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Abstract

Background: Arginase 1 deficiency (ARG1-D) is a rare, progressive and debili-

tating urea cycle disorder characterized by clinical manifestations including

spasticity, seizures, developmental delay, and intellectual disability. The aim of

this systematic review was to identify and summarize the natural history of

ARG1-D and the unmet needs of patients.

Methods: A comprehensive search of published case reports was undertaken

to identify patients with ARG1-D regardless of interventions, comparisons, or

outcomes. MEDLINE, EMBASE, Cochrane Central Register of Controlled

Trials, and other evidence-based medicine literature databases were searched

on 20 April 2020. Quality was assessed using the Joanna Briggs Institute (JBI)

Critical Appraisal Checklist. (PROSPERO registration: CRD42020212142.)

Results: Onehundred and fifty sevenARG1-Dpatientswere included from111pub-

lications (good overall quality based on JBI's Checklist); 84 (53.5%)weremales.Motor

deficits (including spasticity), intellectual disability, and seizures were reported in

>50% of the cases. Mean age (SD) at diagnosis was 6.4 years and the laboratory find-

ingsmost commonly reported to support diagnosis included elevated plasma arginine

(81.5%), mutation in ARG1 gene through genetic testing (60%), and absence/

reduction of red blood cell arginase activity (51%). Reportedmanagement approaches

mainly included dietary protein restriction (68%), nitrogen scavengers (45%), and

essential amino acid supplements (21%). Author-reported clinical improvement was

documented for 26% of patients, 15% deteriorated, and 19% had limited or no change;

notably, no indication of clinical outcomewas reported for 40% cases.

Conclusion: This review illustrates a significant burden of disease and high-

lights a considerable unmet need for clinically effective treatment options for

patients with ARG1-D.
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1 | INTRODUCTION

Arginase 1 deficiency (ARG1-D), a distinct urea cycle
disorder (UCD), is a debilitating, progressive, inherited
metabolic disease characterized by persistent elevation of
plasma arginine, and is associated with considerable mor-
bidity and early mortality.1–3 UCDs represent a group of
inborn errors of metabolism that impair detoxification of
ammonia.3 Arginase 1 is an enzyme that facilitates the
removal of nitrogen by catalyzing arginine to ornithine in
the last step of the urea cycle.4–6 Its absence results in exces-
sive accumulation of plasma arginine (hyperargininemia).
Excess plasma ammonia (hyperammonemia) also may
occur; however, it is usually less common and less severe
than in the proximal UCDs.4,5,7

Classified as a rare disorder, ARG1-D has been esti-
mated to occur in approximately one in 950 000 births in
contrast to an overall incidence of one in 35 000 for UCDs
in general.8 Clinical manifestations of ARG1-D are hetero-
geneous and include motor deficits such as spasticity and
difficulty in walking, plateauing of intellectual ability, devel-
opmental delays, and seizures.2,6,9–12 Most infants with
ARG1-D do not exhibit any clinical manifestations during
the first year of life; typically, ARG1-D becomes evident
between the ages of 1 and 3 years.4,11 Although the onset of
manifestations varies, all patients progress over time and
many experience loss of motor function and neurological
impairment, and have a reduced quality of life (QoL).2,4,13

ARG1-D can be misdiagnosed as other neurological dis-
eases such as cerebral palsy or hereditary spastic paraplegia
due to similarities in clinical presentation.3,14 Delays in
diagnosis of ARG1-D are also common.15,16 These delays
are largely due to a lack of disease awareness combined
with the variability in disease manifestation. A diagnosis of
ARG1-D is usually based on the clinical profile and plasma
arginine levels and confirmed by genetic testing (identifica-
tion of biallelic pathogenic variants in ARG1) or reduced
arginase enzyme activity in red blood cells (RBCs).17

Affected infants can be identified at birth through newborn
screening,4 however, there are limitations with these pro-
grams (e.g., testing is not offered in many regions, the mate-
rials and equipment may not be available, and there is a
lack of consistent use of appropriate analytical cut-off values
for disease indicators).18,19 Furthermore, false negative
results can occur because plasma arginine may take time to
accumulate in newborns.20

