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Abstract: Proximal urea cycle disorders (PUCDs) have adverse outcomes such as intellectual disability
and death, which may benefit from newborn screening (NBS) through early detection and prevention
with early treatment. Ornithine transcarbamylase deficiency (OTCD) and carbamoyl phosphate
synthetase 1 deficiency (CPS1D) are screened in six and eight states in the United States. We analyzed
current evidence to see if it supports inclusion of PUCDs in the NBS panels based upon prevention
potential, medical, diagnostic, treatment, and public health rationales. A literature review was
performed in PubMed using MESH terms for OTCD, CPS1D, and NAGSD. A systematic review
was performed in the hallmark of NBS inclusion criteria. We reviewed 31 articles. Molecular and
biochemical diagnosis is available to provide diagnostic evidence. Untreated PUCDs have a significant
burden with considerable developmental delay and mortality that may improve with early treatment.
Tandem mass spectrometry can be used for NBS for PUCDs; however, citrulline and glutamine
alone are not specific. Medical treatments currently available for PUCDs meet existing medical,
diagnostic, treatment, and public health rationales. Improvement in NBS algorithms to increase
sensitivity and specificity will allow earlier diagnosis and treatment to potentially improve disability
and mortality rates.

Keywords: proximal urea cycle disorders; ornithine transcarbamylase deficiency; carbamoyl
phosphate synthetase 1 deficiency; N-acetyl glutamate synthetase deficiency; neonatal screening;
public health; newborn screening; NBS

1. Introduction

Newborn screening (NBS) is a population-based, preventive public health approach aimed at
the early identification and treatment of certain diseases that otherwise are lethal or chronic and
disabling [1]. The United States Department of Health and Human Services provides a Recommended
Uniform Screening Panel (RUSP); however, each state has individual decision-making for NBS panels.

In Washington State, the Board of Health oversees which diseases are included in the NBS panel
in compliance with the Revised Code of Washington (RCW 70.83.050). In this way, it nominates an
Advisory Committee for the evaluation of each candidate condition. This evaluation is guided by
three main principles: (1) the decision should be supported by evidence; (2) there should be universal
accessibility to diagnostic and therapeutic services; and (3) the advantages of screening for a disease
should exceed the potential harms to children, their families, and society. Likewise, Washington State
has outlined criteria for inclusion of any condition in the NBS panel that address core criteria to guide
implementation of NBS for a condition [2].

1. Public Health Rationale
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2. Diagnostic Testing Rationale
3. Prevention Potential and Treatment Rationale
4. Newborn Screening Rationale [2]

The fifth NBS criterion is cost-benefit/cost-effectiveness and will not be considered in this analysis.
Currently the Washington State NBS panel includes 34 conditions screened for in approximately 83,000
newborns per year through two routine screens with estimates of prevention of death or disability
in 150–200 babies/year [3]. Washington State performs two NBS tests routinely. The first sample is
collected typically between the first 18 to 48 h of life and the second sample within the 7th and 14th
day of life [4]. Positive results on the first screen are typically reported to primary care providers five
to six days after birth (unpublished data from Washington NBS).

Urea cycle disorders (UCDs) are a consequence of defects in the enzymes and the transporters of
the urea cycle, which is the key pathway in elimination of waste nitrogen as ammonia into urea. For the
purpose of this manuscript, we will focus on proximal urea cycle disorders—in fact, 40% of UCD
infants die in the newborn period and 52% have developmental delay at one year of age [5]. Similar to
the RUSP, and most states and nations, the only UCDs included in the Washington State NBS panel
are the distal UCDs: argininosuccinate synthetase deficiency (ASSD, also called citrullinemia type I),
and argininosuccinate lyase deficiency (ASLD, also called argininosuccinic acidemia) [1,4]. Only a
few states include the proximal UCDs (PUCD): ornithine transcarbamylase deficiency (OTCD)—the
most common UCD—carbamoyl phosphate synthetase 1 deficiency (CPS1D), and N-acetylglutamate
synthetase deficiency (NAGSD). PUCDs frequently present in the newborn period and have significant
morbidity and mortality. Critics question if implementation of NBS in PUCDs will improve adverse
outcomes [6], as evidence is unclear if NBS may have any benefit in both early onset (EO, ≤30 days
of life) and late onset (LO, >30 days of life) presentations. Furthermore, it is questionable whether
results will be available early enough to prevent disability or death in all children with EO PUCDS
(note to reader: we use 30 days for this review as our best attempt to provide a definition for early vs.
late onset presentations, noting this is variable and not always clearly defined in many manuscripts,
making analysis difficult).

