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Abstract: Primary Carnitine Deficiency (PCD) is a fatty acid oxidation disorder that will be included
in the expansion of the French newborn screening (NBS) program at the beginning of 2023. This
disease is of high complexity to screen, due to its pathophysiology and wide clinical spectrum. To
date, few countries screen newborns for PCD and struggle with high false positive rates. Some
have even removed PCD from their screening programs. To understand the risks and pitfalls of
implementing PCD to the newborn screening program, we reviewed and analyzed the literature to
identify hurdles and benefits from the experiences of countries already screening this inborn error
of metabolism. In this study, we therefore, present the main pitfalls encountered and a worldwide
overview of current practices in PCD newborn screening. In addition, we address the optimized
screening algorithm that has been determined in France for the implementation of this new condition.

Keywords: primary carnitine deficiency; CDSP; PCD; CTD; CUD; newborn screening; NBS

1. Introduction

Primary Carnitine Deficiency (PCD) (OMIM #212140)—also referred to as systemic
primary carnitine deficiency (CDSP), carnitine transporter defect (CTD), or carnitine up-
take deficiency (CUD)—is an autosomal recessive inborn error of metabolism involv-
ing a disorder of the carnitine cycle. It is a part of fatty acid oxidation (FAO) disorders
and is caused by a partial or complete loss of function of the membrane transporter or-
ganic 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 chro-
mosome 5q31.1 (chr5:132,369,710–132,395,612) [1,2]. This sodium-dependent carnitine
symporter is the main carnitine (3-hydroxy-4-(trimethylazaniumyl)butanoate) transporter
in mammals, displaying a high affinity for carnitine (KM = 4.3 µmol·L−1) [3]. 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 [4]. Carnitine is almost exclusively intracellular (>99% of the total pool),
with high tissue concentrations [5]. 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
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affect FAO [6,7]. 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 [8–11].
In absence 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 al-
most all patients remain asymptomatic [11]. 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 [13–15]. 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 [16], especially as free carnitine (C0) represents an easily measurable
biomarker on dried blood spot (DBS) [17]. New South Wales (Australia) was the first state
to evaluate PCD newborn screening in the late 1990s [18], and this was usually conducted
by expanded newborn screening programs deployed since then [19–21]. 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 C0 and other
biomarkers; molecular sequencing of SLC22A5; and functional confirmation by carnitine
uptake assay on skin fibroblasts. In this study, we aimed to review the situation of PCD
newborn screening worldwide before the expansion of newborn screening in France at the
beginning of 2023 [22], by gathering epidemiological, biological, and molecular data, to set
an appropriate screening algorithm.

2. Worldwide Overview of Primary Carnitine Deficiency Newborn Screening
2.1. Countries/Regions Screening PCD

To evaluate the extent of PCD NBS worldwide, we 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.

2.1.1. Australia and New Zealand

Australia was the first country to include PCD in NBS [18], in 1998. The cut-off for
low free carnitine to trigger a retest during screening was set to 10 µmol·L−1. A confirmed
level of C0 < 5 µmol·L−1 generated a second sample, and PCD diagnosis was confirmed
through OCTN2 activity on fibroblasts. To date, PCD NBS is performed nationwide [23].

New Zealand implemented PCD to ENBS in 2006, with a screen-positive level of C0 of
5 µmol·L−1 and molecular confirmation [24]. 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 [25].

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) [26]. In 2006, the American College of Medical
Genetics (ACMG) provided guidelines to promote a standardized and uniform newborn
screening program [27]. 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 [20,28,29]. Consequently, the USA has a solid nationwide
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background on NBS, its follow-up and outcomes [30], enhanced by standardization tools
and programs [31].

English-speaking Canadian regions follow the ACMG’s guidelines [32–34], whereas
French-Canadian provinces do not screen DBS for PCD even though they provide an inter-
esting urinary NBS for organic acidurias, urea cycle disorders, cystinuria, homocystinuria,
and creatine synthesis and transport disorders [34].
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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 [35,36]. Difficulties
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 [37]. It 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 [38]. Biomarkers used for the
screening were C0 < 10 µmol·L−1 and total acylcarnitines (C3 to C18) of <10 µmol·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 [19].
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: c.95A>G, p.(Asn32Ser) [39]. 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 [40]. In addition, all Scandinavian countries
have included PCD to NBS, and few other countries have conducted pilot studies or have
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already began to screen PCD, such as Portugal or Italy [21,41]. It is 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 [42]. The Netherlands have listed PCD, along with seven other diseases, in the
upcoming schedule of NBS expansion [43], 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 [44]. Efforts
have allowed NBS programs to emerge, resulting from pilot programs and successful
studies [45–47]. However, to date, only Qatar and Saudi Arabia have included PCD in their
programs [48–50].