Current treatment recommendations target reducing
plasma arginine and ammonia concentrations.4,21,22 These
treatment approaches include restricting dietary protein
intake and administering essential amino acid [EAA] for-
mula, plus vitamin and mineral supplementation to ensure
nutritional requirements are met, while reducing the flux
of nitrogen through the urea cycle. Nitrogen scavengers

(such as, sodium benzoate, sodium phenylacetate, and glyc-
erol phenylbutyrate) are often prescribed to increase ammo-
nia excretion by providing alternative pathways for its
elimination. In rare cases, ARG1-D is treated by liver trans-
plantation.12,21 Under the guidance of a metabolic dietitian,
food intake must be closely managed; this is often ineffective
in fully controlling plasma arginine because only approxi-
mately 20–25% of arginine is derived from diet23 and highly
restrictive diets are often difficult to adhere to.6,17 Moreover,
the recommended standard of care for ARG1-D is based on
case reports and limited clinical studies and does not address
the issue of endogenous arginine production.12,21,24,25

This systematic literature review (SLR) was conducted
to identify the published evidence and describe the natural
history of ARG1-D, the impact of ARG1-D on patients and
their caregivers, and to examine the effectiveness of avail-
able treatments and unmet needs of patients with ARG1-D.

2 | METHODS

2.1 | Overview

The methods outlined for this systematic review follow those
published in the CochraneHandbook for Systematic Reviews
of Interventions,26 the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) statement,27 and
are in accordance with the United States (US) Food andDrug
Administration's (FDA) meta-analysis draft guidance for
industry.28 A detailed protocol was developed prior to con-
ducting the review andwas registered prospectively in PROS-
PERO (registration ID CRD42020212142). The PROSPERO
protocol and PRISMA checklist are available as online sup-
plementarymaterial.

2.2 | Study eligibility criteria and
identification

Study eligibility criteria were defined in terms of population,
interventions, comparisons, outcomes, and study design
(PICOS). We included case reports of patients with ARG1-D,
regardless of interventions, comparisons, or outcomes.

SYNOPSIS

A significant burden of disease is associated with
Arginase 1 deficiency and there is a considerable
unmet need for clinically effective treatment
options for patients.
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The search was designed to be comprehensive and
capture all case reports of patients with ARG1-D. Terms
for UCDs also were added to capture studies not indexed
under ARG1-D or hyperargininemia. Multiple databases
were searched to identify relevant evidence including

Medical Literature Analysis and Retrieval System Online
(MEDLINE), Excerpta Medica database (EMBASE),
Cochrane Central Register of Controlled Trials, Cochrane
Database of Systematic Reviews, the Health Technology
Assessment Database, EconLit, and National Health Ser-
vice (NHS) Economic Evaluation Database. The searches
were executed on April 20, 2020 according to the system-
atic search strategies; the language of publication was
restricted to English (complete search strategies and
results are presented in supplementary materials). To
supplement the searching of bibliographic databases, ref-
erence lists of relevant studies were reviewed to identify
additional citations of case reports and clinicaltrials.gov
was searched for recent and ongoing studies. An update
of the search was conducted on July 6, 2021 to identify
new publications of case reports and assess whether
recent publications would impact the results of the SLR.

2.3 | Study selection

All unique publications identified through the systematic
review were evaluated in a two-step process to assess
whether they were eligible for data extraction based on
pre-defined inclusion and exclusion criteria. First, two
reviewers independently reviewed all unique titles and
abstracts identified by the search. Records assessed as not
relevant by both reviewers were excluded; records
assessed by both reviewers as definitely or possibly relevant
were retained for full-text review. Second, the eligibility of

FIGURE 1 PRISMA flow diagram

TABLE 1 Patient demographics

Patient demographics

Gender

Male, n (%) 84 (53.5)

Female, n (%) 68 (43.3)

Not reported, n (%) 5 (3.1)