We report our findings from a retrospective review of currently available literature relating to
PUCDs and their inclusion in NBS—using the principles and rationale from Washington State as proof
of concept.

2. Methods

To elaborate this narrative review, we performed a literature search in PubMed and covered
publications from 1990 to April 2020. We used Medical Subject Headings for OTCD, CPS1D, NAGSD,
analysis, blood, complications, diagnosis, diet therapy, drug therapy, epidemiology, etiology, genetics,
metabolism, mortality, statistics and numerical data, therapy, urine, and screen. We included
observational studies, systematic reviews, randomized controlled trials, and real-world evidence
in English and Spanish. Because we anticipated that outcomes data would be more informative to
assess the criteria outlined by the NBS Program, we excluded case reports and pre-clinical studies.
Publications meeting inclusion criteria were reviewed and analyzed in the hallmark of the inclusion
criteria of Washington State [2]. Even though this is not a systematic review, efforts were made to
follow the PRISMA guidelines (Table S1) [7]. The review of the publications retrieved was performed
by two of the authors. Results regarding the therapeutic and screening rationale were summarized
in Tables. For the public health rationale, we show the results about incidence data, proportions of
neonatal onset, developmental delay and mortality reported in Burgard et al. 2016 and Summar et al.
2008, which are the most complete to our knowledge [5,8].
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3. Results

A total of 404 results were identified; however, 10 were duplicate publications and 360 met
exclusion criteria (Figure S1). A list of the included 31 references are summarized in Table S2.

3.1. Public Health Rationale

The literature was reviewed justifying the current status of population-based vs. risk-based
screening. According to international registries analyzing NBS data, the prevalence of all UCDs
is approximately <1:35,000 in North America. OTCD is the most common PUCD having an
approximate incidence of 1:56,500 (Table S3), making it similar in order, or more common, than many
other commonly accepted distal UCDs and non-UCD NBS conditions currently in many NBS
panels (e.g., very long-chain acyl-coenzyme A dehydrogenase deficiency [9], systemic primary
carnitine deficiency [10], methylmalonic acidemia MMUT [11], propionic academia [12]) [13].
Meanwhile, the incidence of CPS1D and NAGSD is likely less than 1:1,000,000—making these
ultra-rare conditions.

Early presentations are common in CPS1D and OTCD [5]. Among these EO patients, 60% survive
the neonatal period and about 19% of them die by the end of the first year of life. Among the patients
who survive after the first year of life, 47–67% have developmental delay, and 15–20% have a normal
development (Table 1) [5,14].

Table 1. Burden of disease for patients with early onset Urea cycle disorders (UCDs) (Adapted from
Burgard 2015) [5].

Disorder Proportion (PR)
of Early Onset

Outcome of Early Onset Patients Who Survived
to 1 Year of Age

n PR (95%CI) n Mortality
PR (95% CI)

Developmental Delay
PR (95% CI)

Normal
PR (95% CI)

CPS1D 148 0.75
(0.61–0.88) 23 0.34

(0.18–0.54) 0.47 (0.3–0.68) 0.20
(0.07–0.38)

OTCD Males 517 0.52
(0.39–0.65) 44 0.18

(0.01–0.44) 0.67 (0.35–0.88) 0.15 (0–0.39)

OTCD
Females 434 0.07

(0.03–0.11) 3 n/a n/a n/a

CI = 95th percentile confidence interval.

