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THE METABOLISMOF AMMONIAAND a-KETO-ACIDS IN LIVER
DISEASE ANDHEPATIC COMA"

BY W. H. J. SUMMERSKILL,2 STANLEYJ. WOLFE,3 AND CHARLESS. DAVIDSON

(From the Thorndike Memorial Laboratory and Second and Fourth (Harvard) Medical
Services, Boston City Hospital, and the Department of Medicine, Harvard

Medical School, Boston, Mass.)

(Submitted for publication August 20, 1956; accepted November 13, 1956)

A causal relationship between ammonia intoxi-
cation and hepatic coma is suggested by the repro-
duction of the syndrome of impending hepatic coma
in sensitive patients with liver disease by sub-
stances from which ammonia can be derived (1)
and is supported by demonstration of deranged
ammonia metabolism in liver disease (2). The
frequent finding of elevated peripheral vein am-
monia concentrations in hepatic coma (3) has
encouraged incrimination of ammonia in the gene-
sis of the syndrome (4, 5). Conversely, reserva-
tions have been expressed that such results may
signify no more than impaired nitrogen metabo-
lism secondary to liver disease (6, 7). More re-
cently Bessman and Bessman (8) have questioned
the validity of observations based on peripheral
vein blood alone by demonstrating significant ar-
terio-venous ammonia difference in hepatic coma.
Moreover, a close relationship has been reported
between arterial concentrations and neurological
status in a patient with this complication (9).

The purposes of this paper are: 1) Further as-
sessment of the significance of arterial concentra-
tions and A-V ammonia differences in hepatic
coma, directing particular attention to the effect
of eliminating from the diet nitrogenous substances
from which ammonia may be derived; and 2) In-
vestigation of a possible relationship between dis-
ordered ammonia metabolism and the elevated
blood pyruvate and a-ketoglutarate concentrations

1 This work was supported in part by a contract be-
tween Harvard University and the Office of The Surgeon
General, Department of the Army, and in part by grants
to Harvard University from Merck & Co., Inc., Rahway,
New Jersey, The Nutrition Foundation, Inc., New York,
New York, and Lederle Laboratories Division of the
American Cyanamid Company, Pearl River, New York.

2Rockefeller Travelling Fellow of the Medical Re-
search Council of Great Britain.

8 Public Health Service Research Fellow of the Na-
tional Heart Institute.

reported in liver disease (10, 11). Arterial con-
centration and tissue metabolism of ammonia have
been compared with the neuropsychiatric state and
with the protein intake in uncomplicated liver
disease and hepatic coma. Simultaneous estima-
tions of blood pyruvate and a-ketoglutarate were
performed. The relationship of the keto-acids to
ammonia metabolism was further studied in a
smaller group of patients with liver disease by
measuring blood concentrations of these substances
in response to the administration of ammonium
chloride.

MATERIAL ANDMETHODS

Patients. Twenty-seven patients (16 male and 11 fe-
male) in impending hepatic coma or coma were studied.
Ages were distributed between 29 and 70 years. Twenty
patients had cirrhosis associated with chronic alcoholism.
The etiology of cirrhosis was uncertain in three patients.
One patient had hemochromatosis and another Wilson's
disease. One patient had an hepatic lymphoma and the
remaining patient had carbon tetrachloride poisoning.
Liver failure, evident from progressive jaundice and
severe ascites, was judged the basis of hepatic coma in 16
patients. Other factors precipitating coma included ma-
jor gastrointestinal hemorrhage (5 patients), acute pyo-
genic infections (3 patients), intolerance of nitrogenous
substances with deterioration of liver function (2 pa-
tients with portacaval anastomoses), paracentesis ab-
dominis (1 patient) and a major surgical operation (1
patient).

Eleven patients with cirrhosis in the absence of he-
patic coma were also studied (10 chronic alcoholics and
1 in whom the etiology of liver disease was uncertain).
A group of 18 control subjects without evidence of he-
patic, renal or metabolic disorder was recruited from
hospital patients and staff.

The diagnosis of liver disease was made on clinical
and biochemical grounds; histological confirmation from
biopsy or autopsy specimens was available in 27 patients,
including 18 of the 20 patients who died in hepatic coma.