Mean age at diagnosis (n = 99), years
(standard deviation)

6.4 (5.8)

Parental consanguinity

Yes, n (%) 51 (32.4)

No, n (%) 58 (36.9)

Not reported, n (%) 48 (30.5)

Ethnicity/race

African descent/Black, n (%) 3 (1.9)

Asian, n (%) 19 (12.1)

European/White, n (%) 10 (6.3)

Hispanic/Latino, n (%) 31 (19.7)

Middle Eastern, n (%) 11 (7.0)

Malay, n (%) 6 (3.8)

Not reported/not specified, n (%) 77 (49.0)

332 BIN SAWAD ET AL.

http://clinicaltrials.gov


T
A
B
L
E

2
C
lin

ic
al

m
an

if
es
ta
ti
on

s
of

15
7
in
cl
ud

ed
pa

ti
en

ts

C
li
n
ic
al

m
an

if
es
ta
ti
on

s

A
u
th

or
-r
ep

or
te
d
as
se
ss
m
en

t
C
li
n
ic
al

ex
p
er
t
as
se
ss
m
en

ta

Y
es

N
o

So
m
e
in
fo
rm

at
io
n

N
ot

re
p
or
te
d

Y
es

N
o

So
m
e
in
fo
rm

at
io
n

N
ot

re
p
or
te
d

D
ev
el
op

m
en

ta
ld

el
ay
,n

(%
)

58
(3
6.
9)

13
(8
.3
)

17
(1
0.
8)

69
(4
3.
9)

65
(4
1.
4)

16
(1
0.
2)

7
(4
.5
)

69
(4
3.
9)

O
n
se
t
of

de
ve
lo
pm

en
ta
ld

el
ay

by
ag
e
≤
3
ye
ar
s,
n
(%

)
24

(4
1.
4)

–
–

23
(3
9.
7)

25
(3
8.
5)

–
–

29
(1
8.
5)

O
n
se
t
of

de
ve
lo
pm

en
ta
ld

el
ay

by
ag
e
>
3
an

d
≤
5
ye
ar
s,
n
(%

)
8
(1
3.
8)

–
–

8
(5
.1
)

–
–

O
n
se
t
of

de
ve
lo
pm

en
ta
ld

el
ay

by
ag
e
>
5
ye
ar
s,
n
(%

)
3
(5
.2
)

–
–

3
(1
.9
)

–
–

In
te
lle

ct
u
al

di
sa
bi
li
ty

87
(5
5.
4)

16
(1
0.
2)

9
(5
.7
)

45
(2
8.
7)

92
(5
8.
6)

18
(1
1.
5)

2
(1
.3
)

45
(2
8.
7)

O
n
se
t
of

in
te
lle

ct
ua

ld
is
ab
ili
ty

by
ag
e
≤
3
ye
ar
s,
n
(%

)
27

(3
1.
0)

–
–

41
(4
7.
1)

27
(2
9.
3)

–
–

46
(5
0.
0)

O
n
se
t
of

in
te
lle

ct
ua

ld
is
ab
il
it
y
by

ag
e
>
3
an

d
≤
5
ye
ar
s,
n
(%

)
11

(1
2.
6)

–
–

11
(1
2.
0)

–
–

O
n
se
t
of

in
te
lle

ct
u
al

di
sa
bi
lit
y
by

ag
e
>
5
ye
ar
s,
n
(%

)
8
(9
.2
)

–
–

8
(8
.7
)

–
–

M
ot
or

de
fi
ci
ts
,n

(%
)

12
6
(8
0.
3)

4
(2
.5
)

3
(1
.9
)

24
(1
5.
3)

12
7
(8
0.
9)

5
(3
.2
)

1
(0
.6
)

24
(1
5.
3)

O
n
se
t
of

m
ot
or

de
fi
ci
ts
by

ag
e
≤
3
ye
ar
s,
n
(%

)
38

(3
0.
2)

–
–

46
(3
6.
5)

38
(2
9.
9)

–
–

47
(3
7.
0)