Furthermore, even though OTCD is an X-linked recessive disorder, two studies report 19% and
22% of symptomatic newborns with EO OTCD are female, higher than historical estimates [15,16].
One study reports 79% of OTCD males and 96% of OTCD females may remain asymptomatic at 6 days
of life, theoretically enabling NBS to prevent first symptoms [17].

The epidemiology of LO UCDs is less clear due to nonspecific symptoms and missed diagnoses,
but it has been estimated to affect approximately 50% of PUCDs [18,19]. Lower mortality and
developmental delay rates are seen in LO presentations (Table 2) [16,20]. OTCD provides the best
available information on LO presentations, being more common (70%–78%) and primarily diagnosed
between 1 month and 16 years old (82.5%), with ammonia and glutamine levels ranging between 60 to
500 µmol/L and from 570 to 8175 µmol/L, respectively (Brassier 2015). Females are most frequently
affected in the LO group (60%–71%) [15,16].
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Table 2. Outcomes in proximal urea cycle disorders and ornithine transcarbamylase deficiency (OTCD).

Year
(Study Period) Participants Treatment Mortality Mortality for

OTCD Developmental Delay

2007
(1980–2005)

[21]

299 patients,
EO 31.2%,
LO 68.8%,
OTCD 654

SB, SP,
D 35%

EO 27 %
LO 6%,

After 1st episode:
OTCD EO 39.5%
OTCD LO 8%;

N/A

2008
(1982–2003) [8]

260 patients,
EO 34%,
LO 66%,

PUCD 178,
DUCD 79,
OTCD 142,

SB, SPB

Overall: 65%
EO 32%

LO 10–20%
PUCD 26–47%

DUCD 22%

OTCDm 47%
OTCDf 26% N/A

2012
(1999–2009)

[22]

177 patients,
EO 43.5%,
LO 51.4%,
139 PUCD,
38 DUCD,
57 OTCD

AA, SC,
HF, LT.

EO 16%
LO 10%

PUCD 12%
DUCD 10%

OTCD EO (5 y)
14%

OTCD LO (5 y)
8%

LT patients: 14% of those
with peak ammonia

between 60–180 µmol/l
and in 51% of those with

peak ammonia
>360 µmol/L

2013
(2001–2012)

[23]

23 patients,
13 PUCD,
10 DUCD,
8 OTCD

LT 0% over 5 years N/A

48% (similar to
pretransplant)

PUCD 60% (6/10)
DUCD 46% (6/13)

2014
(2012–2013)

[16]

104 patients,
EO 25.9%,
LO 61.5%,
70 PUCD,
34 DUCD,
67 OTCD

AA, SC 3%
OTCD EO 40%

(2/5)
OTCD LO 0%

OTCD EO unknown
OTCD LO 48 %

DUCD 61% (13/21)

2015
(1971–2011)

[15]

90 OTCD
EO 30%,
LO 70%

AA, SC,
D N/A

OTCD EO 74%
(60% at 1st

episode)
OTCD LO 13%

“EO and LO had similar
neurological scores”

2015
(1999–2003)

[24]

21 patients,
6 OTCD LT 5 y: 14.3% OTCD 17%

(unrelated to LT) N/A

2016
(2000–2010)

[25]

61 patients,
EO 40.9%,
LO 59.01%

AA, SC,
HF 2.4%

13%
(8/61 all EO) N/A N/A

2016
(2001–2013)

[26]

63 (all EO)
35 PUCD,
27 DUCD,
23 OTCD,

AA, SC,
LT 17%

PUCD (5 y) 40%
DUCD (5 y)

14.8%
Neonatal, all:

25.4%

OTCD (5 y) 43% N/A

2018
(1971–2016)

[14]

202 EO,
118 PUCD,
84 DUCD,
66 OTCD

AA, SC,
D 71% PUCD: 33% OTCD 36.3%

Overall 80%
PUCDs 37.3%
DUCDs 34.5%

2018
(1999–2009)

[20]

