver Disease © 2024. The Author(s).
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Fig. 2 Summary of the pathophysiological pathways that each therapy targets for the treatment of hepatic encephalopathy.

Ammonia as a Prognostic Biomarker in the
Outpatient Setting

Until recently there were no data evaluating the role of
ammonia as a prognostic biomarker in the outpatient popula-
tion with cirrhosis. Most of the studies have been developed
during the last 2 years. A prospective multicenter study
including 754 clinically stable outpatients with cirrhosis
from three liver units demonstrated that ammonia was an
independent predictor of hospitalization due to not only HE
but also other liver-related complications and mortality. Mul-
tivariable analysis revealed that AMM-ULN carried greater
weight than any other prognostic variable, with higher predic-
tive accuracy than traditional severity scores such as Child-
Pugh or MELD. An AMM-ULN of 1.4 times was identified as the
optimal cut-off to define the risk of hospitalization and mor-
tality.'” These results were validated in three external cohorts
of 130,"7 147,33 and 549 patients.'® In the latter study, the
authors also demonstrated that venous ammonia predicts
hepatic decompensation, nonelective liver-related hospitali-
zation, ACLF, and liver-related deaths, independently of estab-
lished prognostic indicators including C-reactive protein and
HVPG.'® Therefore, although venous ammonia is linked with
several key disease-driving mechanisms, its prognostic value
is not explained by associated hepatic dysfunction, systemic
inflammation, or portal hypertension severity, suggesting
direct toxicity. In relation to the prognostic value of ammonia,
a recent study from China evaluated the discrimination and
calibration of a new prognostic model based on plasma
ammonia replacing HE in the CTP score. The authors demon-
strated the feasibility and potential for plasma ammonia to
enhance the prognostication of transplant-free survival. >4

Seminars in Liver Disease © 2024. The Author(s).

Despite all the new evidence supporting the role of
ammonia in the prognosis of HE and other-liver related
complications in outpatients with cirrhosis, it is not routine-
ly measured, nor is its measurements recommended in the
current clinical guidelines. Rather, for prediction purposes,
the EASL and AASLD recommend that patients with cirrhosis
should be evaluated for the presence of mHE using neuro-
physiological, neuropsychological, or psychophysical tests,
given that mHE has been described as a condition that
predisposes to OHE."? However, a recent prospective-ob-
servational study of 132 patients with cirrhosis compared six
tests including psychometric hepatic encephalopathy score
(PHES), animal naming test, critical flicker frequency (CFF),
inhibitory control test, EncephalApp, and continuous reac-
tion time test for their predictive ability showing an overall
limited value of these tests in predicting OHE and no ability
to predict rehospitalization or mortality.3 In addition, most
clinicians do not routinely use them because performance of
the tests is time-consuming, requires training, is not reim-
bursed, and the tools are not widely available.3® A recent
prospective study aimed to determine the role of neuropsy-
chological or psychophysical tests and ammonia for risk
stratification regarding subsequent OHE development dem-
onstrated that, on multivariable analysis, AMM-ULN but not
PHES or CFF was an independent predictor for development
of OHE. Using data from three European liver units and
including 426 outpatients with cirrhosis without previous
OHE episodes, the authors developed the AMMON-OHE
model that included sex, diabetes, albumin, creatinine, and
AMM-ULN. This new model performed better than PHES, CFF,
and their combination with other clinical and biochemical
variables and showed a C-index of 0.844 and 0.728 in two
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external validation cohorts of 267 and 381 patients, respec-
tively. Further analyses of a subgroup of patients with
previous OHE showed that the AMMON-OHE model was
also useful for the prediction of additional episodes of OHE.
An online App is available (https://ammon-ohe.shinyapps.
io/Jammon-ohe/) for clinical use.'® Therefore, the AMMON-
OHE model may be useful not only for prognosis but also for
the selection of patients for clinical trials or as a companion
biomarker for the better use of currently available drugs and
development of future therapies. =Fig. 3 includes an algo-
rithm based on the AMMON-OHE model to stratify the risk of
OHE in clinically stable outpatients with cirrhosis and opti-
mize their management.