O
n
se
t
of

m
ot
or

de
fi
ci
ts
by

ag
e
>
3
an

d
≤
5
ye
ar
s,
n
(%

)
19

(1
5.
1)

–
–

19
(1
5.
0)

–
–

O
n
se
t
of

m
ot
or

de
fi
ci
ts
by

ag
e
>
5
ye
ar
s,
n
(%

)
23

(1
8.
3)

–
–

23
(1
8.
1)

–
–

Sp
as
ti
ci
ty
,n

(%
)

10
8
(6
8.
8)

11
(7
.0
)

0
38

(2
4.
2)

10
8
(6
8.
8)

11
(7
.0
)

0
38

(2
4.
2)

Sp
as
ti
c
pa

ra
pl
eg
ia

(l
ow

er
li
m
bs
),
n
(%

)
10
2
(6
5.
0)

11
(7
.0
)

1
(0
.6
)

43
(2
7.
4)

10
2
(6
5.
0)

11
(7
.0
)

1
(0
.6
)

43
(2
7.
4)

Sp
as
ti
c
qu

ad
ri
pl
eg
ia

(l
ow

er
an

d
u
pp

er
li
m
bs
),
n
(%

)
25

(1
5.
9)

15
(9
.6
)

8
(5
.1
)

10
9
(6
9.
4)

29
(1
8.
5)

15
(9
.6
)

3
(1
.9
)

11
0
(7
0.
1)

Pr
og
re
ss
iv
e
sp
as
ti
ci
ty
,n

(%
)

12
(7
.6
)

0
0

14
5
(9
2.
4)

12
(7
.6
)

0
0

14
5
(9
2.
4)

Im
pa

ir
ed

m
ob

ili
ty
/g
ai
t,
n
(%

)
60

(3
8.
2)

1
(0
.6
)

9
(5
.7
)

87
(5
5.
4)

66
(4
2)

1
(0
.6
)

3
(1
.9
)

87
(5
5.
4)

Se
iz
u
re
s,
n
(%

)
78

(4
9.
7)

19
(1
2.
1)

4
(2
.5
)

56
(3
5.
7)

83
(5
2.
9)

18
(1
1.
5)

0
56

(3
5.
7)

O
n
se
t
of

se
iz
ur
es

by
ag
e
≤
3
ye
ar
s,
n
(%

)
24

(3
0.
7)

–
–

28
(3
5.
8)

26
(3
1.
3)

–
–

31
(3
7.
3)

O
n
se
t
of

se
iz
u
re
s
by

ag
e
>
3
an

d
≤
5
ye
ar
s,
n
(%

)
12

(1
5.
3)

–
–

12
(1
4.
4)

–
–

O
n
se
t
of

se
iz
ur
es

by
ag
e
>
5
ye
ar
s,
n
(%

)
14

(1
7.
9)

–
–

14
(1
6.
8)

–
–

V
om

it
in
g,
n
(%

)
47

(2
9.
9)

9
(5
.7
)

2
(1
.3
)

99
(6
3.
1)

49
(3
1.
2)

9
(5
.7
)

0
99

(6
3.
1)

So
m
at
ic
gr
ow

th
de
la
y,
n
(%

)
35

(2
2.
3)

3
(1
.9
)

19
(1
2.
1)

10
0
(6
3.
7)

39
(2
4.
8)

14
(8
.9
)

4
(2
.5
)

10
0
(6
3.
7)

M
ic
ro
ce
ph

al
y,
n
(%

)
24

(1
5.
3)

6
(3
.8
)

22
(1
4.
0)

10
5
(6
6.
9)

27
(1
7.
2)

25
(1
5.
9)

0
10
5
(6
6.
9)

A
bb

re
vi
at
io
n
:N

A
,n

ot
ap

pl
ic
ab
le
.