Neuropsychiatric assessment. Patients in coma (in-
cluding impending hepatic coma) were examined daily
or more often, assessment being based on the clinical
syndrome reported by Adams and Foley (12) and as-
sisted by EEG records when necessary. The charac-
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TABLE I

Cerebral (arterialjugular bulb diference) and peripheral (arterial-peripheral vein difference)
uptake and release of ammonia during terminal two days of hepatic coma *

A-V difference
Ammonia "uptake" (+)

or release" (-)
Serum bilirubin Ascites Arterial NHsN Cerebral Peripheral

Patient and diagnosis (mg./100 mi.) (0-+++) (pg./100 ml. blood) (pg.!100 mi.) (jg./100 mi.)

GA Cirrhosis of the alcoholic 26.0 +++ 275 +15 +61
SU Cirrhosis of the alcoholic, massive 18.4 +++ 60 +12 +16

gastrointestinal hemorrhage
ST Cirrhosis of the alcoholic, massive 2.9 +++ 250 +66 +83

gastrointestinal hemorrhage
BC Cirrhosis of the alcoholic, lobar 6.4 0 271 +4 +1

pneumonia
MC Cirrhosis of the alcoholic 11.0 +++ 171 -75 -97
GE Wilson's Disease 1.9 +++ 229 -90 +42
BE Cirrhosis of the alcoholic, massive 23.6 ++ 354 +4

gastrointestinal hemorrhage
EA Cirrhosis of the alcoholic 22.0 + ++ 262 -1
MG Cirrhosis of the alcoholic 19.0 ++ 200 -11
MS Hepatic lymphoma, 0.5 0 114 -4

gastrointestinal hemorrhage
SP Carbon tetrachloride poisoning 38.0 + 52 -11
MK Cirrhosis of the alcoholic 33.1 +++ 160 +63

5Although in coma, the patients were not moribund.

teristic fluctuation and frequent disparity between psychi-
atric and objective neurological findings permitted an
accurate distinction only between impeding comna and
coma for the purpose of this report, stuporous patients
responding only to strong stimuli being placed in the
latter category.

Protein intake. Protein intake, during or immediately
prior to hepatic coma arising in hospitalized patients, was
assessed from the ward diet or calculated from the re-
stricted protein diet, usually a low-sodium milk prod-
uct,4 on which patients were maintaind Progressive or
advanced hepatic coma was treated with exclusion of
all nitrogenous substances (protein, drugs, etc.) from the
diet and with broad spectrum antibiotics by mouth (7).
Chlortetracyclene in doses of 2 to 4 gm. daily was ad-
ministered for the duration of the neurological syndrome.
The possibility of gastrointestinal bleeding was checked
by inspection of feces, examination of st6Ols for occult
blood and, in fatal cases, at autopsy.

Biochemical methods. Blood ammonia was deter-
mined by a modification (13) of Conway's method (14);
blood pyruvate and a-ketoglutarate were estimated using
the method of Seligson and Shapiro (15). Blood was
drawn without stasis into specially cleaned syringes and
was introduced into the Conway units or flasks at the
bedside. The accuracy of these methods in our hands,
calculated from the standard deviation from mean recover-
ies, was ± 3 per cent for ammonia, using standards and
blanks, + 6 per cent for a-ketoglutarate and ± 9 per cent
for pyruvate. The recoveries for keto-acids were carried
out using human blood. "Uptake" of ammona or keto-
acids by brain or peripheral tissues was assumed when the

4Lonalac, Mead Johnson and Company, Evansville,
Indiana.

differences between concentrations in arterial and ap-
propriate venous blood (A-V difference) were positive
and, conversely, release is represented by negative
differences.