Ammonia as a Prognostic Biomarker in the
Inpatient Setting

In last decades, several studies have evaluated the prognostic
role of ammonia in patients admitted to the hospital with AD
or ACLF with controversial results. In a retrospective single-
center cohort study of 494 consecutive hospitalized patients
(265 with HE), the authors demonstrated that an elevated
ammonia on admission was associated with reduced 90-day
transplant-free survival after adjusting for established predic-
tors and that patients with >60 umol/L had higher 90- and 30-
day risk of death or transplantation (45.2 vs. 31.2%, p=0.001,
and 31.6 vs. 15.7%, p<0.0001, respectively).10 Similarly, a
prospective multicenter study including 498 patients admit-
ted with an AD showed that ammonia was an independent
predictor of 28-day mortality (hazard ratio = 1.009, p < 0.001)
and that an ammonia level >79.5 pmol/L was associated with a

Ballester et al.

higher frequency of organ failures (liver [p = 0.004], coagula-
tion [p<0.001], kidney [p=0.004], and respiratory
[p<0.001]). In addition, lack of improvement in baseline
ammonia at day 5 was associated with high mortality
(70.6%)."" In another study evaluating the dynamics of ammo-
nia levels during hospitalization of 229 consecutive patients
with ACLF and 83 patients with AD, persistent or incident
hyperammonemia was associated with new-onset organ fail-
ure involving liver (p=0.018), kidney (p=0.001), brain
(p=0.005), coagulation (p=0.036), circulation (p=0.002),
and respiratory (p=0.003) issues and had higher 28-day
mortality (log-rank test, p<0.001).2% A more recent study
including 492 and 600 patients admitted to the ICU in the
derivation and validation cohorts, respectively, showed that a
model of serial ammonia between days 1 and 3 predicted
hospital mortality with a c-index of 0.73 and a Brier score
=0.17 in the validation cohort.3’ In addition, a study of 101
ACLF patients admitted to the ICU with serial ammonia levels,
jugular venous oxygen saturation, and white cell count at days
0, 1, 3 and 7, demonstrated that not only deterioration in
ammonia but also in inflammation and cerebral oxygenation
are predictive of mortality and that improvement in these
parameters is associated with a reduction HE grade." Four
studies conducted using the APASL-ACLF definition also con-
firmed that ammonia is correlated with organ failure and
mortality, regardless of the presence of HE.2'-38-40 The results
of these studies highlight the importance of ammonia mea-
surement in the inpatient setting, not only as a prognostic
biomarker, but also as a therapeutic target. = Table 2 summa-
rizes the most recent evidence for the importance of ammonia
as a prognostic biomarker.

Clinically stable outpatients with cirrhosis and portal hypertension
100 —
Medical history :
Physical examination » AMMON-OHE Euso
Blood test model
Ammonia levels oz
! Time (Years) ‘ °
Pasont = Highisk = Lowrisk — Mo ok
|
3-6m 12m
Low risk Surveillance ? Lowrisk Surveillance every 6 month
Mediumrrisk | optimize : >~ : Medium risk | Optimize treatment, repeat at 3-6 months
High risk treatment e +  High risk Evaluate prophylaxis, repeat at 3-months

Fig. 3 Proposed algorithm based on the AMMON-OHE model to stratify the risk of overt hepatic encephalopathy in clinically stable outpatients

with cirrhosis and optimize their management.

Seminars in Liver Disease © 2024. The Author(s).


https://ammon-ohe.shinyapps.io/ammon-ohe/
https://ammon-ohe.shinyapps.io/ammon-ohe/

Value of Ammonia as a Biomarker in Patients with Cirrhosis

Ballester et al.