a C
lin

ic
al

ex
pe
rt
as
se
ss
m
en

t
en

ta
ile

d
co
n
fi
rm

in
g
th
e
au

th
or
-r
ep
or
te
d
as
se
ss
m
en

t
cl
as
si
fi
ca
ti
on

s
an

d
cl
as
si
fy
in
g
da

ta
w
it
h
so
m
e
in
fo
rm

at
io
n
as

“Y
es
”
or

“N
o.
”
A
n
ex
am

pl
e
of

“s
om

e
in
fo
rm

at
io
n
”
in
cl
u
de
d
ca
se

re
po

rt
s

w
as

w
h
en

h
ea
d
ci
rc
um

fe
re
n
ce

m
ea
su
re
m
en

ts
w
er
e
re
po

rt
ed
,b

ut
n
ot

as
se
ss
ed

as
n
or
m
al

or
ab
n
or
m
al

by
th
e
au

th
or
s.
F
or

th
es
e
ca
se
s,
th
e
cl
in
ic
al

ex
pe
rt
as
se
ss
ed

w
h
et
h
er

m
ic
ro
ce
ph

al
y
w
as

pr
es
en

t
or

ab
se
n
t
ba
se
d
on

re
vi
ew

of
pa

ti
en

t
ch

ar
ac
te
ri
st
ic
s
(e
.g
.,
ag
e)

an
d
cl
in
ic
al

de
sc
ri
pt
io
n
.

BIN SAWAD ET AL. 333



each full-text publication was assessed by two independent
reviewers, and reasons for exclusion were documented. At
any stage, a third reviewer adjudicated a decision to include
or exclude those publications for which there was uncer-
tainty regarding their eligibility for inclusion.

2.4 | Data collection, quality assessment,
and synthesis

A data extraction template was developed and piloted to
capture study characteristics, patient demographics,
methods of diagnosis, clinical manifestations, treatment
characteristics, and outcomes for all included studies.
Data extraction was conducted by two independent
reviewers and reconciled against the source document by
a third reviewer in case of any discrepancy.

Data were extracted and categorized as reported by the
study authors and confirmed by a clinical expert (G.A.D.).
For instances where information was available, but no for-
mal assessment was made by the study authors, a clinical
expert (G.A.D.) reviewed the information and provided an
assessment if appropriate. For example, if brain imaging
results were not reported as normal or abnormal by the
study authors, the clinical expert reviewed the results and
classified the information. The assessments were reviewed
and confirmed by coauthors. The SLR results that incorpo-
rate clinical expert assessments are presented in addition
to the results reported within the publications.

A quality assessment of individual papers was performed
using the Joanna Briggs Institute (JBI) Critical Appraisal

Checklist for Case Reports (supplementary materials).29 For
each of the eight domains in the checklist, two reviewers
independently determined whether the domain was clearly
discussed or described in the study report. For any domain
for which there was a discrepancy between reviewers, a third
reviewer adjudicated the final assessment.

Data were synthesized descriptively as proportions,
means, and medians as appropriate.

3 | RESULTS

3.1 | SLR summary and PRISMA

The database searches identified a total of 1102 records.
Following deduplication, 911 records underwent title and
abstract screening, of which 271 records were retained
for full-text review. A total of 104 records meeting the eli-
gibility criteria and seven additional records identified
from bibliography searches were included after full-text
review. Overall, 111 publications (90 primary and 21 sec-
ondary records) reporting data on 157 unique cases with
ARG1-D were included in the review (Figure 1).

3.2 | Study characteristics and patient
demographics

Out of 111 included publications, 39 (35.1%) were from
Asia; 35 (31.5%) from Europe; 32 (28.8%) from North
America; four (3.6%) from South America; and one

FIGURE 2 Age of onset of clinical manifestations and diagnosis
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publication from Australia (Table S1). Of the 157 included
patients, 84 (53.5%) were males and 51 (32.4%) were born
of known consanguineous parentage. Ethnicity/race was
reported for 80 patients, of which 31 (19.7%) were Latino,
19 (12.1%) Asian, 11 (7.0%) Middle Eastern, 10 (6.3%)
European/White descent, 6 (3.8%) Malay, and 3 (1.9%)
African descent/Black (Table 1).

