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| 1. Introduction

Primary Carnitine Deficiency (PCD) (OMIM #212140)—also referred to as systemic primary carnitine deficiency (CDSP),
carnitine transporter defect (CTD), or carnitine uptake deficiency (CUD)—is an autosomal recessive inborn error of
metabolism involving a disorder of the carnitine cycle. It is a part of fatty acid oxidation (FAQO) disorders and is caused by a
partial or complete loss of function of the membrane transporter organic cation/carnitine transporter novel 2 (OCTN2).
This solute carrier is coded by the SLC22A5 gene, comprising 10 exons, located approximately on a 26 kb region on
chromosome 5qg31.1 (chr5:132,369,710-132,395,612) W2, This sodium-dependent carnitine symporter is the main
carnitine (3-hydroxy-4-(trimethylazaniumyl)butanoate) transporter in mammals, displaying a high affinity for carnitine (K, =
4.3 umol-L™1) Bl OCTN2 is ubiquitous, with expression predominantly in kidney and intestinal cells, to ensure absorption
and reabsorption of L-carnitine, and in skeletal muscles, to allow the shuttling of long chain fatty acids across inner
mitochondrial membranes toward the fatty acid oxidation process . Carnitine is almost exclusively intracellular (>99% of
the total pool), with high tissue concentrations . Carnitine homeostasis is balanced by dietary intake, endogenous
biosynthesis, and especially by renal reabsorption. There are compensatory mechanisms, thus even a poor carnitine diet
or a defect in carnitine biosynthesis does not affect FAO 82, However, when OCTN2 function is impaired, a major urinary
leak of free carnitine leads to a progressively significant decrease in both intracellular and circulating carnitine
concentrations, resulting in PCD. Clinical characteristics of PCD encompass a broad clinical spectrum and have been
widely assessed in high quality reviews BRI |n apsence of newborn screening (NBS), patients usually present in
their infancy: acute metabolic decompensation with hypoketotic hypoglycemia; dilated cardiomyopathy; and hepatic
cytolysis. Without L-carnitine treatment, death can occur due to heart failure. Fortunately, PCD has an excellent prognosis
upon L-carnitine supplementation and almost all patients remain asymptomatic 2. Incidence of primary carnitine
deficiency was quite variable depending on the studied population, ranging from 1:300 in the Faroe Islands 12 where
there was a founding mutation, to 1:30-142,000 in Japan, Australia, or USA 131418 Regarding the incidence, the
knowledge of this disease’s natural history, and the availability of a safe and efficient treatment, PCD follows consolidated
principles for newborn screening 1€, especially as free carnitine (Cg) represents an easily measurable biomarker on dried
blood spot (DBS) 4. New South Wales (Australia) was the first state to evaluate PCD newborn screening in the late
1990s (8 and this was usually conducted by expanded newborn screening programs deployed since then 19120121
Nevertheless, screening of primary carnitine deficiency is not simple, due to various secondary carnitine deficiencies that
may generate false-positives (e.g., maternal carnitine deficiency, organic acidurias, pivalic acid-based antibiotherapy, pre-
term birth, etc.) which represent pitfalls for the diagnosis and management of newborn PCD. Consequently, several
algorithms for screening have been proposed, which include: different thresholds for Cq and other biomarkers; molecular
sequencing of SLC22A5; and functional confirmation by carnitine uptake assay on skin fibroblasts.

2. Worldwide Overview of Primary Carnitine Deficiency Newborn
Screening

2.1. Countries/Regions Screening PCD

To evaluate the extent of PCD NBS worldwide, researchers have screened national NBS programs and the literature for
countries/regions that have implemented this condition. Actual NBS programs including PCD and excluding PCD are
represented in Figure 1.
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Figure 1. A world map of primary carnitine deficiency newborn screening programs, according to national NBS societies
and the literature (created on mapchart.net, accessed on 27 October 2022).