Table 2 Selected recent studies summarizing the evidence for the importance of ammonia as a prognostic biomarker

Study

Aim

Study
design

Number of
patients included

Main results

Conclusion

In the outpati

ent setting

Tranah et al, | To test the hypothe- | Prospective 754 clinically AMM-ULN was an Ammonia is an
2022V sis that severity of multicenter stable outpatients | independent predictor of | independent
hyperammonemia is | study in the main cohort | both liver- predictor of
a risk factor for and 130 patients | related complications hospitalization
hospitalization with for validation (p<0.001) and mortality | with liver-related
liver-related (p<0.001). Statistical complications and
complications differences in survival mortality
were found between high
and low levels of AMM-ULN
both for complications
and mortality (p < 0.001)
using 1.4 as the optimal
cut-off
Gairing et al, | To analyze and Single-center | 147 outpatients Frequency of liver-related | Ammonia can
20233 validate the findings | retrospec hospitalization was higher | identify outpa-
by Tranah et al tive study in participants with am- tients with cirrho-
monia levels above the sis at high risk of
ULN (9 of 19, 47.4%) than | liver-related
in those with ammonia hospitalization
levels below the ULN (16
of 128, 12.5%)
Balcar et al, To investigate the Single-center | 549 clinically Ammonia was associated | Venous ammonia
202318 prognostic value of retrospec stable outpatients | with liver-related death predicts hepatic
venous ammonia tive cohort foraimland partly | (p=0.044). AMM-ULN decompensation,
levels for liver-related overlapping >1.4 was independently nonelective liver-
outcomes and its cohort of 193 predictive of hepatic de- related hospitali-
correlation with key patients for aim Il | compensation (p <0.001), | zation, ACLF, and
disease-driving nonelective liver-related liver-related
mechanisms hospitalization death, indepen-
(p=0.008), and in those dently of Greac
with decompensated cir- | tive protein and
rhosis ACLF (p=0.031). HVPG
Venous ammonia was cor-
related with markers of
endothelial dysfunction
and liver fibrogenesis/ma-
trix remodeling
Wang et al, To investigate the Single-center | 554 clinically The aCTP score showed The study demon-
202333 discrimination and retrospec stable outpatients | better agreements be- strates potential
calibration of a new | tive study, in the main cohort | tween predicted and ob- | for plasma Amm
prognostic model prospective and 185 patients served events in the replacing HE
(aCTP) based on validation for validation validating cohorts than (aCTP) to
AMM-ULN replacing the CTP score (Gstatistics: | enhance the
HE in the CTP score 0.75 and 0.69, p<0.001). | prognostication of
The aCTP score showed transplant-free
power to predict AD survival
(Gstatistics: 0.76) and
ACLF (Cstatistics: 0.81)
Ballester To determine the Prospective 426 patients with | Significant differences This study devel-
et al, 2023"° | role of neuropsycho- | multicenter cirrhosis without were found in time-to-OHE | oped and validat-
logical or psycho- study previous OHE for | with the highest risk in ed the AMMON-

physical tests and
ammonia, and to
develop a model
(AMMON-OHE) to
stratify the risk of
subsequent OHE de-
velopment in outpa-
tients with cirrhosis

the main cohort
and 2 cohorts of
267 and 381
outpatients for
validation

patients with abnormal
PHES plus high AMM-ULN
(p<0.001). AMM-ULN but
not PHES or CFF was an
independent predictor of
OHE occurrence
(p=0.015). The AMMON-
OHE model showed a