3.3 | Clinical manifestations and natural
history

General motor deficits (including spasticity; impaired
mobility/gait; impaired balance/ataxia), intellectual disabil-
ity, and presence of seizures were the most commonly
reported clinical manifestations of ARG1-D (present in
>50% cases). Other clinical manifestations of ARG1-D
included developmental delay (n = 58, 36.9%), impaired
mobility/gait (n = 60, 38.2%), vomiting (n = 47, 29.9%),
microcephaly (n = 24, 15.2%), and somatic growth delay
(n= 35, 22.2%) (Table 2). Clinical manifestations most com-
monly appeared by the age of 0–3 years among cases
reporting age of onset; however, it is worth noting that age
of onset was not reported for 37% of the cases. Developmen-
tal delays were the earliest observed manifestations (mean
2.7 years; median 2.1 years), followed by intellectual dis-
abilities (mean 3.6 years; median 3.0 years), seizures (mean
4.6 years; median 3.5 years), and motor deficits (mean
4.8 years; median 3.8 years) (Figure 2).

3.3.1 | Comparison with clinical expert
assessments

Motor deficits (n= 127, 80.9%) including spasticity (n= 108,
68.8%), intellectual disability (n= 92, 58.6%), and presence of
seizures (n= 83, 52.9%) were also the most common clinical
manifestations per clinical expert assessments (Table 2). The
proportions of clinical manifestations increased by up to 4%
compared with original reviewer extractions since data clas-
sified as “some information” from the publication could be
further classified by the clinical expert.

3.4 | Laboratory values and measures of
investigation

The most common laboratory findings evaluated in
ARG1-D patients were elevation in plasma arginine
levels (n = 128, 81.5%) and elevated blood ammonia
levels (n = 80, 51.0%). Genetic testing was used in
94 (59.9%) patients and measuring the absence of argi-
nase in RBCs was used in 80 (51.0%) patients to confirmT
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diagnosis (Table 3). The mean (standard deviation [SD])
age of diagnosis was 6.4 years (5.8) (Figure 2).

Other reported procedures conducted in this patient
group included electroencephalogram (EEG), which was
reported as abnormal for 43 patients (27.4%) and brain
imaging, which was reported as showing any brain
abnormality for 44 patients (28.0%), most of whom had
evidence of cerebral atrophy (n = 32, 20.4%).

3.4.1 | Comparison with clinical expert
assessments

After assessment by the clinical expert, the proportion of
patients positive for each laboratory findings increased
slightly (1–6%) compared with original author-based data
extraction: genetic testing (95 patients, 60.5%), absence of
RBC arginase activity (82 patients, 52.2%), abnormal EEG
(52 patients, 33.1%), abnormal brain imaging (47 patients,
29.9%), and cerebral atrophy (34 patients, 21.7%)
(Table 3).

3.5 | Treatment and management

Dietary protein restriction, either physician prescribed
(as standard of care) or patient self-selected (protein aver-
sion), was the most frequently reported intervention (68%
of patients). Nitrogen scavengers, namely sodium benzo-
ate, sodium phenylacetate, and sodium phenylbutyrate,
were administered to 70 (44.5%) patients. Less commonly
reported treatments included EAA supplementation
(n = 33, 21.0%), dialysis (n = 8, 5.0%), and liver trans-
plantation (n = 5, 3.1%) (Table S2). Of the five patients
who underwent liver transplantation, none were reported
to have died and three achieved normalization of argi-
nine levels up to 10 years after transplantation.

3.6 | Clinical outcomes and unmet needs

Author-reported assessments indicated global clinical
outcome improvement in 41 (26.1%) patients, whereas
24 (15.3%) patients declined and 30 (19.1%) patients had
no change or limited change; no author-reported out-
come assessment was provided for 62 (39.5%) patients
(Table 4). Clinical outcomes specific to cognitive function
(n = 41, 26.1%), motor function (n = 40, 25.4%), and
somatic growth (n = 23, 14.6%) were reported for only a
small percentage of patients. Hospitalization was
reported for 48 (30.6%) patients and 16 (10.2%) were
reported as deceased at the time of publication (median
age 5.7 years). Of 16 patients who died, the reportedT
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causes of death included cardiac arrest, cerebral edema,
pneumonia/respiratory complications, and/or sepsis. A
notable proportion of outcome data (74–85%) were not
reported across all clinical outcomes (Table 4). None of
the included studies reported information about caregiver
or QoL outcomes.