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 [51].
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 [14,52,53]. Incidence of PCD ap-
pears 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 [54].
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 [41,55,56].
To our 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 [57].
The high incidence of PCD in Asian populations, along with the development of Next Gen-
eration Sequencing, have led to the emergence of a systematic study of the SLC22A5 gene
as a second-tier testing after phenotypic screening [58–60].

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 hy-
pothyroidism, 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 [61].

3. Reports of NBS for PCD Worldwide

We screened the literature for regional or nationwide studies on either focused PCD
newborn screening or, failing this, a general report on NBS. We found over fifty-five
suitable publications and gathered the following data, upon availability: country/region;
period of the study; number of newborns screened; free carnitine (C0) cut-off for screening;
second tier screening if performed; the number of patients diagnosed and their subsequent
incidence of PCD; the number of mothers with PCD identified by their infant’s NBS; and the
number of false positive patients and positive predictive value (PPV%). Data are presented
by region rather than chronologically to ease comprehension in Table 1.



Int. J. Neonatal Screen. 2023, 9, 6 5 of 14

Table 1. Retrospective studies on PCD screening experience.

Reference Country/Region
Period/
Survey

Duration

Newborns
Screened

First Tier Test
C0 Threshold (µmol·L−1)

Secondary
Markers

Number of
Patients

Diagnosed
(Incidence)

Number of
Maternal

PCD
Identified

False
Positive

Tests
(PPV%)

Australia and New-Zealand

[18]
New South

Wales
(Australia)

1998–2000 1,490,000 <10 (<5 *) 4
(1:372,500) ND 1017

(0.4%)

[24,25] New
Zealand 2006–2016 ~600,000 <5/5 2 (1:300,000) 9 73 (2.7%)

North America

[62]
North

Carolina
(USA)

1997–2005 944,078 <13 0 (<1:944,078) ND 0

[63] USA 2001–2011 20,908,664 ND 147 (1:142,236)

[64] California
(USA) 2005–2012 3,608,768

<12 (derivatized) 48 screened
(1:75,000)

21 confirmed
(1:172,000)

6
1030

(4.7%)<7 (underivatized)

[20] USA 2015–2017 11,750,856 ND 138 (1:85,151)

Europe

[65] Tuscany
(Italy) 2002–2004 160,000 <8 1

(1:160,000) 1 1 (50%)

[42] England 2.5 years 24,983 <2
(Cord blood) 0 (<1:24,983) 2 2

[38] Germany 1998–2001 250,000 <10
Sum of

(C3–C18) <
5 µmol·L−1

1
(1:250,000) ND 86 (1.2%)

[66] Portugal 4 years 316,243 <7 4
(1:79,060) 1 1

[67]

Danmark
Faroe

Islands
Greenland

2002–2011 504,049 <5.7
C5 <

0.43 µmol·L−1

AC/Cit < 3.0
5 (1:100,809) 8 28 (15%)

[68] Austria 2002–2009 622,489 ND 2 (1:311,245) ND ND
[69] Greece 2007–2009 45,000 <6.25 0 (<1:45,000) ND ND
[70] Germany 1999–2009 1,084,195 <10 3 (1:361,398) ND ND

[71] Galicia
(Spain) 2000–2015 210,165 <9.5 1 (1:210,165) ND ND

[72] Slovenia 2013–2014 10,048 <7.7 AC/Cit < 1.9 0 (<1:10,048) ND ND

[73] Norway 2012–2020 461,369 <6 C3 + C16 >
2 µmol·L−1 3 (1:153,790) 2 22 (12%)

[74] Verona
(Italy) 2014–2019 86,320 ND 3 (1:28,773) ND ND

[75]

Danmark
Faroe

Islands
Greenland

2002–2018 967,780 C0 < 5.7
C5 <

0.43 µmol·L−1

Ac/Cit < 3.0

40 (1:24,195)
32 TP + 8 FN 19 114

(21.9%)

[76] Sicilia 2011–2017 60,408 ND 0 (1:60,408) ND ND
[77] Sweden 2011–2019 1,000,000 ND 13 (1:76,923) 6 94 (12%)

[78,79] Madrid
(Spain) 2011–2019 592,822 C0 < ND

AC/Cit < ND 12 (1:49,402) ND 73 (14%)