177 patients,
116 OTCD

LT
23.7% PUCDs 11%

OTCD EO 14%
OTCDm LO 10%
OTCDf LO 12%

OTCD LO 21%
OTCDm LO 23%
OTCDf LO 20%

EO—Early onset; LO—Late onset; OTCD—ornithine transcarbamylase deficiency; OTCDm—males affected
with ornithine transcarbamylase deficiency; OTCDf—females affected with ornithine transcarbamylase
deficiency; LT—liver transplant; SB—sodium benzoate; SP—sodium phenylacetate; SPB—sodium phenylbutyrate;
HF—hemofiltration; HD—hemodialysis; D—dialysis; AA—amino acids; SC—scavengers; PUCD—proximal urea
cycle disorders; DUCD—distal urea cycle disorders; 5 y—5 year follow-up.
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Diagnostic delays can be significant—ranging from 1 day up to 1134 days for patients with EO
OTCD and EO CPS1D, even to extremely large times of 3652 days in a child with NAGSD—when
depending upon development of disease symptoms to initially identify disease [27].

Recurrence of hyperammonemic episodes is high in patients with EO and LO PUCDs [18,19].
For patients with ASSD, OTCD, or CPS1D, 70% of episodes occur between 31 days to 12 years of life
with a frequency of 2.4–2.9 episodes per year, which can be as high as eight episodes within the first
year of age for a patient with CPS1D. For example, one female with OTCD has been reported with
77 episodes during her lifetime (average 3.5 events/year between 2 and 23 years old) [8]. Benefits of
early detection and early treatment are seen within the first year of life, as well as in LO PUCD;
what contribution NBS may have to this remains to be proven [18]. Odds ratios trended towards lower
odds for movement disorder and delayed milestones in distal UCDs in the early diagnosis groups and
NBS compared to later groups detected through clinical symptoms [17].

3.2. Diagnostic Testing Rationale

Diagnostic testing should be accurate, be done with expertise, and be available for infants
identified with a possible PUCD [2]. Diagnostic testing is currently available in many clinical chemistry,
biochemical, and molecular genetic laboratories around the world [6]. The most significant current
challenges to diagnostic testing based on clinical presentations often relates to poor awareness and
recognition of UCD-associated signs and symptoms and then ordering appropriate diagnostic testing
through ammonia levels, quantification of plasma amino acids, and urinary orotic acid. Elevations
of ammonia and glutamine, decreased levels of citrulline and arginine, and other suggestive amino
acid abnormalities and routine chemistries reflecting liver disruption (e.g., AST, ALT) and function
(e.g., prothrombin activity, albumin) may increase suspicion of an underlying PUCD [6,16].

Diagnostic confirmation through genetic testing is necessary for an infant with a suspected PUCD.
Biochemical abnormalities on plasma and urine testing may not separate 100% of potential PUCDs
following an abnormal NBS [28]. Genetic testing is available in clinical laboratories for suspected
PUCD patients and will also be helpful for recurrence-risk assessments for carrier identification,
prenatal diagnosis, and genetic counseling [15,16]. Currently molecular sequencing and/or multiplex
ligation-dependent probe amplification for deletion and duplication detection will identify most CPS1D
and NAGSD but is limited to approximately 80% of the mutations in OTCD [15,16,29].

Measurement of enzyme activity from liver or intestinal mucosa biopsy is recommended if
the metabolite pattern or genetic testing is non-informative or inconclusive or may be reserved for
research [30]. While molecular confirmation may not be possible with current technology for less than
20% of OTCD patients [6,29], ongoing research into deep genomic sequencing may resolve this.

