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Abstract

Objective—To evaluate the epidemiology of hyperammonemia unrelated to liver failure in the
critical care setting.

Design—Retrospective case series

Setting—=Critically ill patients admitted to intensive care units at Mayo Clinic Rochester
Minnesota (medical intensive care (ICU), two mixed medical-surgical ICUs, coronary care unit, or
the cardio-surgical ICU) between 1st July 2004 and 31st October 2015.

Patients—Adult critically ill patients with hyperammonemia not related to acute or chronic liver
failure. We excluded patients with diagnosis of moderate or severe liver disease,
hyperbilirubinemia and patients who denied the use of their medical records.

Interventions—None
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Measurements and Main Results—Of 3908 ICU patients with hyperammonemia, 167
(4.5%) had no evidence of acute or chronic liver failure. 101 (60.5%) patients were male with
median age of 65.7 years (IQR 50-74.5) and median serum ammonia level of 68 mcg/dL (IQR
58-87). Acute encephalopathy was present in 119 (71 %) patients. Predisposing conditions
included malnutrition 27 (16%), gastric bypass 6 (3.6%), total parenteral nutrition 4 (2.4%);
exposure to valproic acid 17 (10%); status epilepticus 11 (6.6 %), high tumour burden 19 (11.3 %)
and renal failure 82 (49.1%). Urea cycle defects were diagnosed in 7 patients (4.1 %). Hospital
mortality was high (30 %) and median ammonia level was higher among the non-survivors (74 vs
67 mcg/dL, p = 0.05). Deaths were more likely in hyperammonemic patients who were older
(p=0.016), had greater illness severity (higher APACHE Il1 score, p<0.01), malignancy (p<0.01)
and solid organ transplantation (p=0.04), while seizure disorder was more common in survivors
(p=0.02). After adjustment, serum ammonia level was not associated with increased mortality.

Conclusions—Hyperammonemia occurs in a substantial minority of critically ill patients
without liver failure. These patients have a poor prognosis, although ammonia level per se is not
independently associated with mortality. Serum ammonia should be measured when risk factors
are present, such as nutritional deficiencies and protein refeeding, treatment with valproic acid,
high tumour burden and known or suspected urea cycle abnormalities.
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Introduction

Hyperammonemia is a recognized complication of inadequate metabolic clearance of
ammonia. It is commonly a consequence of liver failure, though recognition of
hyperammonemia unrelated to hepatic dysfunction is increasing. [1-3]. The diagnosis of
hyperammonemia is made by laboratory ammonium measurement, but can be suspected in
patients with risk factors for this metabolic disorder. There are no pathognomonic bedside
clinical signs and symptoms. Effective treatment rapidly reverses biochemical abnormalities,
but without clinical awareness and timely intervention, hyperammonemia can be fatal[3] [4]
[5] or cause serious neurological consequences (hyperammonemia-induced encephalopathy)
81 7] [8].

There have been several reviews on hyperammonemia in non-hepatic diseases [1, 2, 9] and
critical care patients [10], but large observational studies on this topic are scant.
Hyperammonemia results from a pathological imbalance between production of ammonium
and its elimination via the urea cycle [11, 12]. Ammonia is generated from the deamination
of amino acids and is metabolised into urea by mitochondrial and cytoplasmic enzymes of
the urea cycle (Figure 1); urea is then excreted by the kidneys.

Hyperammonemia may occur in the setting of enhanced ammonium production, decreased
elimination, or both[11]. Case reports and case series have identified various factors
associated with hyperammonemia, such as Roux-en-Y gastric bypass surgery, urea cycle
disorders, malnutrition, high protein supplementation, total parenteral nutrition, solid organ
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transplantations, bone marrow and stem cell transplantation and certain anticonvulsants. [6,
13-16]

With the growing literature regarding hyperammonemia, the purpose of this study is to
report the epidemiology of adult hyperammonemia not related to acute or chronic liver
failure in a large consecutive sample of critically ill patients.