[80] Bavaria
(Germany) 1999–2018 1,816,000 <9 6 (1:302,667) 12 151 (3.8%)

[81] Italy 2017–2020 806,770 ND Total AC 10 (1:80,677) 20 ND

Asia

[82] Taiwan 2000–2009 592,717
<8
Or
<5

(<2 *) Recall DBS

5 confirmed
(1:118,543)

+2
unconfirmed

0 111 (4.3%)

[83] Taiwan

2001–2005 304,536 <2.6
<2.86
<10.95
<6.44

<8

Recall DBS 4 (1:67,000) ‡ 6 12 (25%)
2006 88,200

2007/1–
2007/5 31,329

2007/6–
2007/12 59,785

2008/1–
2009/7 110,962

[84] Taiwan 2003–2012 790,569 <6.44 22 (1:35,934) 12 ND

[58] Taiwan 6 months 30,237 <12 (<6.0 *) 1 (1:30,237) 0 209
(0.48%)

[85] Singapore 2006–2014 117,267 <8 C2 <
7 µmol·L−1 5 (1:35,453) 5 20 (20%)

[86] Nanjing
(China) 2013–2016 62,568 <10 7 (1:8,938) ND ND

[87] Hong Kong 2013–2016 30,448 <6.4 0 (<1:30448) 1 17

[88] Zhejiang
(China) 2009–2016 1,861,262 ND 78 (1:23,350) ND ND

[55] Thailand 2014–2017 99,234 ND 5 (1: 372,252) 6 ND

[89] Jining
(China) 2015 48,287 ND 5 (1:9,657) ND ND
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Table 1. Cont.

Reference Country/Region
Period/
Survey

Duration

Newborns
Screened

First Tier Test
C0 Threshold (µmol·L−1)

Secondary
Markers

Number of
Patients

Diagnosed
(Incidence)

Number of
Maternal

PCD
Identified

False
Positive

Tests
(PPV%)

[90]

Japan 1997–2015 3,360,000

ND

17 (1:199,000) ND ND
Taiwan 2001–2014 1,390,000 20 (1:70,000)

South Korea 2000–2015 3,440,000 10 (1:345,000)
Germany 2002–2015 7,510,000 30 (1:250,000)

[91]
Seoul

(South
Korea)

2002–2016 ND <12 1 (ND) ND ND

[92] Xuzhou
(China) 2015–2017 236,368 <9.63 (<5 *) 10 (1:23,637) 6 176 (5.4%)

[93] Suzhou
(China) 2014–2018 401,660 <9.5 15 (1:26,777) ND ND

[94] Beijing
(China) 2014–2019 58,651 <10 1 (1:58,651) ND ND

[95] Zhejiang
(China) 2009–2019 3,410,600 <14 (derivatized) 113 (1:30,182) 63 ND

<10.28 (underivatized)

[96] Tianjin
(China) 2013–2018 220,443 <13

(derivatized) 10 (1:22,044) ND ND

[97] Guangzhou
(China) 2015–2019 200,180 <10

C0 <
8.5 µmol·L−1

Or
C0 [8.5–10]

And
C3 + C16 <

2 µmol·L−1

15 (1:13,345) 22 239 (5.9%)

[98] Fujian
(China) 2015–2020 94,453 <8.8 9 (1:10,495) 1 ND

[60,99–101] Quanzhou
(China) 2014–2021 548,247 <8.5 49 (1:11,189) 6 1665

(2.9%)

[102] Ningbo
(China) 2014–2018 265,524 <9.5 16 (1:16,595)

3 confirmed
+ 7

unconfirmed

1669
(0.96%)

[103] Liuzhou
(China) 2012–2020 111,986 <9 12 (1:9,332) 2452

(0.49%)

[104] Jining
(China) 2014–2019 608,818 <10 16 (1:38,051) ND ND

[105] Guangzhou
(China) 2015–2020 272,117 <10

(1) C0 <
8.5 µmol·L−1

Or
(2) C0

[8.5–10] And
C3 + C16 <

2 µmol·L−1

21 (1:12,958) 30

(1) 314
(8.7%)
(2) 165
(15.3%)

[106] Guangxi
(China) 2014–2018 400,575 ND 22 (1:18,208) 9 ND

[107] Changsha
(China) 2016–2020 300,849 <8.5 22 (13,675) ND ND

[108] Shaanxi
(China) 2014–2019 146,152 <8.5 3 (1:48,717) 2 ND

[56] Philippines 2005–2011 111,127 ND 0 (<1:111,127) ND ND

[109] Shaoyang
(Chine) 2016–2020 94,648 ND 5 (1:18,930) ND 474 (1%)

*: Second threshold at retest in case of positivity (i.e., action cut-off); PPV%: Positive predictive value (%); ND: Not
determined; ‡: Calculated by authors based on changes in protocol; p/sAC: plasma/serum acylcarnitines profile;
AC/Cit: Acylcarnitines/Citrulline ratio; TP: True positive; FN: False negative; uC0: urinary free carnitine.