3.3. Prevention Potential and Treatment Rationale

Implementing timely treatment in PUCDs is considered crucial to preventing adverse
outcomes [2,15]. Recommendations for implementation of acute and chronic treatments, regardless of
the age of onset are available [6,30]. Treatment modalities consists of: (1) dietary protein restriction;
(2) prevention of catabolism; (3) use of nitrogen scavengers; (4) use of citrulline and arginine amino acid
supplementation; (5) hemofiltration; and (6) liver transplantation [8,26]. Measuring therapeutic
outcomes is challenging due to a lack of randomized controlled trials; most data come from
non-randomized, uncontrolled open label studies and follow varying treatment guidelines, treatment
availability, registration procedures, different follow-up periods, health systems, clinical awareness,
ethnic background, etc. Furthermore, patients often receive more than one treatment at a time, so
attributing specific benefits and outcomes is very difficult. The increased duration of coma and
increased ammonia level (e.g., peak or total exposure such as area under the curve) during crisis are
thought to contribute to increased morbidity and mortality [15]. The use of nitrogen-scavengers or
liver transplant has demonstrated a 79%, 92.8%, and 96% decrease in the post-treatment ammonia
levels compared to baseline, respectively (Table 2) [21,23,25].
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To date, there are no studies that evaluate the effect of current therapies on mortality. There is an
apparent decrease in mortality rates if we descriptively compare this outcome in studies that report
the use of scavengers and dialysis and transplant. The comparison of different studies published
in different timeframes show differences in outcomes. Focusing our review upon OTCD, one early
study of EO OTCD between 1971–2011 reports a mortality of 74% during the neonatal period or
follow-up [15]. More recent studies from the periods 1980–2005 [21], 2001–2013 [26], and 2012–2013 [16],
report mortality rates of 47%, 43%, and 40% for patients with EO OTCD, respectively. Similarly, in LO
OTCD, in two studies published in 2005 and 2015, the mortality and developmental delay rates
decreased from 34% to 13% and from 37% to 29%, respectively [15,18]. Interestingly, among LO OTCD
patients who have developmental delay, 70% are women [18]. Comparing two studies from Japan,
the survival in LO OTCD increased from 42% (study period 1978–1985) to 92% (1999–2009), with 23%
of these last group having access to liver transplant [22,31].

Hemofiltration may be initiated in patients with hyperammonemia resistant to other treatments
and is very effective in decreasing ammonia levels. The removal of ammonia through hemofiltration
has been proposed when ammonia levels are >180, >200, >500 µmol/L, or if ammonia levels do not
adequately decrease within 3–6 h after the start of therapy [6,14,22]. In a review of 90 published case
reports on outcomes in patients with UCD who received dialysis there was a decrease in the mortality
rate from 50% (1971–1990) to 20.8% (2011–2016). However, they conclude hemodialysis does not
influence the patients’ outcome [14]. This should be carefully analyzed as higher ammonia levels are
related to worse clinical outcomes (disability and death) and dialysis would be an intermediate variable.
In fact, in this cohort, deceased patients had higher trigger ammonia levels compared to survivors
(1501 µmol/L ±1052 vs. 1097 µmol/L ±762) [14]. Interestingly, two studies reported zero deaths
with lower dialysis trigger ammonia levels of ≤359 µmol/L and <180 µmol/L [14,20]. Therefore, it is
reasonable to consider lowering the trigger ammonia levels for hemofiltration to potentially reduce the
risk of disability and death [6,30].

Liver transplantation does not reverse neurologic compromise; however, it normalizes ammonia
levels and eliminates the need for dietary restrictions or nitrogen-scavenging medications. Therefore,
transplant is recommended before neurodevelopmental compromise occurs [24]. Whole deceased
donor liver transplant (DDLT), partial DDLT, and living donor transplant have similar survival
rates [23,24]. There is a decrease in mortality rate in UCD patients who received liver transplants
after a 5-year follow-up period (10% vs. 0% when comparing before 2004 vs. 2001–2012, respectively),
which may reflect new management of liver transplantation overall [23,24]. Furthermore, delayed liver
transplant is associated with cognitive impairment regardless of the disease of onset, however the study
does not recommend a specific timeframe [23,32]. A recent guideline recommends liver transplant
should be performed in patients with recurrent decompensations despite standard medical treatment,
ideally 3–12 months of age, and when body weight is >5 kg to obtain a favorable outcome [6].