2.1.1. Australia and New Zealand

Australia was the first country to include PCD in NBS (8] in 1998. The cut-off for low free carnitine to trigger a retest
during screening was set to 10 pmol-L™1. A confirmed level of Cy < 5 umol-L™1 generated a second sample, and PCD
diagnosis was confirmed through OCTN2 activity on fibroblasts. To date, PCD NBS is performed nationwide 22,

New Zealand implemented PCD to ENBS in 2006, with a screen-positive level of Cg of 5 umol-L™* and molecular
confirmation 28, However, due to the low incidence (two cases in ten years; 1:300,000 births); the prevalence of
asymptomatic patients; and the impact of diagnosing more mothers with PCD than newborns, PCD screening was
considered unsuitable for NBS and was therefore discontinued 241,

2.1.2. North America

North America has almost a full coverage of PCD screening. Newborn screening has been nationally organized since mid-
1980s under the aegis of the Council of Regional Networks for Genetic Services (CORN) 23, In 2006, the American
College of Medical Genetics (ACMG) provided guidelines to promote a standardized and uniform newborn screening
program [28, These guidelines had a substantial impact on perinatal healthcare through early identification and treatment
of inborn errors of metabolism, including PCD, reducing morbidity and mortality 2U27(28] Consequently, the USA has a

solid nationwide background on NBS, its follow-up and outcomes 29, enhanced by standardization tools and programs
30

English-speaking Canadian regions follow the ACMG's guidelines BB \whereas French-Canadian provinces do not
screen DBS for PCD even though they provide an interesting urinary NBS for organic acidurias, urea cycle disorders,
cystinuria, homocystinuria, and creatine synthesis and transport disorders [,

2.1.3. Central and South America

Mexico and South America started NBS in mid-1970s with PKU and struggled to achieve a whole coverage of population
since then, with the exception of Cuba, Costa Rica, Chile, and Uruguay, where around 100% coverage was reached (34]
331 pifficulties encountered were mostly due to the lack of financial resources and fundings for free national NBS
programs (especially regarding the high cost of tandem MS equipment), and the high prevalence of major, priority health
issues, such as malnutrition and infectious diseases. As a result, most Central and South American countries have NBS
programs, but to date, none of them include PCD, and only Costa Rica and Uruguay have set up a tandem MS NBS
program €. |t is to be noted that French Guyana and French Polynesia follow French guidelines for NBS.

2.1.4. Europe

PCD NBS in Europe is heterogeneous. Germany was the first country to include PCD to their program in a pilot study
between 1998 and 2001 B4, Biomarkers used for the screening were Cq < 10 pmol-L™! and total acylcarnitines (Cs to Cyg)
of <10 umol-L™1. Confirmation was biochemically deduced by determining OCTN2 activity on fibroblasts. In 2007, only
Austria, Belgium, Denmark, and Poland had PCD on their ENBS panel 2. NBS for Greenland and Faroe Islands are
managed by Denmark. In Faroese population, there was a high incidence (~1:300) of PCD caused by a founder
pathogenic variant on SLC22A5: ¢.95A>G, p.(Asn32Ser) B8, Consequently, to minimize false negatives on NBS and to
ensure diagnosis of all PCD patients, a nationwide second screening performed at two months of age had been
introduced B2, In addition, all Scandinavian countries have included PCD to NBS, and few other countries have
conducted pilot studies or have already began to screen PCD, such as Portugal or Italy 2149 |t js to be noted that the UK



does not screen PCD, to date, even though in 2009, England had conducted a pilot study of amino acid and acylcarnitines
analysis on cord blood samples to identify inborn errors of metabolism 1. The Netherlands have listed PCD, along with
seven other diseases, in the upcoming schedule of NBS expansion 42, and France will be including PCD to NBS at the
beginning of 2023.

