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ABSTRACT

Background Ornithine transcarbamylase is an
X-linked mitochondrial enzyme that catalyzes the
synthesis of citrulline from carbamoyl phosphate
and ornithine. A deficiency of this enzyme leads to
hyperammonemia and hyperglutaminemia. In boys
the disease is often fatal when its onset occurs dur-
ing the neonatal period, but it is milder when onset
occurs later in childhood. Heterozygous girls may be
normal or may have episodes of hyperammonemic
encephalopathy and decline in cognitive function.
We report here on the long-term outcome in girls
with ornithine transcarbamylase deficiency enrolled
in studies of treatments designed to activate new
pathways of waste-nitrogen excretion.

Methods We studied 32 girls (age, 1 to 17 years)
with ornithine transcarbamylase deficiency who had
had at least one episode of encephalopathy. The pa-
tients were assigned to treatment that consisted of
sodium benzoate, alone or in combination with so-
dium phenylacetate or sodium phenylbutyrate, or
sodium phenylbutyrate alone. Collaborating physi-
cians provided clinical, metabolic, and developmen-
tal data at specified intervals.

Results Patients treated according to these proto-
cols had greater than 90 percent survival at five
years and maintained appropriate weight for height.
The frequency of hyperammonemic episodes de-
creased with increasing age and with sodium phen-
ylacetate or sodium phenylbutyrate treatment. Al-
though the mean 1Q before treatment was in the low
average range, 19 of the 23 girls in whom intelli-
gence was tested longitudinally had stable test
scores.

Conclusions Girls with symptomatic ornithine
transcarbamylase deficiency who are treated with
drugs that activate new pathways of waste-nitrogen
excretion have fewer hyperammonemic episodes
and a reduced risk of further cognitive decline.

(N Engl J Med 1996;335:855-9.)
©1996, Massachusetts Medical Society.

RNITHINE transcarbamylase (ornithine
carbamoyltransferase) deficiency is an
X-linked disorder in which the synthesis
of citrulline, and hence urea, from car-
bamoyl phosphate and ornithine is impaired. The
consequences include hyperammonemia, hyperglu-
taminemia, hypoargininemia, hypocitrullinemia, and
episodic encephalopathy that, if uncontrolled, re-
sults in brain injury and death. The most dramatic
form of the disease occurs in newborn boys as cata-
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strophic hyperammonemic encephalopathy; hemizy-
gous males who survive the neonatal period have a
poor neurologic outcome, with a high incidence of
mental retardation, cerebral palsy, and seizures.! It is
now apparent, however, that the disease may occur
in males from the neonatal period through adult-
hood,? with late-onset disease associated with a
milder phenotype.? This variable phenotypic expres-
sion in males is presumably a result of different mu-
tant alleles, some of which permit residual ornithine
transcarbamylase activity.

Clinical manifestations in females carrying a mu-
tation at the ornithine transcarbamylase locus range
from apparent normality to profound neurologic
impairment.* Thirteen symptomatic girls ranging in
age from 6 months to 14 years at the time of diag-
nosis all had a history of irritability, vomiting, and
lethargy, and most avoided dietary protein.5 Ataxia,
progressive encephalopathy, developmental delay, and
delayed physical growth each occurred in at least five
of the girls, and three had seizures. Five of the 13
girls had IQs of less than 70 at the time of diagnosis,
and IQ testing several months later indicated that
another 4 had borderline mental retardation (IQ, 70
to 84). Variable expression in females is most likely
a function of the proportion of hepatocytes in which
the active X chromosome bears the mutant allele, al-
though different mutant alleles may also have vary-
ing effects.

Therapy for this disease is directed at decreasing
the requirement for urea biosynthesis by decreasing
dietary nitrogen intake and by increasing waste-
nitrogen excretion (Fig. 1). The latter may best be
done by prescribing sodium phenylbutyrate, a pre-
cursor of sodium phenylacetate that conjugates with
glutamine to yield phenylacetylglutamine, a waste-
nitrogen compound that is rapidly excreted in the
urine. For patients treated with phenylbutyrate who
have residual ornithine transcarbamylase activity, ni-
trogen is diverted from the urea cycle and endoge-
nous urea synthesis is suppressed. However, the urea
cycle remains functional and may be reactivated to
maintain nitrogen homeostasis.® We report here on
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Figure 1. Biochemistry of Ornithine Transcarbamylase Defi-
ciency and Its Treatment.