Materials and Methods

Results

A retrospective observational cohort study was conducted on critically ill patients admitted
to intensive care units (ICU) at Mayo Clinic Rochester Minnesota (medical ICU, two
surgical ICUs, one mixed medical-surgical ICU, coronary care unit, and the cardio-surgical
ICU) between 15t July 2004 and 315t October 2015. All adult ICU patients (=18 years old)
with laboratory confirmed hyperammonemia (ammonia > 50 mcg/dL) were included.
Patients with moderate or severe liver disease based on Charlson score, patients with
hyperbilirubinemia (bilirubin level > 2 mg/dl), and patients with diagnosed liver disease
based on ICD-9 codes (supplemental document 1) were subsequently excluded. ICU
DataMart was used to retrieve all pertinent clinical variables. Development, validation, and
data security of ICU DataMart have been previously reported.[17] We used Mayo Clinic’s
Advanced Cohort Explorer (ACE) as a search tool to identify patients appropriate for our
study. This study was approved by Mayo Clinic Institutional Review Board. Acute brain
failure was defined by Glasgow come scale <14 or positive Confusion Assessment Method
(CAM-ICU) documented in the electronic medical record, as previously reported[18].
Malnutrition was defined as BMI less than 18.5, or serological evidence of micronutrient
and vitamin deficiencies.

Continuous variables were reported as medians with interquartile range (IQR), and
categorical variables are reported as percentages. To compare survivors and non-survivors,
Pearson chi-square test was used for categorical variables and Wilcoxon rank-sum test was
used for continuous variables. A p-value <0.05was considered statistically significant. We
used multivariate logistic regression model to evaluate if serum ammonia level was
independently associated with hospital mortality. We used JMP Pro 10.0, a SAS institute
statistical software for our primary data analysis.

Between 1st July 2004 and 31st October 2015, 103,255 patients were admitted to the Mayo
Clinic, Rochester ICUs. Of these, 97,581 (94,5 %) patients did not have an ammonia level
measured and among the 5,674 (5,5%) patients that had measured ammonia 1,765 (31%)
patients had normal levels. Of the 3,909 remaining patients with documented
hyperammonemia, 3,742 (95.7 %) were excluded due to documented liver disease: 2,701
had moderate or severe liver disease based on Charlson score, 139 patients had liver disease
noted by ICD 9 codes, 759 patients had hyperbilirubinemia (bilirubin level> 2 mg/dl), and
following the manual record review, a further 142 patients were excluded because liver
disease was noted in their medical records. One patient required a special research request,
and thus was excluded. Therefore, 167 patients were identified as having hyperammonemia
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without associated liver disease, and manual chart review in those patients showed no
evidence of documented liver failure. The final number of 167 patients represented a relative
frequency of 1.6 per 1,000 ICU admissions and 4.5% of all patients with documented
hyperammonemia (Figure 2).

There were 101 (60.5%) male patients, the median age was 65.7 years (IQR 50-74.5) and
median ammonium level was 68 microgram/dl (IQR 58-87). Fifty-one percent were older
than 65 years and 72.8% were overweight (BMI >25). The majority of patients 119 (71 %)
had acute brain failure (i.e. encephalopathy). Common predisposing conditions included
nutritional disorders (malnutrition (16%), gastric bypass (3.6%), total parenteral nutrition
(2.4%), valproic acid use (10%), status epilepticus (6.6 %), high tumour burden (11.3%) and
renal failure (49.1%)). Metabolic disorders, such as urea cycle and fatty acid metabolism
abnormalities were present in 7 (4.1%) patients with only 4 (2%) patients undergoing formal
genetic testing for evaluation of enzyme deficiencies. Other potential causes of
hyperammonemia not due to liver disease (upper and lower Gl bleeding, urea cycle
abnormality, treatment with carbamazepine, and solid organ transplantation) were present in
smaller numbers of patients. (Table 1).