Administration of ammonium chloride. Alterations in
blood ammonia, pyruvate and a-ketoglutarate concentra-
tions following the administration of ammonium chloride
were measured in 5 patients with liver disease, whose
clinical and biochemical findings are given in Table III,
and in 4 control subjects. Three other control subjects
received ammonium chloride prior to determination of
arterial and peripheral vein ammonia concentrations.
Ammonium chloride was given by mouth (as non-
enteric coated capsules) or intravenously (2 per cent
solution in water or sodium chloride infused over 45
minutes) in 3.0 or 4.0-gm. doses. Individuals with
severely impaired liver function, extensive portal-systemic
collateral venous systems or previous evidence of neuro-
psychiatric sensitivity to nitrogenous substances received
the smaller amount by mouth in view of their suscepti-
bility to hepatic coma induced by ammonium salts (1).
Control subjects were given ammonium chloride intra-
venously as use of the oral route would have prevented
most of the ammonia from reaching the peripheral tis-
sues owing to its removal from portal blood by a healthy
liver (2). Blood specimens (arterial, peripheral venous,
or both) were taken immediately prior to administration
of the salt and at varied 30-minute intervals up to four
hours for determination of blood ammonia, pyruvate and
a-ketoglutarate concentrations. Values are reported at 0,
30 to 60, 90 to 120 and 180 to 240 minutes, representing
actual readings or mean levels where more than one
estimation was made in the relevant period.
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FIG. 1. ARTERIAL (A) AND PERIPHERAL VEIN (V) AMMONIACONCENTRATIONS
WITH A-V DIFFERENCES IN CONTROLSUBJECTS AND PATIENTS WITH LIVER DISEASE
WITH ANDWITHOUTHEPATIC COMA

RESULTS

Blood ammonia and keto-acid concentrations in
hepatic coma

Comparisons were made between the arterial
and peripheral vein ammonia concentrations and
A-V difference of ammonia in the control group

and in patients with liver disease and hepatic coma

(Figure 1). Control subjects and patients with
liver disease without coma had similar fasting
values of ammonia in arterial and venous blood
(upper limit of normal 75 ug. per 100 ml.) and
A-V differences in both groups indicated that a

small and variable uptake or release of ammonia
by peripheral tissues occurred in the fasting state.
During impending hepatic coma the mean arterial
concentration (113 pug. per 100 ml.) was elevated,
but a quarter of the readings remained within the
normal range. The mean concentration was lower
in the peripheral vein (92 pg. per 100 ml.), a half
of the values being within normal limits. These
findings were associated with a greater positive

A-V difference of ammonia in peripheral tissues
in the majority of cases. In patients who had pro-
gressed to coma, higher mean values of arterial
and peripheral vein ammonia were found (193 and
139 pg. per 100 ml., respectively) with a smaller
proportion of readings (about 10 per cent arterial
and 25 per cent venous) still remaining in the
normal range. The A-V difference was still pre-
dominantly positive but relative equilibrium was

not uncommon and tissue release of ammonia, oc-

casionally of a high degree, was sometimes ob-

served. Values obtained from patients in the
phase of recovery, but still exhibiting residual
neuropsychiatric disorder, showed a return to nor-

mal blood ammonia concentrations and tissue equi-
librium of ammonia.

Blood a-ketoglutarate and pyruvate values were

determined simultaneously with ammonia (Fig-
ure 2). Mean concentrations of both substances in
fasting patients with liver disease (a-ketogluta-
rate 20.7, pyruvate 112 pM per liter) were above
mean control values (a-ketoglutarate 11.5, pyru-
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FIG. 2. BLOOD a-KETOGLUTARATE AND PYRUVATE CONCENTRATIONSIN
CONTROLSUBJECTSAND PATIENTS WITH LivER DISEASE WITH AND WITH-
OUT HEPATIC COMA

vate 89 FMper liter), but there was a considerable
overlap in pyruvate values. Progressive increase
in mean values in impending coma (a-ketogluta-
rate 32.3, pyruvate 154 jFM per liter) and coma
(a-ketoglutarate 39.7, pyruvate 225 /hM per liter)
was observed, but the scatter was wide. A third
of the a-ketoglutarate and half of the pyruvate
values during impending coma and coma were
below the upper limits found in patients with
uncomplicated liver disease.

The influence of nitrogenous material in the in-
testines on blood ammonia concentration in
hepatic coma

Blood ammonia concentrations during hepatic
coma were studied in relation to nitrogenous ma-
terial in the intestine (dietary protein, gastroin-
testinal bleeding, drugs such as ammonium chlo-
ride, etc.) (Figure 3). The highest arterial am-
monia concentrations occurred when coma was