2.1.5. Africa

Middle East and North Africa (MENA) is a large region consisting of 21 countries; from Morocco in northwestern Africa, to
Iran in southwestern Asia. Genetic disorders are relatively common in this area due to the high rate of consanguinity 2!,
Efforts have allowed NBS programs to emerge, resulting from pilot programs and successful studies 4414511461 However,
to date, only Qatar and Saudi Arabia have included PCD in their programs [4Z148149],

Regarding Sub-Saharan Africa, NBS implementation is still at its beginning. However, much efforts are being made by a
Pan-African Workshop on Newborn Screening [29. Sickle Cell Disease (SCD) is the disease with the highest prevalence in
this region and is, therefore, of priority and collaborations will be needed to expand NBS toward a larger panel in the
future.

2.1.6. Asia

Teams in Asia were the first to elude that pathogenic variations in the SLC22A5 gene was the molecular basis of primary
carnitine deficiency 4BL52  |ncidence of PCD appears to be more frequent in Asian populations than in those from
western countries, even being one of the most prevalent inherited metabolic diseases in the Chinese population B3],
However, the first pilot study of ESI-MS/MS-based NBS in Japan, led by Schigematsu et al., did not report any cases of
PCD. First Asian studies and experience on PCD NBS started in late 2000s in China (province-based program), Taiwan,
South Korea, and Japan. More recently, Thailand and Philippines included PCD to the ENBS program as well 49341551 To
the knowledge, India still struggles to initiate a nationwide NBS program, and other Asian Pacific or Central Asia countries
have not included PCD to their program to date 8. The high incidence of PCD in Asian populations, along with the
development of Next Generation Sequencing, have led to the emergence of a systematic study of the SLC22A5 gene as a
second-tier testing after phenotypic screening BABEIS

2.1.7. Russia

As it is part of both Europe and Asia, Russia is addressed as a separate entity. To date, the nationwide NBS program in
Russia includes: phenylketonuria, congenital hypothyroidism, congenital adrenal hyperplasia, galactosemia, and cystic
fibrosis. However, Primorsky and Moscow regions are currently performing tandem MS ENBS to identify 39 and 11
diseases, respectively, and the national expansion of NBS is being discussed €%,

| 3. Pitfalls of Newborn Screening for PCD

Including primary carnitine deficiency to NBS is not as simple as it is for other inborn errors of metabolism. Indeed, PCD is
eligible based on the Wilson and Jungner criteria, as it is an easily treatable and very serious condition. Nonetheless,
there are substantial obstacles. It is one of the rare diseases for which the screening biomarker is not expected to be
detectable above a cut-off value, but below. This is a major problem as there are common causes of decreased free
carnitine levels in a newborn, such as: preterm birth (49 maternal PCD, inborn errors of metabolism or vegetarian/vegan
diet 162l and pivalic acid-based therapeutics in the mother (e.g., pivmecillinam, cephalosporin antibiotics, sivelestat,
etc.) (63641, These situations are causes of false positive screening test results.

In addition, preanalytical issues can impact the DBS test. For example, the extraction method, using derivatization or not,
will lead to different levels of C,, which are higher with derivatized methods 2. Therefore, there is a need for
standardization, at least for screening centers within the same country. The timing of blood collection is crucial as well, as
C, seems to decrease during the first 48 h of life before increasing until 120 h after 8867 Ethnicity can be a variating
factor as well, as Asian populations seem to have higher Cy levels [©8],

Particularly, the high incidence of identification of asymptomatic mothers with PCD from their child’s NBS, raises the
qguestion of the limit of the screening approach. Associated with the low sensitivity and positive predictive value of PCD
NBS, it would lead to the diagnosis of more mothers than children. For this reason, and the possible side effects of a long
term supplementation with L-carnitine, such as trimethyl-N-oxide (TMAQO) accumulation and repression of compensation
mechanisms observed in PCD, New-Zealand decided to discontinue PCD from their NBS program 241,



In summary, newborn screening for PCD is undoubtedly useful, but only if the following requirements are fulfilled: an

algorithm to reduce false positive results, and to increase the positive predictive value by utilizing 1st, 2nd, and even 3rd

tier analyses comprising Cy test and retest, along with 2nd tier biomarkers, and molecular and/or functional studies.
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