Ornithine transcarbamylase and other urea-cycle enzymes cat-
alyze the incorporation of nitrogen not used for net synthetic
purposes into urea; aspartate and ammonium are the nitrogen
donors. When urea synthesis is impaired by ornithine transcar-
bamylase deficiency (blocked arrow), the administration of so-
dium phenylbutyrate activates the biosynthesis of phenylacetyl-
glutamine, which replaces urea as a waste-nitrogen product;
glutamine is the nitrogen donor. The asterisks denote the num-
ber of nitrogen atoms.

the long-term outcome in 32 girls with symptomat-
ic ornithine transcarbamylase deficiency who were
enrolled in therapeutic trials of sodium phenylace-
tate and related compounds before 1991.

METHODS
Enroliment

From 1979 through 1990, 59 girls less than 18 years of age
were referred to the Johns Hopkins Hospital for the evaluation of
symptomatic ornithine transcarbamylase deficiency. The diagnosis
of ornithine transcarbamylase deficiency was based on orotic aci-
duria during hyperammonemia and a normal plasma amino acid
profile except for increased glutamine and alanine concentrations
and decreased citrulline and arginine concentrations. All the pa-
tients had had at least one episode of encephalopathy; hepatic or-
nithine transcarbamylase activity, as measured in 16 patients, ranged
from undetectable to 20 percent of normal.

A total of 39 girls were enrolled in a series of protocols ap-
proved by the Food and Drug Administration (FDA) and the in-
stitutional review boards of the hospitals where they received
treatment; informed consent was obtained from all the patients
or their parents. Thirty-three girls were white, one was black,
three were Hispanic, and two were of mixed racial or ethnic back-
ground. They ranged in age from 1 to 17 years (median, 5). In
10 patients the disease was diagnosed at the onset of symptoms;
in the other 29 it was diagnosed from 2 months to 12 years (me-
dian, 16 months) after the onset of symptoms.

Physicians at 28 institutions in North America and South Amer-
ica collaborated with the authors. Those physicians periodically
provided clinical, metabolic, and developmental data, in addition
to an assessment of the patients” compliance with therapy. Of the
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39 patients, 7 withdrew before five years of follow-up; data on the
remaining 32 are presented here.

Therapeutic Protocols

There were three successive drug-treatment protocols,” each
representing an improvement in the efficacy of waste-nitrogen ex-
cretion. Patients and physicians were offered the opportunity to
adopt the modified protocols as they became available. Protocol
1 (1980 to 1984) included 11 patients (35 patient-years) who re-
ceived sodium benzoate (0.25 g per kilogram of body weight per
day). Protocol 2 (1984 to 1987) included 22 patients (81 pa-
tient-years) who received both sodium benzoate (0.25 g per kilo-
gram per day) and sodium phenylacetate or sodium phenylbu-
tyrate (0.25 to 0.30 g per kilogram per day). Protocol 3 (1987
to 1996) included 28 patients (165 patient-years) who received
sodium phenylbutyrate (0.45 to 0.60 g per kilogram per day or
9.9 to 13.0 g per square meter of body-surface area per day). Each
protocol included treatment of hyperammonemic encephalopathy
with intravenous sodium benzoate and sodium phenylacetate as
needed® and a reduction of dietary protein intake to the mini-
mum recommended for the patient’s age. The diets were supple-
mented with arginine (free base) or citrulline (174 mg per kilo-
gram per day or 3.8 g per square meter per day); essential amino
acid supplementation was not recommended.

To monitor growth and assess nutritional status, the software
program Anthro, version 1.01,° was used to calculate age-specific
z scores (the number of standard deviations above or below the
mean) for each measurement. Descriptive statistics were calculat-
ed with SPSS for Windows, version 6.1.