precipitated by gastrointestinal hemorrhage or by
intolerance to nitrogenous substances and the
mean levels in patients on conventional home or
ward diets exceeded that found when coma was
associated with low protein feeding. Only one
value in each group was within the normal range.
During treatment by total protein withdrawal and
antibiotics, two-thirds of arterial ammonia read-
ings remained high during the first 48 hours, but
there- was a striking decline towards normal in all
patients during the second to fifth-day period, al-
though only three values fell within the normal
range. In the sixth to tenth-day period, the ma-
jority of arterial ammonia concentrations remained
at or near normal, but a rise occurred in some pa-
tients and a further elevation in the mean value
was observed in patients who survived on this
regimen for more than 10 days, in the absence of
protein feeding, gastrointestinal hemorrhage or
uremia. Those who recovered and the fatal cases
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had arterial ammonia concentrations which were

comparable in the early stages, but in patients who
survived they returned towards normal more

rapidly after protein withdrawal.
It was not possible to demonstrate a similar

relationship between blood pyruvate or a-keto-
glutarate concentrations and intake of nitrogenous
material (Figure 3). Mean values for both sub-
stances were high at all stages, particularly in
patients who survived more than 10 days, but the
scatter was wide.

Uptake of ammonia by peripheral tissue and brain

Peripheral A-V ammonia difference in rela-
tion to arterial concentrations greater than 100
pg. per 100 ml. was compared in control subjects
who had received ammonium chloride to patients
with liver disease who also had received am-

monium chloride or were in the early phase of
impending hepatic coma (Figure 4). Although

uptake of ammonia occurred in both groups, it
was greater in control subjects in relation to ar-
terial concentration and the impaired uptake in

patients with liver disease was particularly strik-
ing at ammonia concentrations greater than 200
pug. per 100 ml. No difference was observed be-
tween patients with uncomplicated liver disease
and those in impending hepatic coma.

Uptake of ammonia was the usual finding dur-
ing the course of hepatic coma (Figures 1 and 3)
and was related to arterial concentration. Tissue
equilibrium or release of ammonia despite high
arterial concentrations was not infrequent, how-
ever, and these findings were mainly limited to
the terminal phase of coma. The arterial concen-

trations and A-V ammonia differences in 12 un-

conscious, but not moribund, patients who were

studied during the ultimate 2 days of coma are

reported in Table I. Cerebral and peripheral
A-V differences of ammonia were determined
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TROL SUBJECTS AND PATIENTS WITH LIVER DISEASE

simultaneously in 6 patients. Variable uptake
of ammonia occurred at both sites in 3 patients
(GA, SU, ST), two of whomhad massive gastro-
intestinal bleeding, and a fourth (BC) showed
neither uptake nor release at either site despite a

high arterial concentration. Ammonia release of
a high degree was taking place from both brain
and peripheral tissues in the fifth patient (MC)
and the remaining subject (GE) exhibited re-

lease of cerebral ammonia associated with periph-
eral uptake. Of the other 6 patients, in whom
peripheral studies alone were performed, only
one (MK) had a positive A-V difference, the re-

mainder showing ammonia equilibrium, although
arterial concentrations were high in all but one

instance.

A-V differences of keto-acids
Peripheral A-V differences of pyruvate and

a-ketoglutarate were determined on 14 occasions
during impending coma, coma or ammonium chlo-
ride administration (vide infra). Pyruvate levels
were higher in the vein in all but one instance, the
mean A-V difference being - 15 MMper liter
(S.D. + 14). There was less evidence of periph-
eral tissue release of a-ketoglutarate. The mean
A-V difference was - 2.1 1uM per liter (S.D. ±
2.6), a small positive difference being found on
three occasions.

Cerebrospinal fluid
Investigation of cerebrospinal fluid (Table II)

showed relatively small amounts of ammonia and
a-ketoglutarate in control subjects, although py-
ruvate concentrations were comparable to those in
arterial blood. In hepatic coma very high am-
monia values, comparable with but not clearly
related to arterial concentrations, were found.
With one exception, cerebrospinal fluid pyruvate
values reflected and exceeded the arterial concen-
tration in hepatic coma. Despite high arterial
values, spinal fluid a-ketoglutarate concentrations
remained relatively low, but a linear increase with
arterial values occurred. High pyruvate and
a-ketoglutarate values coincided in blood and
cerebrospinal fluid but were unrelated to am-
monia concentrations at either site.

Blood keto-acid concentrations in response to am-
monium chloride administration

Control subjects demonstrated no constant al-
teration in mean blood a-ketoglutarate concentra-

BLE II

Arterial and cerebrospinaifliuid concentrations of ammonia, pyruvate and a-ketoglutarate
in control subjects and in terminal hepatic coma

Ammonia (NHMNpg./100 Mi.) Pyruvate GaM/Liter) a-Ketoglutarate (sM/Liter)
Arterial C.S.F. Arterial C.S.F. Arterial C.S.F.