3.4. Newborn Screening Rationale

While NBS for distal UCDs are recommended in the United States’ RUSP, these are more variable
in other countries [1,17]. Currently, screening for CPS1D and OTCD is required by law in ten and eight
states, respectively. Screening for NAGSD has not been specifically mentioned in any state; however,
screening for OTCD and CPS1D will also automatically detect patients with NAGSD (Figure 1) [33].
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NBS for UCDs is performed by tandem mass spectrometry (MS/MS) [28,34]. Glutamine and
citrulline are commonly considered the primary markers to screen for PUCDs, but because of their
variability, a screening tool that combines multiple markers may be helpful. Because glutamine is
unstable, to avoid a 5% decrease in concentration, dried blood spots should be analyzed within 2 weeks
after collection [34]. Low citrulline concentrations are non-specific and can be found in newborns
who are protein restricted, those with intestinal pathologies, mitochondrial disorders, premature
infants, and other inborn errors of metabolism [6,28,30,34,35]. The measurement of orotic acid in dried
blood spots using MS/MS has been validated previously, and showed results significantly different
between samples from healthy newborns and those affected by OTCD in stand-alone and multiplex
methods [36,37]. Elevated levels are also seen in ASS, ASL, infections and other physiologic conditions
such as nutritional status. Age at specimen collection may alter orotic acid concentration.

Alternative strategies for NBS are being developed. The Region 4 Stork Project, which was an
international collaboration in the US and 45 other countries, released the results of a study that aimed
to achieve the clinical validation of cutoff values for NBS by MS/MS. This study included participants
with CPS1D and OTCD (n = 60) and used CPS1D and OTCD markers such as citrulline to arginine,
citrulline to phenylalanine, glutamine/citrulline, glutamic acid/citrulline, and methionine/citrulline
ratios [38]. An exploratory pilot study tested a state specific Region 4 Stork tool on 11 patients with
PUCDs using the concentration of citrulline, arginine, alanine, methionine, phenylalanine, glutamine,
and various ratios. This tool detected known EO and LO PUCD patients except for one asymptomatic
LO OTC patient and a second patient with an incomplete set of analytes—both had normal citrulline
levels [39].

Published prospective outcomes from NBS programs including OTCD, CPS1D, and NAGSD are
rare, so it is difficult to evaluate if NBS has any impact upon decreasing longer term mortality or
preventing developmental delay, especially in LO patients. For instance, in a European UCD cohort
of 10 patients identified by NBS, only one of them had OTCD [40]. The NBS program in Singapore
published eight years of experience screening 177,267 infants, detecting four false positive cases and
failing to detect one case of OTCD [41].

Retrospective studies have attempted to provide information about the impact of NBS for PUCDs.
A retrospective study reported only three patients with PUCD identified via NBS, preventing any
significant assessment of outcomes compared to symptomatic diagnosis; although positive trends were
seen when looking at all UCD patients [17]. An analysis of ASS1D and ASLD identified through NBS
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showed an apparent positive effect on cognitive measures; although further study is needed measure
any effect from “mild or benign” mutations being detected by NBS [32]. Further studies with larger
populations are necessary to evaluate the benefit in reducing the diagnostic odyssey in PUCDs.

4. Discussion

In this review we found that the literature provides support for adding PUCDs to NBS based on
current medical, diagnostic, therapeutic, and public health rationales. The complications of PUCDs
are disabling or lethal as 11% will die within the first year of life and 31% will have developmental
delay [5]. Outcomes are further aggravated by delayed diagnoses [19], and potentially unnecessary
procedures and treatments. For every male and female child diagnosed with OTCD, we would expect
2.9 and 2.4 recurrence episodes per year, respectively [8], which lead to hospitalizations and intensive
care treatment [42]. The implementation of NBS for EO CPS1D, OTCD, and NAGSD provides the
potential for implementing earlier treatment, thus potentially preventing some of the mortality and
developmental delay in these patients that occur despite current guidelines [18,19]. Reducing the age of
diagnosis though NBS theoretically could diagnose up to two thirds of all UCD patients, or about 70%
of male OTCD and 95% of female OTCD, at day 12 of life while they still remain asymptomatic [17].