Cognitive Measurements

Standardized intelligence tests were administered to 23 girls at
least twice after treatment was begun. Of the nine girls who did
not undergo sequential testing, four were profoundly retarded
at the time of enrollment. The tests were the Cattell Infant In-
telligence Test, McCarthy Scales of Children’s Abilities, Slosson
Intelligence Test, Stanford-Binet Intelligence Scale (forms LM
and IV), Wechsler Preschool and Primary Scale of Intelligence
(WPPSI), Wechsler Intelligence Scale for Children — Revised
(WISC-R), Wechsler Intelligence Scale for Children — IIT (WISC-
I1T), and Wechsler Adult Intelligence Scale — Revised (WAIS-R).
The results of the first test administered after the patient began
treatment were used as the base-line measure of intelligence, and
the most recent test results were used to assess changes in 1Q. The
length of time between the tests ranged from 1.1 to 11.2 years.

RESULTS
Survival

There were 3 deaths among the 32 patients. One
patient, who was profoundly retarded and had severe
cerebral palsy, died of aspiration pneumonia in the
absence of hyperammonemia after 11 months of
therapy. One patient died during a hyperammone-
mic episode at 16 years of age, four years after diag-
nosis; her intellectual level was average when tested
after two years of treatment. Anecdotal information
suggests that the ingestion of an abortifacient may
have contributed to her terminal hyperammonemic
episode. In the third patient the disease was diag-
nosed at 14 months of age; despite excellent com-
pliance with treatment, she had numerous hyperam-
monemic episodes and died at 8 years of age during
hospitalization for hyperammonemia unresponsive
to treatment.
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Anthropometric Measurements

The mean (£SD) birth weight of the patients was
3.8%£0.8 kg. At the time of enrollment, the mean
weight-for-age and height-for-age z scores were slight-
ly below the mean derived from National Center for
Health Statistics and Centers for Disease Control
and Prevention reference data!®; these findings were
consistent with the history of poor weight gain,
weight loss, and delayed growth noted at the time
of diagnosis.

We calculated mean z scores for five-year age in-
tervals (Table 1) and five-year treatment intervals
(data not shown), because the age at entry varied
among the patients. Both height-for-age and weight-
for-age z scores for the patients in this study were
below the mean (i.e., below zero) but remained rel-
atively constant with increasing age. The z scores for
weight for height were above the mean, indicating
that although these patients tended to be small,
their weight was appropriate for their height.

Hyperammonemic Episodes

After enrollment, 23 patients had episodes of hy-
perammonemia requiring hospitalization for intrave-
nous sodium benzoate and sodium phenylacetate
therapy (Table 2).8 The patients receiving phenylace-
tate or phenylbutyrate (protocol 2 or 3) had fewer
episodes than those receiving sodium benzoate alone
(protocol 1). This observation is consistent with ev-
idence from patients with other urea-cycle defects!!
and confirms that phenylacetylglutamine is superior
to hippurate as a waste-nitrogen vehicle.¢

Treated girls under five years of age had an average
of one episode of hyperammonemia per year (Table
3). This frequency declined with increasing age, sug-
gesting that the risk decreases during puberty. Dur-
ing the 29 patient-years of treatment for patients 20
years of age or older, only three hyperammonemic
episodes occurred. This trend was similar for all
three protocols, suggesting that the risk of hyperam-
monemia decreases with increasing age, independ-
ently of therapy.

There was wide variation among patients in the
frequency of episodes. Nine patients had no hyper-
ammonemic episodes after enrollment; their mean
length of treatment was seven years. Twenty patients
had 1 episode or less per year (mean, 0.4 episode;
range, 0.1 to 1.0); their mean length of treatment
was eight years. The remaining three surviving pa-
tients each had 10 or more hyperammonemic ep-
isodes; their average length of treatment was 11
years, and the frequency of episodes ranged from 1 to
3 per year.