OHE model
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Study Aim Study Number of Main results Conclusion
design patients included
In the outpatient setting
Gindex of 0.844 and 0.728
for the prediction of a first
episode of OHE in two
external validation
cohorts
In the inpatient setting
Patwardhan [ To determine wheth- | Retrospec 494 consecutive Every doubling of ammo- | An elevated
etal, 2016'% | er ammonia is asso- | tive single- hospitalized nia was associated with ammonia on
ciated with center patients (265 with | hazard ratios of 1.22 and | admission was
transplant-free sur- cohort study | HE) 1.21 for 90- and 30-day associated with
vival in patients with transplant or mortality. reduced 90-day
AD and ACLF Patients with >60 pmol/L | transplant-free
had higher 90- and 30-day | survival
risk of death or transplan-
tation (p=0.001 and
p <0.0001, respectively)
Sawhney To determine the Prospective 101 with ACLF Deteriorations in inflam- Ammonia, |VO2,
etal, 2016" | role of ammonia, study. Am- admitted to the mation, JVO2. and ammo- | and WBC were
inflammation, and monia, JVO2, | intensive care unit | nia were predictive of important prog-
cerebral oxygenation | and WBC mortality. JVO2 deviation | nostic biomarkers
in ACLF patients with | were mea- and hyperammonemia and therapeutic
and without HE sured at days were associated with the | targets
0,1,3,and 7 presence and severity of
HE; improvement in these
parameters was associat-
ed with a reduction in HE
grade
Shalimar To determine the Prospective 498 admitted with | Ammonia correlated with | Ammonia corre-
et al, 2019 relationship between | observation- | AD severity of HE (p < 0.001) | lated with severity
ammonia and severi- | al multicen- and was an independent of HE and failure of
ty of HE and its as- ter study predictor of 28-day mor- other organs and
sociation with organ tality (p <0.001). Ammo- | is a risk factor for
dysfunction and nia >79.5 ymol/L was mortality; lack of
short-term mortality associated with a higher improvement in
frequency of organ failures | ammonia is asso-
(liver [p=0.004], coagu- ciated with high
lation [p < 0.001], kidney | risk of death
[p=0.004], and respirato-
ry [p <0.001]). Lack of
improvement in at day 5
was associated with high
mortality (70.6%)
Shalimar To assess the effect | Paired 229 consecutive Persistent or incident Persistent or
et al, 2020%° | of persistent or ammonia on | admissions with hyperammonemia was incident hyperam-
incident hyperam- day 1 and 3 ACLF and 83 with | associated with new-onset | monemia during
monemia on organ of admis- AD organ failure involving first 3 days of
failure and outcomes | sion. Hyper- liver (p=0.018), kidney hospitalization in
in AD and ACLF ammonemia (p=0.001), brain AD or ACLF was
was defined (p=0.005), coagulation associated with
as >79.5 (p=0.036), circulation increased risk of
pmol/L on (p=0.002), and respirato- | organ failure and
day 3 ry (p=0.003) issues and death
had higher 28-day mortal-
ity (p <0.001)
Hu et al, To determine the ACLF accord- | 174 with ACLF Ammonia was higher in Ammonia corre-
20207 association between | ing to the (106 with HBV nonsurvivors (p=0.013) lated with organ
ammonia level and APASL defini- | reactivation) and was related to ACLF failure and was an
short-term prognosis | tion (sub- grade (p<0.001) and or- | independent risk
in ACLF analyses in gan failure, including liver | factor for
(Continued)
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Study Aim Study Number of Main results Conclusion
design patients included
In the outpatient setting
HBV reacti- (p=0.048), coagulation mortality in ACLF
vation) (p<0.001), and brain and HBV-related
(p<0.001). Ammonia was | ACLF
a prognostic factor in
HBV-induced ACLF
Verma et al, | To evaluate the ACLF 3,009 ACLF, 1,315 | Ammonia was a predictor | Ammonia was
202138 dynamics of patients (43.7%) with HE at | of HE occurrence, higher associated with
HE and ammonia from the presentation; HE grades and 30-day the presence,
estimation in ACLF APASL-ACLF grade -1l in 981 mortality (p < 0.05; each). | severity, and pro-
Research and Ill-1V in 334 The dynamic increase in gression of HE and
Consortium ammonia over 7 days mortality in ACLF
could predict nonsurvivors
and progression of HE
(p <0.05; each)
Chiriac et al, | To assess the role of | Retrospec 446 with ACLF Receiver operating char- Ammonia can be
2021%° venous ammonia in | tive observa- | (34% grade |, acteristic analysis showed | used as an inex-
predicting the out- tional study. | 37.2% grade Il good accuracy for the pensive predictor
come of cirrhotic APASL ACLF | 23.5% grade llI, prediction of IHM for of mortality in
patients with ACLF criteria and 5.3% grade IV) | ammonia (AUC=0.812). patients with ACLF
A cut-off of 152.5 pmol/L
was identified for mortali-
ty (sensitivity =0.706,
1 — specificity = 0.190)
Cardoso To describe and Retrospec 492 and 600 On ICU day 1, median Early serum
et al, 202337 | assess the impact of | tive observa- | patients >18 ammonia was higher in ammonia varia-
serum ammonia tional study | yearsoldadmitted | patients with grade 3/4 HE | tion was indepen-
variation in patients’ to the intensive than those with grade 2 or | dently associated
outcomes care units grade 0/1 HE (p <0.001). | with hospital
Higher day 2ammoniawas | mortality
associated with higher
hospital mortality. In the
validation cohort, serial
ammonia (ICU days 1 and
3) predicted hospital mor-
tality (cstatistic=0.73)
Thanapirom | To evaluate the Prospective 701 ACLF patients | Ammonia was higher in Baseline arterial
et al 202440 | association between study using from the ACLF patients with HE and ammonia levels
ammonia and the APASL Research ascites and was associated | were associated
liver-related compli- | definition Consortium with liver-related compli- | with 30-day
cations and its ability cations. Baseline arterial mortality and
in predicting ammonia was an inde- liver-related
mortality pendent predictor of complications
30-day mortality