Controls (7 subjects)
Mean d S.D. 52 20 4 6* 112 107 h 25 11.5 1.1 : 0.8

Hepatic coma
Patient M. C. 171 408 295 275 85.5 6.5

R. Y. 122 161 190 218 36.5 3.9
B. E. 71 76 111 206 34.5 2.6
G. E. 229 92 92 123 27.7 2.0

* From Clarke, Parsons Smith, Sherlock, and Summerskill (29).
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FOLLOWINGADMINISTRATION OF AMMONIUMCHLORIDETO CONTROLSUBJECTS
AND PATIENTS WITH LivE DISEASE

tions following the administration of 4 gm. am-

monium chloride intravenously, but a late fall in
mean pyruvate level was evident (Figure 5).
Similarly, individual a-ketoglutarate values showed
little variation from the fasting reading in this
group, but pyruvate concentrations, after an early
increase in 2 patients, declined as the test con-

tinued (Table III). All patients with liver dis-
ease exhibited a rise of pyruvate and a-ketoglu-
tarate concentration both in mean values (Figure
5) and individual readings (Table III). The
more striking elevations occurred in pyruvate
levels which progressed steadily to a maximum at
the 3 to 4-hour determination. One patient (B. A.),
in whom sensitivity was anticipated owing to
chronic nitrogen intolerance following portacaval
anastomosis, showed a 95 per cent increase in
pyruvate concentration after only 3.0 gm. of am-

monium chloride by mouth, but other patients
receiving the drug by the oral route (S.E., T.A.)
exhibited smaller augmentations of blood pyru-

vate values than those receiving intravenous am-

monium chloride (B.U., C.O.), despite comparable
or worse liver function.

The mean elevation of blood a-ketoglutarate
concentrations in patients with cirrhosis in re-

sponse to ammonium chloride was less, but of a

magnitude beyond the error of the method. It
was a constant finding in every patient (Table

III), and the greatest increase of a-ketogluta-
rate concentration occurred by 30 to 60 minutes,
thus preceding the greatest alteration in pyruvate
values.

Ammonia uptake by peripheral tissues following
the administration of ammonium chloride was
demonstrated by elevation of blood ammonia lev-
els and positive A-V ammonia differences in both
groups (Table III), coinciding in patients with
liver disease with elevation of a-ketoglutarate and
preceding the major rise in pyruvate levels. The
return to fasting values occurred earlier in pa-

tients receiving the drug intravenously, but fur-
ther assessment of individual tolerance was not
considered relevant to the study.

The sequence of events is demonstrated in Fig-
ure 6. Following oral ammonium chloride, rapid
elevation of blood ammonia levels was accom-

panied by a rise in peripheral tissue uptake of
ammonia and a-ketoglutarate concentration. The
steady rise of blood pyruvate values continued
after blood levels of ammonia and a-ketoglutarate
had declined and after the patient returned to his
initial neuropsychiatric state.

DISCUSSION

Increased peripheral vein ammonia concentra-
tions reported in patients with liver disease un-

complicated by hepatic coma (2, 3, 5, 7, 16) are
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TIME IN HOURSAFTER ORAL NH4CI (3G)

FIG. 6. PERIPHERAL TISSUE UPTAKE OF AMMONI (A-V DIFFERENCE) AND BLOOD KETo-
ACI CONCENTRATIONSDURING EPISODE OF IMPENDING HEPATIC COMA PRECIPITATED BY
AMMONIUMCHLORIDE

variably affected by fasting (17, 18), but in our

patients both arterial and venous values were

normal under such circumstances. Impaired am-

monia tolerance in liver disease (2), however,
permits abnormal augmentations of blood am-

monia following the ingestion of protein (19),
blood (20), and other nitrogenous material (1).
The highest ammonia concentrations in coma

itself were also found by us to be related to these
factors. During treatment with protein with-
drawal and oral broad spectrum antibiotics, which
presumably reduces the formation of ammonia
and other toxic substances by suppression or

change of intestinal flora (7, 21, 22), arterial
ammonia concentrations fell towards, but seldom
to, normal. Simultaneously, clinical improve-
ment often occurred and the decline in arterial
ammonia values was earlier and greater in pa-