Cognitive Development

At the time of initial testing, the IQ scores of the
23 girls in whom intelligence was tested longitudi-
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TABLE 1. ANTHROPOMETRIC MEASUREMENTS IN GIRLS
WITH ORNITHINE TRANSCARBAMYLASE DEFICIENCY,
ACCORDING TO AGE.*

Mean TivE
AFTER INITIATION No. oF
No. oF oF TREATMENT  IMEASURE- Mean

MEASUREMENT PATIENTS (YR) MENTS Z SCORE
Height-for-age z-score

distribution
<5yr 16 14+0.9 39 —-0.7x1.2
5-9.9 yr 20 3.8+19 66 -0.9%0.9
10-14.9 yr 15 7.6+3.3 62 —-0.6=1.0
15-19.9 yr 13 7.6+4.1 28 -0.7%£0.8
Weight-for-age z-score

distribution
<5yr 17 1.4+0.9 43 -0.6x1.6
5-9.9 yr 21 3.9+2.0 73 —-04*1.2
10-14.9 yr 15 7.5+3.3 65 —-02*=1.1
15-19.9 yr 13 7.2+4.1 28 -0.1x1.2
Weight-for-height

z-score distributiont
<5yr 15 1.4+0.9 38 0.1x1.4
5-9.9 yr 20 3.8%t1.9 60 0.5+1.3

*Plus—minus values are means *=SD.

tWeight-for-height z scores are calculated from birth to the age of 10
years.$

TABLE 2. HYPERAMMONEMIC EPISODES DURING TREATMENT
OF GIRLS WITH ORNITHINE TRANSCARBAMYLASE DEFICIENCY,
ACCORDING TO THERAPEUTIC PROTOCOL.*

No. oF FREQUENCY
THERAPEUTIC NoO. OF  HYPERAMMONEMIC PATIENT-YEARS (EPisoDES/
ProTOCOL  PATIENTS EPISODES OF TREATMENT  PATIENT-YEAR)
1 11 25 35 0.7
2 22 32 81 0.4
3 28 76 165 0.5
Total 61 133 281 0.5

*Data for Patient 3 were omitted from the calculations because she had
more than 20 hyperammonemic episodes during treatment in protocols 1
and 2, despite excellent compliance.

TABLE 3. HYPERAMMONEMIC EPISODES DURING TREATMENT
OF GIRLS WITH ORNITHINE TRANSCARBAMYLASE DEFICIENCY,
ACCORDING TO AGE.*

No. oF FREQUENCY
AGE No. oF  HYPERAMMONEMIC ~ PATIENT-YEARS (EPisoDES/
(YR) PATIENTS EPISODES OF TREATMENT  PATIENT-YEAR)
<5 16 39 40 1.0
5-99 21 44 81 0.5
10-14.9 19 29 75 0.4
15-19.9 18 18 57 0.3
=20 8 3 29 0.1
Total 82 133 281 0.5

*Data for Patient 3 were omitted from the calculations because she had
more than 20 hyperammonemic episodes during treatment in protocols 1
and 2, despite excellent compliance.
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nally ranged from 56 to 111 (mean, 84), with 10
girls having scores below 80. At follow-up, their
scores ranged from 36 to 116. The correlation be-
tween the IQ scores at initial testing and follow-up
was 0.9 (P<0.001). Of the 23 girls, only 4 had
changes in IQ that exceeded 15 points (the equiva-
lent of 1 SD); these were all decreases. The change
in IQ was not affected by the length of the interval
between tests, the age at first testing, the initial 1Q,
or the number of years of treatment. The change in
1Q in relation to the interval between tests is shown
in Figure 2.

Scores on the verbal and performance subtests
were compared in the 13 girls who had these tests
more than once. At initial testing, 6 of the 13 had
significantly higher verbal than performance scores.
The differences ranged from 14 to 23 points; a
difference of 15 points was statistically significant
(P=0.01). All six girls had a narrowing of the ver-
bal-performance difference on their second test, as
did two other girls whose verbal-performance dif-
ference was small at initial testing. Greater verbal—
performance differences were not related to the age
at first testing or to the overall IQ score.