Abbreviations: AD, acute decompensation; ACLF, acute-on-chronic liver failure; aHR, adjusted hazard ratio; AMM-ULN, ammonia upper limit of
normal; AH, alcoholic hepatitis; AKI, acute kidney injury; ALF, acute liver failure; CBF, cerebral blood flow; CE, cerebral edema; CH, cerebral
herniation; CTP, Child-Turcotte-Pugh; CLD, chronic liver disease; HE, hepatic encephalopathy; HVPG, hepatic venous pressure gradient; ICH,
intracranial hypertension; [VO2, jugular venous oxygen saturation; WBC, white blood cell count.

Ammonia in Extrahepatic Complications
Associated with Cirrhosis

Ammonia has been implicated in the pathogenesis of other
liver-related complications. Sarcopenia is one of the most
frequent, with a prevalence of 40 to 70%. It is associated with
poor prognosis and increased mortality both before and after
liver transplantation.’? In addition, a recent meta-analysis
showed that sarcopenia is positively associated with the

Seminars in Liver Disease © 2024. The Author(s).

presence of HE (odds ratio: 2.74; 95% confidence interval:
1.87-4.01).%3 In liver disease, muscle plays a significant
compensatory role in ammonia detoxification. This process
involves the enzyme glutamine synthetase, which converts
glutamate to glutamine in the presence of ammonia. Muscle
loss may thereby contribute to the development of hyper-
ammonemic encephalopathy.**~4¢ On the anther hand, in-
creasing evidence shows that high serum and muscle
ammonia levels contribute to sarcopenia in cirrhosis. The
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possible mechanism includes mediating myostatin tran-
scription and expression which inhibits skeletal muscle
protein synthesis, mitochondrial dysfunction, and autoph-
agy.4’=% Thus, hyperammonemia leads to severe muscle
damage and sarcopenia, which in turn restricts the ability
of muscle to eliminate excess blood-borne ammonia. Am-
monia-lowering therapies are implicated in breaking this
vicious cycle and therefore might be a promising treatment
target for sarcopenia.’?~>3