From these data, we calculated regional incidences of 1:348,333 for Australia and
New-Zealand (6:2,090,000 births); 1:121,609 for North America (306:37,212,366); 1:127,912
for Europe, excluding Denmark, Greenland, and Faroe Islands (59:7,546,812); and 1:50,386
for Asia (544:27,409,799). Incidences were compared to each other using a chi-square test of
equal frequencies. Incidence was significantly higher in Asia compared to all other regions
(p < 0.0001). Incidence in Europe did not differ from that in North America (p = 0.72),
whereas Australia displayed a lower incidence compared with Europe (p = 0.015) and
North America (p = 0.001). Among these studies, only a few countries used a secondary
batch of biomarkers in order to reduce false positive rates. For example, Tang et al. and
Huang et al. [97,105] showed that using the sum of propionylcarnitine and palmitoylcar-
nitine on DBS (C3 + C16) < 2 µmol·L−1 cut-off, in addition to a C0 cut-off of 10 µmol·L−1,
allowed sensitivity which was as effective as using a sole C0 < 8.5 µmol·L−1 cut-off, while
reducing false positives samples from 314 to 165. The positive predictive value (PPV%)
increased from 8.7 to 15.3%. It is noteworthy that some countries, such as China, Nor-
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way, or Slovenia, have decided to use a next-generation sequencing research of common
pathogenic variants on DBS as a second-tier screening. The main argument to this is the
need to identify heterozygous newborns, and thus excluding false positive children born
from PCD mothers. This leads to an increase in PPV%, which is generally low for PCD.
However, the use of second tier biomarkers or molecular tests raise PPV% to almost 20%.

4. Molecular Findings

From the above-mentioned studies, we gathered individual molecular data that were
available [58,64,72,73,78,80,83,86,89,92,96,98,101,103,104,107,110]. Genotype data were de-
scribed for 175 newborns and C0 levels on screening were mentioned for 132 of the new-
borns. Seventy-five unique variants were identified: 49 missense, 10 nonsense, 10 frameshift,
10 intronic, and 1 in frame. The most prevalent variants were c.1400C>G, p.(Ser467Cys), rep-
resenting 79 alleles (22.6%) out of 350, followed by c.760C>T p.(Arg254*), 56 alleles (16.0%);
and c.51C>G p.(Phe17Leu), 49 alleles (14%). Unfortunately, most of the data came from
Asian studies because of the limited molecular reports from other areas, which does not
allow a global overview. In addition, databases on population allele frequency (GnomAD)
confirmed that these variants were prevalent in East-Asian population, but not in other pop-
ulations. Interestingly, in the study by Martín-Rivada et al., p.(Ser467Cys) and p.(Arg254*)
were only present once out of 22 alleles and both in the same patient, who originated
from China, whereas other described variants were not present in Asian studies, in accor-
dance with a region-dependent polymorphism. Therefore, we cannot postulate on a global
genotype-phenotype correlation between the pathogenic variants found in PCD patients
who were identified through newborn screening. Nevertheless, it is interesting to note that
in these data, C0 values for homozygous or composite heterozygous missense variants
displayed milder decreased free carnitine levels (mean C0 ± Sd = 5.92 ± 1.76 µmol·L−1),
which is consistent with the literature on its effect on residual OCTN2 activity [111]. On
the contrary, truncating genotypes were more deleterious, with a mean C0 level below
3 µmol·L−1 at the homozygous state. Hence, in order to increase the positive predictive
value and sensitivity of NBS, it is desirable to know the molecular distribution within a
population to set an appropriate cut-off for the biomarker of interest.

5. 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 [50],
maternal PCD, inborn errors of metabolism or vegetarian/vegan diet [112,113], and pi-
valic acid-based therapeutics in the mother (e.g., pivmecillinam, cephalosporin antibiotics,
sivelestat, etc.) [114,115]. 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 C0, which are higher
with derivatized methods [95]. 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 C0 seems to decrease during the first 48 h of life before increasing until 120 h
after [116,117]. Ethnicity can be a variating factor as well, as Asian populations seem to
have higher C0 levels [118].