DISCUSSION

We report here on the long-term outcome of
symptomatic girls with ornithine transcarbamylase
deficiency who were treated with drugs that provide
an alternative vehicle for waste-nitrogen excretion.
Each had had at least one episode of potentially life-
threatening encephalopathy before enrollment, and
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Figure 2. Change in 1Q Score for 23 Girls with Ornithine Trans-
carbamylase Deficiency Who Had at Least Two Intelligence
Tests after Enrollment in the Treatment Protocols.

Each point represents the change in 1Q for one girl during the
time indicated on the abscissa. At initial testing the girls ranged
in age from 2 to 18 years, and their 1Q scores ranged from 56 to
111. At follow-up testing, their scores ranged from 36 to 116.
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all presumably remained vulnerable to episodic hy-
perammonemia. The goal of treatment was to im-
prove survival and maintain cognitive functioning by
reducing the risk of hyperammonemic episodes.
The authors, funding agencies, and the Johns
Hopkins Joint Committee on Clinical Investigations
all agreed that ethical issues precluded a controlled
clinical trial to compare the outcomes in treated and
untreated girls. Thus, there are no studies of untreat-
ed girls with symptomatic ornithine transcarbam-
ylase deficiency with which these results can be com-
pared. However, historical data suggest a high rate
of mortality from coma among untreated carrier
females'?; among a selected group from 17 pedi-
grees, 9 deaths occurred during 11 episodes of coma
(82 percent mortality). In our study over 90 percent
of the girls treated according to these protocols sur-
vived for at least five years, suggesting that the treat-
ment reduced the frequency of hyperammonemic
encephalopathy and the consequent risk of death.
Treatment with sodium phenylacetate or sodium
phenylbutyrate, which activates the synthesis of phen-
ylacetylglutamine containing two waste-nitrogen at-
oms (Fig. 1), decreased the frequency of hyper-
ammonemic episodes by approximately 40 percent,
as compared with treatment with sodium benzoate,
which activates the synthesis of a product containing
only one waste-nitrogen atom. This suggests that
treatment that improves waste-nitrogen excretion
stabilizes plasma ammonium concentrations and re-
duces the frequency of hyperammonemic episodes
in these patients. Although it would have been de-
sirable to compare the frequency of episodes before
and after treatment began, such a comparison was
hampered both by the wide phenotypic variation
among these patients and by the difficulties of ret-
rospectively interpreting physicians’ and parents’ de-
scriptions of lethargy, irritability, and sleepiness.
Historical data suggest that subtle cerebral dam-
age may occur in untreated carriers, despite the ab-
sence of overt symptoms.* Our findings that four
patients were profoundly retarded at or shortly after
diagnosis and that the initial mean IQ score among
those tested repeatedly was only 84 (low average)
support the hypothesis that many, if not all, untreat-
ed symptomatic girls are on a trajectory of cognitive
decline. Our analysis of intelligence-test perform-
ance clearly indicates that intellectual functioning
has remained stable for more than 80 percent of the
23 girls enrolled in these treatment protocols in
whom intelligence was tested longitudinally. Fur-
ther, the change in IQ in three of the four girls who
had a substantial decline may be a testing artifact,
resulting in part from use of two different forms of
the Stanford—Binet test (LM and IV)!3 and Wechs-
ler Intelligence Scale for Children (WISC-R and
WISC-III).14
Although these results suggest that treatment that
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reduces the risk of hyperammonemic episodes is ef-
fective in improving survival and stabilizing cognitive
functioning, the treatment outcome for any individ-
ual girl cannot be predicted and is most likely due to
a combination of unmeasurable factors, including re-
sidual ornithine transcarbamylase activity, the degree
of adherence to a low-protein diet, the degree of
compliance with the therapeutic regimen, environ-
mental stresses, and genetic factors. It is also impor-
tant to note that our results are limited to girls whose
symptoms brought them to the attention of a referral
center; whether ostensibly normal heterozygous girls
might benefit from treatment is not known.

Supported by grants from the National Institutes of Health (HD11134,
HD26358, and HD29004) and the Food and Drug Administration
(FDR000198).