The median ICU and hospital LOS of patients in the cohort were 4.1 and 11.8 days,
respectively. Hospital mortality occurred in 50 cases (30 %). Median ammonia was higher
among non-survivors (74 vs 67 mcg/dL, p = 0.05). Deaths were more likely in
hyperammonemic patients who were older (p=0.016), had greater acute illness severity
(higher APACHE I11 score, p<0.01), malignancy (p<0.01) and solid organ transplantation
(p=0.04), while seizure disorder was more common in survivors (p<0.01) (Table 2). After
adjusting for baseline differences (age, APACHE, solid organ transplantation, malignancy,
seizure disorder), ammonia level was not associated with increased mortality (OR 1.003;
95 %Cl 0.99 - 1.01).

Discussion

In a large cohort of critically ill patients treated in a tertiary medical center, we identified a
substantial minority of patients who had hyperammonemia in the absence of liver failure.
The majority of these patients were symptomatic with acute encephalopathy. Common
predisposing conditions included nutritional disorders, malignancies, certain medications
and renal failure. Inborn metabolic errors were diagnosed in a minority of patients. The
outcome was poor with high hospital mortality.

Predisposing nutritional factors, including malnutrition, gastric bypass and total parenteral
nutrition were present in 37 patients (22%) of our hyperammonemic patients without
documented liver disease. Hyperammonemia in the setting of high protein diets and
malnutrition has long been recognized as a possible cause of death. Historical reports among
hunter gatherers illustrate that diets wholly based on lean animal protein (without fat or
carbohydrate) can be injurious[19, 20]. Malnutrition can lead to urea cycling in the gut[13]
and refeeding syndrome[21]. High protein diets[14], somatic protein catabolism (burns,
trauma, strenuous exercise, steroids), IV amino acid containing solutions including TPN[22,
23] and N-Acetylcysteine, Gl bleeding[24], porto-systemic shunts unrelated to liver disease,
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blind loop intestinal bypass and bariatric surgery[3, 6, 25] have also been shown to be
associated with hyperammonemia.

Urea cycle disorders were identified in 7 patients (4.1%). The urea cycle consists of five
enzymes, including ornithine transcarbamylase (OTC), required for metabolism and
excretion of ammonia. Genetic deficiencies in these enzymes typically result in
hyperammonemia presenting roughly 72 hours after birth, when protein consumption
overwhelms the dysfunctional urea cycle. Functional deficiencies in adulthood have now
been recognized, where DNA analysis reveals normal enzyme levels, but functional
enzymatic testing of liver biopsies demonstrates less than 1% activity[25]. OTC is necessary
in the conversion of ornithine to citrulline in ammonia metabolism, and reports of functional
OTC deficiencies are becoming increasingly prevalent in females after bariatric surgery
presenting with hyperammonemia, Bariatric surgery is known to lead to hyperinsulinemia
with resultant down-regulation of hepatic urea cycle enzymes [3]. Nutritional deficiencies
are also common amongst bariatric surgery patients, and low zinc and arginine levels have
been demonstrated to decrease OTC activity. It is postulated that this combination of
mechanisms can cause hyperammonemia in some patients after bariatric surgery by creating
a functional OTC deficiency. Adult-onset urea cycle abnormalities secondary to inherited
genetic mutations are rare, but also need to be considered as significant metabolic stressors
can unmask previously silent aberrations, leading to decompensation and development of
hyperammonemia [2, 12, 26—28]. Notably, patients with true and functional urea cycle
enzymatic deficiencies do not respond to traditional ammonia-lowering therapies. Lactulose
and rifaximin target elimination of microbe-associated ammonia production, yet are unable
to compensate for a lack of urinary ammonia excretion secondary to urea cycle disorders.
Ammonia is a by-product of amino acid metabolism, and is transported from the liver as
glutamate via glutamine synthetase. Once in the kidney, glutamate is converted back to
ammonia via glutaminase, and is further eliminated as urea via the urea cycle. In
hyperammonemia, excess ammonia combines with alpha-ketoglutarate and is forced back
into glutamate. Similarly, excess ammonia can also be converted back into the amino acid
glycine via glycine synthase.. Nitrogen scavengers, such as sodium phenylacetate and
sodium benzoate can be used to bypass the urea cycle in refractory hyperammonemia[26].
Sodium phenylacetate conjugates with glutamine to form phenylacetylglutamine, and
sodium benzoate binds glycine to form hippuric acid. Both products can be excreted by the
kidneys without participation of the urea cycle. Our cohort included 6 patients with
hyperammonemia and a history of gastric bypass surgery, thought to be related to a
functional urea cycle disorder.