Particularly, the high incidence of identification of asymptomatic mothers with PCD
from their child’s NBS, raises the question 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 (TMAO)
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accumulation and repression of compensation mechanisms observed in PCD, New-Zealand
decided to discontinue PCD from their NBS program [25].

In summary, newborn screening for PCD is undoubtedly useful, but only if the follow-
ing 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 C0
test and retest, along with 2nd tier biomarkers, and molecular and/or functional studies.

6. Discussion of a Suitable Screening Algorithm

The experience reported in the literature on PCD NBS confirmed its complexity. In
order to propose a suitable algorithm for France, with an optimal PPV%, some lines of
thought were identified such as:

- Using supplemental biomarkers in addition to C0.
- Coupling SLC22A5 molecular testing on initial DBS.
- Performing a retest on a second DBS sample to prevent the impact of the maternal status.

A national working group proposed to use C0 as a first-tier biomarker, and total
acylcarnitines as a second-step confirmation analysis (including acylcarnitines measured in
other screened conditions: propionylcarnitine C3, isovalerylcarnitine C5, octanoylcarnitine
C8, glutarylcarnitine C5DC, decanoyl C10, and 3-OH palmitoylcarnitine C16OH). A novel C0
analysis on a new DBS sample at day 21 of life was selected as a third-tier analysis to limit
false positives due to maternal PCD, prematurity, or other inborn errors of metabolism. As
illustrated in Figure 2:

- A C0 higher (>) than cut-off 1 (8 µmol·L−1) means a negative screening, and the patient
is ruled-out.

- If C0 is lower or equal (≤) to cut-off 1, a duplicate retest on the birth DBS is performed.
- If mean C0 of this retest is >cut-off 2 (6 µmol·L−1), the patient is ruled-out.
- If mean C0 is ≤cut-off 3 (4 µmol·L−1), the screening is positive and the patient is

reported to the PCD referent pediatrician.
- If C0 is between cut-offs 2 and 3, the sum of supplemental acylcarnitines is calculated.
- If supplemental acylcarnitines are >cut-off 4 (1 µmol·L−1), the patient is ruled-out.
- If supplemental acylcarnitines are ≤cut-off 4, another DBS is sampled at day 21 of life.
- If C0 on the 2nd DBS sample is >cut-off 5 (6 µmol·L−1), the patient is ruled-out.
- If C0 is ≤cut-off 5, the screening is positive and the patient is reported to the PCD

referent pediatrician.
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It is to be noted that our algorithm was designed for full-term babies. Pre-term babies
are known to have lower C0 levels and there is a physiological decrease from birth until 48 h
after birth [116]. Thus, there is a risk of false positives in this population. Ramaswamy et al.
showed that secondary carnitine deficiency due to carnitine depletion in pre-term babies
did not exceed 10%, which is reassuring [50]. In addition, the third step with a new sample
at day 21 after birth, will help to rule out these newborns and avoid entering the diagnosis
process. On the other hand, total parenteral nutrition (TPN) can be a confounding factor
too, as it can lead to false negatives if the preparation is supplemented with carnitine. In
France, TPN are not carnitine enriched, therefore, it is likely that the risk of false negatives
is very low.

7. Conclusions

Primary carnitine deficiency is a complex inborn error of metabolism. Firstly, this
is because it involves a membrane transporter, which is polyspecific of a large panel of
substrates, as opposed to enzymatic deficiencies mainly concerning only a single substrate.
This implies that in addition to the hereditary defect due to deleterious biallelic variants
in SLC22A5, several secondary etiologies can jeopardize a screening approach. Moreover,
this disease displays variable expressivity. Indeed, almost half of the patients with PCD
remain asymptomatic. Nonetheless, PCD is a permanent threat with a risk of sudden death
in the event of decompensation. Furthermore, there is an efficient, cost-effective, and safe
treatment through L-carnitine supplementation. If started at the pre-symptomatic phase,
it can even prevent any onset of PCD symptoms. Finally, there are sensitive and specific
screening and diagnosis tools with appropriate algorithms. For these reasons, a nationwide
newborn screening program for this disease seems legitimate. Through this literature
review, we provide a worldwide overview on current practices of PCD newborn screening
and emphasize the pitfalls of this particular disease. We also present the algorithm that
working groups for French newborn screening program have deemed the most appropriate.
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