Dr. Brusilow has an indirect equity interest in and is an employee of Ucy-
clyd Pharma, which will be marketing sodium phenylbutyrate. He also re-
ceives royalties from the sales of sodium benzoate—sodium phenylacetate
(Ucephan, McGaw).

We are indebted to Mrs. Ellen Govdes for her excellent technical
assistance and to Drs. W. Adkins, P. Arn, G. Arnold, B. Barron,
D. Bartholomew, G. Davidson, C.-T. Fony, ]. Fox, N. Glick, E. Gue-
vara, C. Harding, J. Heubi, L. Hill, A. Horwich, ]. Irvine, D. Kerr,
M. Korson, C. Leonard, H. Levy, P. Mamunes, R. Matalon, M. Mil-
ler, L. Mosovich, J. Munser, J. Nicholson, A. Rachmel, W. Rhead,
L. Rutledge, R. Saborio, J. Sharp, R. Sprunk, R. Stone, J. Thoene,
R. Wappner, J. Ward, S. Werlin, C. Wharton, L. Wong, and
A. Zinn for participating in this collaborative study.

REFERENCES

1. Msall M, Batshaw ML, Suss R, Brusilow SW, Mellits ED. Neurologic
outcome in children with inborn errors of urea synthesis: outcome of urea-
cycle enzymopathies. N Engl ] Med 1984;310:1500-5.

2. Brusilow SW. Urea cycle disorders: clinical paradigm of hyperammone-
mic encephalopathy. In: Boyer JL, Ockner RK, eds. Progress in liver dis-
case. Vol. 13. Philadelphia: W.B. Saunders, 1995:293-309.

3. Finkelstein JE, Hauser ER, Leonard CO, Brusilow SW. Late-onset or-
nithine transcarbamylase deficiency in male patients. J Pediatr 1990;117:
897-902. [Erratum, J Pediatr 1991;118:326.]

4. Batshaw ML, Roan Y, Jung AL, Rosenberg LA, Brusilow SW. Cerebral
dysfunction in asymptomatic carriers of ornithine transcarbamylase defi-
ciency. N Engl ] Med 1980;302:482-5.

5. Rowe PC, Newman SL, Brusilow SW. Natural history of symptomatic
partial ornithine transcarbamylase deficiency. N Engl ] Med 1986;314:
541-7.

6. Brusilow SW, Finkelstein JE. Restoration of nitrogen homeostasis in a
man with ornithine transcarbamylase deficiency. Metabolism 1993;42:
1336-9.

7. Brusilow SW, Maestri NE. Urea cycle disorders: diagnosis, pathophysi-
ology, and therapy. Adv Pediatr 1996;43:127-70.

8. Brusilow SW, Danney M, Waber 1], et al. Treatment of episodic hyper-
ammonemia in children with inborn errors of urea synthesis. N Engl ] Med
1984;310:1630-4.

9. Sullivan KM, Gorstein J. ANTHRO: software for calculation of pediat-
ric anthropometry, version 1.01. Atlanta: Centers for Disease Control,
1990 (software and manual).

10. Dibley MJ, Goldsby JB, Stachling NW, Trowbridge FL. Development
of normalized curves for the international growth reference: historical and
technical considerations. Am J Clin Nutr 1987;46:736-48.

11. Maestri NE, Clissold DB, Brusilow SW. Long-term survival of patients
with argininosuccinate synthetase deficiency. J Pediatr 1995;127:929-35.
12. Batshaw ML, Msall M, Beaudet AL, Trojak J. Risk of serious illness in
heterozygotes for ornithine transcarbamylase deficiency. J Pediatr 1986;
108:236-41.

13. Sattler JM. Assessment of children revised and updated. 3rd ed. San
Diego: JM Sattler, 1992.

14. Wechsler D. Manual for the Wechsler Intelligence Scale for Children.
3rd ed. San Antonio, Tex.: Psychological Corporation, 1991.

Volume 335 Number 12 - 859

Downloaded from www.nejm.org on December 6, 2009 . For personal use only. No other uses without permission.
Copyright © 1996 Massachusetts Medical Society. All rights reserved.