Drugs have been implicated in increased ammonia production, with valproic acid being the
most widely reported example (acting by direct inhibition of hepatic N-acetyl glutamate
synthase activity by valproyl- CoA[15]). Other medications have been associated with
hyperammonemia, such as carbamazepine[29], topiramate[7], lamotrigine[30],
primidone[8], gabapentin[31], salicylates, acetazolamide[32], chemotherapeutic drugs[33]
(5-flurouracil, cytarabine, L-asparaginase[34]) and drugs of abuse, such as
methamphetamine[35], but these associations are less common. Seventeen patients (10.2%)
in our cohort had a history of taking valproic acid, reinforcing the importance of evaluating
valproic acid use. Hyperammonemia can develop either from an acute overdose of valproic
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acid or with chronic use, and is thought to be secondary to the propionic acid metabolite[15]
[36]. Propionic acid inhibits carbamoyl phosphate synthetise. If the activity is significantly
reduced, accumulation of ammonia can occur. Similarly, carnitine deficiency can predispose
to acquired urea cycle disorders in the setting of valproic acid use, and can be pre-existing or
secondary to valproic acid administration [37] [38]. Valproic acid is a branched-chain
carboxylic acid that undergoes hepatic metabolism via beta oxidation. Carnitine is a cofactor
required for beta oxidation, and deficiency of this can lead to accumulation of ammonia, a
metabolite of valproic acid metabolism. This accumulation of ammonia results in an
increase in glutamate synthesis via alpha ketoglutarate, a molecule required for proper
function of the Krebs cycle and the biosynthesis of carnitine. Treatment in this situation is
largely focused on discontinuation of the offending agent and L-carnitine [39]. Only one
patient (0.6%) was found to have carnitine palmitoyl transferase deficiency in our cohort.

Our analysis showed that patients who had solid organ transplantation and aggressive
hematologic malignancies, together with hyperammonemia, were more likely to die (p=0.04,
p<0.001, respectively). Solid organ transplantation can lead to increased production of
ammonia. Some of examples are lung[16, 40] and renal[4] transplantation, pancreatectomy
and islet transplantation[41], as well as bone marrow[5] and stem cell[42] transplantation.
Haematological conditions such as myeloma[43] and chemotherapy [42] for haematological
malignancies can also result in hyperammonemia. The high mortality in these cases could be
secondary to the aggressiveness of the primary disease, but severe hyperammonemia after
transplantation can be a fatal complication. [4] [5]

The proportion of hyperammonemia patients who had concurrent kidney disease was 49.1%.
44 patients had acute kidney disease, 22 had chronic kidney disease, and 16 had acute-on-
chronic kidney injury. Other than increased severity of illness and comorbidities we do not
have a good explanation for this observation. To our knowledge there are no studies to date
suggesting a relationship between these two derangements, but this association may deserve
further investigation.

Acute brain injury is present in majority of patients. None of the patients had evidence of
cerebral herniation suggesting that in the absence of acute liver failure ammonia
accumulation occurs over a longer period leading to encephalopathy (acute brain injury) but
not necessarily an acute increase of intracranial pressure and cerebral herniation. We suggest
considering ammonia level measurement if the risk factors are present and etiology of acute
brain injury is unclear.