3.7 | Search update

An update of the searches to capture studies published
since the date of the last search (April 20, 2020) to July
06, 2021 identified 6 new relevant case studies reporting
13 individual cases with ARG1 mutations.30–35 The
results from these studies were consistent with the main
findings presented in this review and further support the
burden of ARG1-D and the need for effective treatments.

3.8 | Quality assessment of included
studies

Using the JBI Critical Appraisal Tool for Case Reports, the
overall quality of 90 included primary records was gener-
ally good, with >60% records scoring “yes” for most
domains (Figure S1). The adverse event domain was
poorly reported across almost all records (89 of 90 records).
The detailed quality assessment for each primary record
can be found in the supplementary materials.

4 | DISCUSSION

Among 157 patients identified from published case reports,
the natural history of ARG1-D was reflected in a multitude
of clinical manifestations, such as developmental delay,
intellectual disability, motor deficits including spasticity and
impaired mobility, and seizures. Developmental delay was
reported between 1 and 3 years of age, followed by intellec-
tual disability, seizures, and motor deficits by 5 years of age.
Diagnosis was often delayed compared with the onset of
manifestations. Dietary protein restriction was the most fre-
quently reported treatment. Current standard of care for
ARG1-D included severe dietary protein restriction, EAA,
and ammonia scavengers. A lack of clinical improvement
with standard treatments were reportedly due to difficulty
with adherence as well as failure to reach plasma arginine
therapeutic goals.

To our knowledge, this is the first systematic review to
summarize the natural history of patients with ARG1-D.
Similar to previous research,13,17,36 this review found that
the hallmark disease indicators of ARG1-D include persis-
tently elevated plasma arginine, the absence or reduction of

arginase activity in RBCs, and a high proportion of dis-
abling motor deficits, particularly spasticity of the lower
limbs. Also consistent with previous research is that the
clinical manifestations of ARG1-D tend to be absent during
newborn and infant ages, and typically first appear during
ages 1–3 years.9,10,13,37 The geographic and ethnic composi-
tion of patients published in literature (20% Hispanic/
Latino, 12% Asia, 7%Middle East) is consistent with known
genetic profiles in which the most common ARG1-D muta-
tions cluster in Brazil, China, and Turkey (the founder vari-
ant is from French Canada).38,39 The disease also was
shown to be progressive, with many patients declining
and/or showing regression of developmental milestones.
Given the progression of ARG-1 in the first years of life and
frequent delays in diagnosis, early detection provides an
opportunity for earlier intervention and positive impact
later in life.38,40,41

Although clinical practice guidelines are available for
UCDs generally, those specific to the care and management
for ARG1-D are limited and tend to closely mirror the recom-
mendations for other UCDs.12 However, focused clinical prac-
tice guidelines for ARG1-D are important because ARG1-D
manifests differently compared with other types of UCDs,
especially with respect to lower rates of hyperammonemia.
Dietary protein restriction was the most commonly reported
intervention among included case reports, which is consistent
with medical consensus to restrict dietary protein intake for
the majority of patients to reduce the arginine and ammonia
levels in the plasma. In some patients, EAAmay be prescribed
to supplement dietary restrictions or nitrogen scavengers may
be prescribed to reduce risk of hyperammonemia. In very
severe cases, liver transplantation may be considered; 3% of
the patients included in this reviewunderwent liver transplan-
tation at the time of the publication.5 Unfortunately, of these
currently available treatment options, none directly address
the underlying disease and there is a paucity of published evi-
dence showing their clinical effectiveness over time. More
recently, newborn screening for ARG1-D has become more
widespread, and it is possible that earlier detection and initia-
tion of treatment could lead to improved clinical outcomes.4

However, among the 157 cases included in this review, only
seven were diagnosed by newborn screening (all published in
2009 or after).