Immune dysfunction is another important feature of
patients with cirrhosis, characterized by systemic inflam-
mation and immune deficiency.”* In patients with cirrhosis,
neutrophils exhibit increased oxidative burst and reduced
phagocytic capacity.”® It has been shown that hyperammo-
nemia induces neutrophil swelling, further impairing their
phagocytic activity.’®>’ Increased spontaneous oxidative
burst was also observed in canine polymorphonuclear cells
incubated with ammonia.”® A previous study also demon-
strated the inhibitory effect of ammonia on neutrophil
chemotaxis.”® Ammonia-induced dendritic cell (DC) dys-
function was reported as well. In vitro experiments showed
that ammonia diminished DC count, phagocytosis, and lym-
phocyte stimulation. Ammonia also induced DC swelling and
mitochondrial dysfunction. The reduced phagocytosis func-
tion of DC cells was confirmed in a hyperammonemia mice
model.®?? More recently, a clinical study showed that patients
with OHE had increased risk of developing a new infection.
Although the authors hypothesized that this may be the
result of brain dysfunction on immune function, the role of
ammonia cannot be excluded. Taken together, these results
suggest that treating hyperammonemia may improve im-
mune dysfunction in patients with cirrhosis.®’

Ballester et al.

Importance of Correct Ammonia
Measurements

It is important to highlight that ammonia measurement is
complex and it is only clinically useful if measured meticu-
lously using standardized protocols. Ammonia levels can be
altered by exercise and diet. Therefore, it should not be
measured for at least 2 hours after strenuous exercise and
4 hours of a meal. Furthermore, it requires careful sample
handling in cooled EDTA tubes, rapid transport to the labo-
ratory in refrigerated conditions, and standard laboratory
assays. The values obtained are highly variable making it
difficult to compare across laboratories. To account for
different “normal ranges” in ammonia levels in different
laboratories, a new calibrated ammonia level has been
validated using the formula: serum ammonia/reference labo-
ratory upper limit of normal (AMM-ULN), to ensure unifor-
mity and generalizability across hospitals.®?

Conclusion

In conclusion, although correct measurement of ammonia
requires disciplined sample collection and rapid transport to
the laboratory, the measurement is widely available, rela-
tively straightforward, and cheap. As discussed in this re-
view, ammonia offers extremely useful prognostic
information in both outpatients and acutely decompensated
patients with cirrhosis, provides clinical guidance for the
diagnosis of HE, and, more importantly, it defines a thera-
peutic target for personalized medicine approaches
(=Table 3). It is important to note that like every other
biomarker used in clinical practice, ammonia needs to be

Table 3 Summary of the key points of ammonia as a biomarker in patients with cirrhosis

Type of biomarker Rationale

Key points

Diagnostic biomarker

OHE

pathogenesis of HE

* A normal blood ammonia level has a high
negative predictive value for the diagnosis of

e Some patients present high ammonia levels with
a normal mental status, which suggests that
other factors play an important role in the

e A normal ammonia in a patient with delirium
should prompt renewed or further differential
diagnostic work-up for other causes of
delirium

¢ A high ammonia level with normal mental
status is not diagnostic of OHE

Surrogate biomarker

systemic inflammation

Although with significant overlaps, ammonia
correlates with severity of underlying liver disease,
number of organ failures, portal hypertension, and

Ammonia may be used as a surrogate biomarker
of liver disease severity, organ dysfunction,
portal hypertension, and systemic inflammation

Companion or

response biomarker treatment in clinical practice

Ammonia levels are not used for guiding HE

Ammonia may be used as a companion
biomarker to evaluate response to treatment

Prognostic biomarker

patients with cirrhosis

Ammonia offers useful prognostic information in
both outpatients and acutely decompensated

Ammonia measurement is useful in both
outpatients and inpatients to predict OHE, other
liver-related decompensations, organ failures,
and death

Therapeutic target

hyperammonemia

Specific treatment for HE aims to reduce ammonia
levels but patients are usually not categorized by

Ammonia should be measured as a therapeutic
target for personalized prevention and
treatment of OHE and for the development of
new drugs

Abbreviations: HE, hepatic encephalopathy; OHE, overt hepatic encephalopathy.
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measured properly and interpretation of a given ammonia
level needs to be contextualized to the patient and the
clinical situation.
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