A limitation applicable to our study and all other studies assessing hyperammonemia is the
concern for false positive ammonium values. Some evidence suggests that serum samples
kept at room temperatures for long can undergo deamination in vitro, producing falsely high
ammonia levels [2, 44, 45]. During the study period, ammonia was collected per institutional
guidelines in which it is placed on ice immediately at the bedside and processed by no later
than 60 minutes after collection. Another limitation is the large proportion of critically ill
patients in whom serum ammonia was not measured. This could have resulted in an
underestimation of hyperammonemia unrelated to liver disease in our cohort. Furthermore,
since hyperammonemia was documented often in patients who died in the hospital, it is
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possible that early death (before ammonia measurement) could have led to further under-
recognition. Additional limitation would be the possibility of occult/unrecognized liver
disease. Formal investigations into urea cycle disorders are not often performed, thus
limiting our ability to truly quantify the prevalence of such acquired conditions and their
correlation with ammonia accumulation. Future studies could prospectively investigate
symptomatic hyperammonemia in patients without evidence of liver disease, specifically
evaluating the activity of urea cycle enzymes. Our study period spanned a course of eleven
years, during which time the care of critically ill patients has changed dramatically. These
differences could have an impact on outcomes in our retrospective analysis, but it is
impossible to predict which variables may have been most greatly affected. Lastly, our study
did not compare patients with hyperammonemia not due to liver disease and patients with
normal ammonia level. This may provide additional valuable information and should be the
target for future research.

Conclusion

Our study recognized several underlying conditions for hyperammonemia unrelated to
hepatic dysfunction. Our study outlines alternative causes of hyperammonemia, and can be
used to increase awareness of groups at risk, in whom a multifactorial diagnostic and
treatment approach should be considered. Although the ammonia level per se was not
independently associated with mortality in this small sample, the overall poor outcome of
these patients is an important finding to increase clinician awareness and prognostication,
and to help researchers design new studies to evaluate potential treatment and prevention
approaches.
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Figurel. Ureacycle
Within the mitochondria, an ATP-dependent reaction of bicarbonate and ammonia is

catalyzed by carbamoyl phosphate synthase, which is the rate limiting step of the cycle.
Carbamoyl phosphate and ornithine form citrulline in a reaction catalyzed by ornithine
transcarbamylase. Citrulline enters the cytosol and, using further ATP, is metabolized to
arginosuccinate, and in turn to arginine. The hydrolysis od arginine by arginase completes
the urea cycle by releasing a urea molecule, and the ornithine re-enters the mitochondria.
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Characteristics of Patient Sample: 167 Consecutive Non-Hepatic Hyperammonemic Critical Care Patients

Characteristic | Description | Number (%)
Gender | Female | 66 (39.5)
Age groups, yr <35 14 (8)
35-65 67 (40)
>65 86 (51)
Body Mass Index groups (kg/m?) | Underweight (<18.5) 3(1.9)
Normal (18.5-24.9) 41 (25.3)
Overweight (>25) 118(72.8)
Associated factors Metabolic
Carnitine palmitoyl transferase deficiency | 1 (0.6)
Ornithine transcarbamylase deficiency 3(1.8)
Other urea cycle abnormality 3(1.8)
Nutrition/Gl
Gastric bypass surgery 6 (3.6)
Total parenteral nutrition 4(2.4)
Malnutrition 27 (16.1)
Upper Gl bleeding 8 (4.8)
Lower Gl bleeding 2(1.2)
Drugs
Valproic Acid 17 (10.2)
Carbamazepine 2(1.2)
Proton pump inhibitors 58 (34.7)
Renal failure ™ 82 (49.1)
Generalized seizures 11 (6.6)
Solid organ transplantation 4(2.4)
Aggressive Hematologic Tumors > 19(11.3)