tients who subsequently recovered.
The finding of rising arterial ammonia concen-

trations later in the course of fatal cases, despite
continued treatment and the absence of gastro-
intestinal bleeding or uremia, could only some-

times be related to release of ammonia from
peripheral tissues or brain. Possible additional
sources of ammonia include the kidneys, which

function abnormally in hepatic coma (23), and
the failing liver, as high ammonia levels have been
reported in renal and hepatic vein blood in hepatic
coma (7, 16). The parent compound is unknown
and extensive investigation of the phenomenon of
ammonia release from mouse brain failed to iden-
tify its origin (24, 25). It is relevant, however,
that Diamox* may liberate ammonia from the
brain by direct inhibition of enzyme function, with
elevation of arterial ammonia levels and the pro-

duction of impending hepatic coma (18), and it
also releases ammonia from the kidney into the
renal vein (26).

The high incidence of elevated arterial am-

monia concentrations in hepatic coma, with a

terminal rise in fatal cases or a prompt fall on re-

covery, supports incrimination of ammonia intoxi-
cation in the genesis of the condition. However,
the relationship between clinical status, arterial
ammonia concentrations and ammonia uptake by
brain and muscle reported by others (8, 9) is at
variance with the frequently poor correlation in
our patients. The occasional finding of normal
values in coma also demands consideration.

Ammonia uptake by the brain, resulting in de-
pletion of available a-ketoglutarate (27), has been
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suggested as the basic disorder of cerebral metabo-
lism in hepatic coma (8), but our findings suggest
that removal of ammonia may be accomplished
without injury to the organism and that clinical
deterioration is more readily related to failure of
this removal system. Thus, although uptake of
ammonia at the periphery occurred in the earlier
stages of coma, the efficiency of this process was
impaired relative to normal capacity, usually to an
extent that could not be explained by increased
blood flow in hepatic disease. Under these cir-
cumstances, progressive deterioration in ammonia
removal would result in negligible uptake, equi-
librium or even release of ammonia by peripheral
tissues and brain, despite high arterial concentra-
tion. Such findings were, in fact, characteristic
of the late stages of coma in our patients.

An increased metabolic load is thrown on
brain, muscle and other tissues by the abnormal
and prolonged rises in blood ammonia which fol-
low absorption of ammonia from the portal vein
in some patients with liver disease (2). This
may explain the impairment of peripheral am-
monia uptake which was found even in the absence
of hepatic coma, and stresses the importance of
these adjuvant sites of ammonia removal. The
pre-existing efficiency of these pathways may
therefore determine the onset of coma in some
instances, and minor overloading could account
for the personality changes (28) and EEG ab-
normalities (29) sometimes observed in liver dis-
ease in the absence of objective neurological
changes. The threshold of coma, depending on
the magnitude of the insult and previous efficiency
of cerebral and peripheral tissue ammonia re-
moval, is therefore unlikely to be closely related
to blood ammonia concentrations, which reflect
ammonia derived from the gastrointestinal tract
modified by endogenous uptake and release at
yarious sites.

Evidence of derangement of intermediary me-
tabolism by ammonia was obtained by the ad-
ministration of ammonium chloride to patients
with liver disease. The elevation of blood pyru-
vate and a-ketoglutarate in response to this pro-
cedure suggests that the high keto-acid values
found in hepatic coma were also related to im-
paired ammonia metabolism, although imperfect
metabolism by a failing liver (30) may be an ad-
ditional factor. Biochemical interpretation of

these changes is difficult as pyruvate and a-keto-
glutarate may be involved simultaneously in more
than one reaction.

The rise in pyruvate and a-ketoglutarate con-
centrations in response to ammonium chloride in-
fusion in liver disease is compatible with a defect
in intermediary metabolism (11). It is therefore
relevant that Amatuzio, Shrifter, Stutzman, and
Nesbitt (31) demonstrated accumulation of blood
pyruvate in response to glucose infusion in hepatic
coma, a finding which would be in accord with in-
hibition of final glucose oxidation by the high
blood ammonia content in this condition. The de-
layed fall in pyruvate values found in control sub-
jects receiving ammonium chloride could result
from utilization of pyruvate in the tissues for
transamination reactions.