The lack of approved therapies and poor outcomes with
standard of care for ARG1-D highlight a clear unmet need
for clinically effective treatment options for patients with
ARG1-D. Only 15–26% of case studies reported clinical out-
comes after any treatment, with only a minority of studies
reporting any improvement in clinical outcomes, highlight-
ing that the current standard of care alone is inadequate,
and the vast majority of patients fail to experience
sustained clinical benefit. Among the 157 included cases,
clinical manifestations such as motor deficits, intellectual
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disability, and seizures were common, yet few treatment
options were being utilized to address the underlying dis-
ease and none of the current options address the absence
or reduction of arginase activity needed to reduce the level
of arginine in patients with ARG1-D. Novel treatment
options addressing the underlying disease of ARG1-D, such
as the human enzyme therapy pegzilarginase, could have
the potential to improve clinical outcomes and reduce
disease manifestations in patients with ARG1-D.42 The
FDA granted breakthrough therapy designation to
pegzilarginase for the treatment of ARG1-D in 201943 based
on results of a phase I/II clinical trial (NCT02488044) that
suggest treatment with pegzilarginase rapidly and sustain-
ably reduces plasma arginine levels in patients with
ARG1-D to within treatment guideline levels.44-46

There are some considerations that may limit the
interpretation of the results from this SLR. First, data
were derived from case reports only, which are consid-
ered low-level evidence. However, it is acknowledged
that case reports play an important role in elucidating
information about rare disorders because conducting
randomized clinical trials (RCTs) or observational
studies with large sample sizes are often not feasible for
rare diseases.47 Second, inconsistent and heterogeneous
reporting of information across the studies limit the con-
clusions that can be reached based on this sample of
cases and indicate a need for greater adherence to
reporting guidelines for case studies, such as the CARE
(CAse Reporting) guidelines.48 There were large propor-
tions of data elements (diagnostic test, intervention, or
outcomes) that were not reported by individual studies,
which could lead to underestimation of their frequency.
For instance, EAA was reported for 21% of patients while
dietary protein restriction was reported for 68% of
patients. It is well recognized that nearly all patients with
ARG1-D require management with protein restriction to
minimize arginine intake and the majority of these
patients receive supplementation of EAA to maintain
nutritional status.2,12,15 Furthermore, the presence of
some clinical manifestations may be underestimated due
to differences in definitions and descriptions across case
reports. For example, spasticity or impaired mobility in
patients may have been reported only more generally as
having motor deficits in the case reports; hence, data for
these patients would have been extracted as “not reported”
for the specific categories of spasticity and impaired mobil-
ity. Rare disease patient registries, such as the Network for
Intoxication type Metabolic Diseases (E-IMD), could
play an important role in the collection and standardiza-
tion of natural history, clinical, and therapeutic data.49

Finally, no date restriction was employed for including
cases in this review. The included case reports span five

decades (1972–2020). Changes in clinical practice and
developments in the understanding of ARG1-D over
time may have an impact on the treatment and manage-
ment of patients resulting in overall better outcomes of
more recent cases irrespective of specific therapy. How-
ever, regardless of the date of publication, evidence of
the clinical effectiveness of current treatment modalities
was lacking.

5 | CONCLUSIONS

In published case reports, the most commonly reported
treatment approach for ARG1-D was a highly restrictive
diet, followed by nitrogen scavengers, and EAA supple-
ments, which resulted in many patients showing little to
no improvement after onset of disease manifestations,
and many experiencing declining motor and cognitive
function, hospitalization, and/or premature death. This
systematic literature review corroborates findings from
previous publications and highlights the high burden of
disease and large unmet medical need in ARG1-D.
The development of human enzyme therapy, such as
pegzilarginase, may be an important step to treating the
underlying disease, lowering plasma arginine to target
levels, and preventing disease progression.
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