Aok

Multiple myeloma, Myelodysplastic syndrome, Recurrent Burkitt’s lymphoma, Diffuse Large B-cell Lymphoma, Acute erythroblastic leukemia,

Anaplastic large cell ALK-negative T-cell lymphoma, Relapsed T/NK cell acute lymphoblastic leukemia, Hodgkin’s lymphoma, NK/T cell

Lymphoma, T-cell Lymphoma, Acute myeloid leukemia

Aok

Acute renal failure present in 44 patients (26.3%); chronic renal failure in 22 patients (13.2%); Acute-on-chronic renal failure in 16 patients

(9.6%)
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Table 2

Comparison of Non-Hepatic Hyperammonemic Critical Care Patient Characteristics of Hospital Survivors and

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Non-Survivors

Characteristic | Survivors (n=117) | Deceased (n=50) | p value
Age, median, yrs | 63(47-72) | 72(60-79) | 0.016
Female sex, 77 (%) | 44(37) | 22(44) | 0.43
Body Mass Index (kg/m?) groups 0.23
Underweight (<18.5) 1(0.8) 2(4)
Normal (18.5-24.9) 26(22) 15(30)
Overweight (>25) 85(72) 33(66)
APACHE II1 score, median (IQR) 68(58-85) 92(73-127) <0.01
Serum ammonia, ug/dL median, (IQR) 67(58-84) 74(60-99) 0.05
Acute brain failure, n (%) 87(74) 32(64) 0.17
Potential causes
Metabolic
Carnitin palmitoy| transferase deficiency, n (%) | 1(0.8) 0(0) 0.51
Ornithine transcarbamylase deficiency, n (%) 1(0.8) 2(4) 0.16
Other Urea cycle abnormality, n (%) 1(0.8) 2(4) 0.16
Nutrition/Gl
Gastric bypass surgery, n (%) 5(4.2) 1(2) 0.46
Total parenteral nutrition, n (%) 3(2.5) 1(2) 0.82
Malnutrition, n (%) 21(18) 6(12) 0.33
Upper Gl bleeding, n (%) 6(5) 2(4) 0.73
Lower Gl bleeding, n (%) 2(1.7) 0(0) 0.22
Drugs
Valproate, n (%) 14(12) 3(6) 0.24
Carbamazepine, n (%) 2(1.7) 0(0) 0.35
Proton Pump Inhibitors, n (%) 41(35) 17(34) 0.89
Renal failure, n (%) 53(45) 29(58) 013
Generalized seizures, n (%) 11(9) 0(0) 0.02
Solid organ transplantation, n (%) 1(0.8) 3(6) 0.04
Aggressive hematologic tumors, n (%) ** 6(5.1) 13(26) <0.001
Treatment
Invasive mechanical ventilation, n (%) 72(61) 29(58) 0.66
Non-invasive Ventilation, n (%) 47(40) 18(36) 0.61
Lactulose, n (%) 25(21) 8(16) 0.42
Rifaximin, n (%) 3(2.5) 0(0) 0.25
Sodium Benzoate n (%) 1(0.8) 0(0) 0.51
Hemodialysis n (%) 21(18) 8(16) 0.76
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*
data are shown as median (IQR) or n (%)

Ak
Multiple myeloma, Myelodysplastic syndrome, Recurrent Burkitt’s lymphoma, Diffuse Large B-cell Lymphoma, Acute erythroblastic leukemia,

Anaplastic large cell ALK-negative T-cell lymphoma, Relapsed T/NK cell acute lymphoblastic leukemia, Hodgkin’s lymphoma, NK/T cell
Lymphoma, T-cell Lymphoma, Acute myeloid leukemia

Aok

Acute renal failure present in 44 patients (26.3%); chronic renal failure in 22 patients (13.2%); Acute-on-chronic renal failure in 16 patients
(9.6%)
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