Advances in hemodialysis and liver transplant, and better established patient care protocols
and guidelines have improved survival and developmental outcomes in children with EO and LO
PUCDs [5,14,23,24]. However, further specific data are needed to stratify these outcomes by type,
age of diagnosis, genotype, disease severity, and delays in implementing treatment. The development
of individualized genetic therapies is necessary for both EO and LO PUCDs.

Although there are concerns with the effectiveness of current screening algorithms, NBS is still
a promising population-based approach that aims to decrease the rates of undiagnosed patients,
developmental delay, and mortality in newborns. While current guidelines support prenatal screening
as an optimal screening method [6,42,43], this only targets at-risk populations with positive family
history, neglecting early and later-onset affected patients with no prior or a poor documented family
history. The impact of OTCD diagnosis from NBS will certainly lead to other family members being
diagnosed, further expanding our understanding of the clinical spectrum of OTCD. A common concern
is that symptoms of PUCDs frequently develop at less than 6 days of life—before NBS results are
typically available. Acknowledging the limited benefit in this very early group and noting a prospective
trail may be helpful, growing evidence supports benefit and improved health outcomes in at least
the 48% of patients who survive the first year of life [5]. Additionally, further study of the detection
rate of OTCD carriers and LO PUCDs by NBS is needed. One retrospective study found 52.4% of
UCD patients diagnosed in the first 10 days of life remained asymptomatic including 24.5% of female
OTCD and 15.1% of male OTCD. Together with LO UCD who develop symptoms between 10–28 days
of life, nearly 61% of UCD patients may be pre-symptomatically diagnosed by NBS [27]. Some LO
OTCD patients were detected in the pilot study by Merritt et al., showing proof of concept, but a larger
population based study is clearly needed; of note, a routine second NBS as performed in WA state may
be helpful in these studies [39]. Specific data supporting any impact of pre-symptomatic diagnosis
in PUCD patients are needed, while evidence of improved outcomes following NBS with ASSD and
ASLD continues to grow [17,27,32]. Theoretically, EO PUCD patients presenting after the first week of
life and all LO PUCD patients, may also have similar benefit from NBS.

Continued validation of NBS methodologies is needed. Improvements in amino acid quantification
by MS/MS, in implementation of multivariant tools, or in alternative amino acid ratios need further
development for increasing sensitivity, specificity, and positive predictive values in larger populations.
We will continue to benefit from the experience of states currently screening for OTCD and CPS1D
in screening methods, tools, and follow-up protocols used to address the significant concern of false
positives. Designing proactive strategies to create appropriate confirmatory protocols and to educate
both health professionals and the general public may mitigate parental anxiety secondary to false
positives results [44].
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The absence of published cost-effectiveness analyses is a limitation of this study. For this purpose,
collaborative projects with NBS programs that currently include PUCDs are needed to provide cost
estimates related to the diagnostic procedures and indirect costs that finding true positive cases entails.
The limited number of clinical trials to determine the effectiveness and safety of the available treatments
is another limitation to this study. However, to address this limitation, we included evidence from
observational studies or cohorts from different research networks and countries. Finally, the conclusions
from this study are applicable to countries or regions that have a similar access to NBS technologies
and therapeutics. In countries with limited resources, we recommend evaluating their accessibility to
NBS technologies, diagnostic methods, and therapeutics prior to implementing NBS. Additional steps
such the development of screening criteria, guidelines for the diagnosis and management of PUCDs,
and the training of human resources are also recommended in these settings.

5. Conclusions

NBS is a public heath responsibility aiming to prevent death or disability and optimize outcomes.
NBS for PUCD might benefit newborns presenting later than the first few days of life. While PUCDs
meet the medical, diagnosis, treatment, and public health rationales, ongoing work to improve the
effectiveness of the screening test will make a stronger case for NBS for PUCDs as an effective screening
test continues to be necessary.
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