Additional biochemical findings in hepatic coma
compatible with deranged ammonia metabolism
include high blood concentrations of glutamine
(32), asparagine (33), and other amino acids, all
of which may reflect increased amidation and
transamination involved in disposal of ammonia.
Precise details of the metabolic disorder still re-
main uncertain and our investigation failed to sup-
port or exclude the theory of cerebral a-ketogluta-
rate depletion (8). Augmentation rather than re-
moval of peripheral blood a-ketoglutarate occurred
in response to ammonium chloride administration
in patients with liver disease and greatly increased
amounts were available in the blood in hepatic
coma. Nevertheless, the "blood-brain barrier"
(34) may prevent replenishment of this keto-acid
in the brain from peripheral blood (8). Examina-
tion of the spinal fluid revealed comparatively
small quantities of a-ketoglutarate, which is com-
patible with the hypothesis that it passes from
blood to spinal fluid with difficulty, but the
higher concentrations present in hepatic coma fail
to exclude its availability to the brain.

Certain practical points are emphasized by this
investigation. It was confirmed that similar clini-
cal and biochemical abnormalities occur in hepatic
coma regardless of the etiology of the liver disease
or nature of the precipitating factor (7). Blood
ammonia estimations, particularly arterial concen-
trations, may be of diagnostic assistance in the
fasting patient, but the close relationship postu-
lated between arterial values, tissue uptake of am-
monia and clinical status (9) was unreliable be-
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cause blood ammonia concentrations reflect the
amount of ammonia entering the circulation from
the gastrointestinal tract and elsewhere, modified
by release as well as uptake in various tissues, and
the relationship between these factors is variable.
The results of this investigation suggest the em-

ployment of antibiotics in treatment of hepatic
coma (35). Glutamic acid also reduces blood
ammonia values (36, 37) and its variable effect
as a therapeutic agent may in part be due to rela-
tive impotence in the presence of a large influx of
ammonia in the non-protein-deprived patient or

the transient nature of its action in severe liver
disease (38). On the other hand, its precursors,

ammonia and a-ketoglutarate, were found in ex-

cess in peripheral blood in hepatic coma and ele-
vated concentrations of glutamic acid itself have
been reported in this condition (39). It appears

from these considerations that assessment of any

agent in the therapy of hepatic coma should be
compared with the effect of protein deprivation
and include estimations of arterial ammonia con-

centrations while also taking into account the
importance of nitrogenous material in the gastro-
intestinal tract.

SUMMARY

1. In 27 patients studied in hepatic coma, blood
ammonia concentrations were more frequently
elevated in the artery than in the peripheral vein,
but a good correlation with clinical status was evi-
dent at neither site. Fasting patients with un-

complicated liver disease had normal blood am-

monia concentrations and the height of arterial
values in hepatic coma was broadly related to the
amount of nitrogenous material in the intestines.
Values fell towards normal with protein withdrawal
and broad spectrum antibiotic therapy, but a later
elevation occurred in fatal cases, despite continu-
ation of this regimen. The origin of this ammonia
was uncertain and could only sometimes be at-
tributed to release from brain or muscle.

2. Uptake of ammonia by peripheral tissues was

impaired in liver disease relative to normal ca-

pacity. During the late stages of coma, poor up-

take, equilibrium or release of ammonia by periph-
eral tissues or brain occurred, despite high arterial
concentrations.

3. Elevation of blood pyruvate and a-ketoglu-
tarate values paralleled the high blood ammonia

concentration in hepatic coma. A rise in blood
concentrations of these keto-acids followed the
administration of ammonium chloride to patients
with liver disease, but did not take place in con-
trol subjects. It is suggested that the high con-
centrations of keto-acids in hepatic coma repre-
sent a defect in intermediary metabolism due to
impaired utilization of ammonia and faulty re-
moval from the blood by a diseased liver. Con-
centrations of pyruvate in cerebro-spinal fluid
were comparable to those in arterial blood, but
relatively small amounts of a-ketoglutarate were
found there, although values were above normal
in hepatic coma.

4. The significance of blood ammonia concen-
trations in hepatic coma must take into account
ammonia entering the system from the gastroin-
testinal tract, uptake or release of ammonia at
various sites and the possibility of pre-existing
defects in ammonia utilizing systems. Protein
withdrawal with broad spectrum antibiotics ef-
fectively reduced blood ammonia values.
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