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Abstract

A broad spectrum of signs and symptoms has been attributed to primary carni-
tine deficiency (PCD) since its first description in 1973. Advances in diagnostic
procedures have improved diagnostic accuracy and the introduction of PCD in
newborn screening (NBS) programs has led to the identification of an increas-
ing number of PCD patients, including mothers of screened newborns, who
may show a different phenotype compared to clinically diagnosed patients. To
elucidate the spectrum of signs and symptoms in PCD patients, we performed
a structured literature review. Using a case-by-case approach, clinical charac-
teristics, diagnostic data, and mode of patient identification were recorded.
Signs and symptoms were categorized by organ involvement. In total, 166 arti-
cles were included, reporting data on 757 individual patients. In almost 20%
(IN = 136) of the cases, the diagnosis was based solely on low carnitine concen-
tration which we considered an uncertain diagnosis of PCD. The remaining
621 cases had a diagnosis based on genetic and/or functional (ie, carnitine
transporter activity) test results. In these 621 cases, cardiac symptoms (pre-
dominantly cardiomyopathy) were the most prevalent (23.8%). Neurological
(7.1%), hepatic (8.4%), and metabolic (9.2%) symptoms occurred mainly in
early childhood. Adult onset of symptoms occurred in 16 of 194 adult patients,
of whom 6 (3.1%) patients suffered a severe event without any preceding symp-
tom (five cardiac events and one coma). In conclusion, symptoms in PCD pre-
dominantly develop in early childhood. Most newborns and mothers of
newborns detected through NBS remain asymptomatic. However, though

rarely, severe complications do occur in both groups.
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1 | INTRODUCTION

Primary carnitine deficiency (PCD) (OMIM #212140) is
an inborn error of metabolism caused by pathogenic vari-
ants in the SLC22A5 gene, which encodes the organic
cation transporter novel 2 (OCTN2) protein.' This protein
is responsible for the transport of carnitine across the
plasma membrane into cells, as well as the reabsorption
in renal tubuli.” Impaired function of OCTN2 leads to a
significant decrease of intracellular carnitine concentra-
tions, potentially hampering mitochondrial fatty acid oxi-
dation. In older publications, patients have been reported
to suffer from hepatic encephalopathy, cardiomyopathy,
myopathy and arrhythmia, and/or sudden death.** How-
ever, with the introduction of PCD in newborn screening
(NBS) programs, increasing numbers of individuals with
biallelic SLC22A5 variants are identified, most of whom
are asymptomatic.””’

The diagnostic criteria for PCD have changed over
the past decades due to advances in diagnostic techniques
(see Figure 1). Initially, patients were diagnosed solely
based on low carnitine concentrations, either in muscle
(termed “muscle carnitine deficiency”) or blood/serum
(termed ‘“‘systemic carnitine deficiency”), distinguishing
two forms of the disorder.®*® Currently, isolated muscle
carnitine deficiency is no longer considered a form of
PCD. In 1981, Gazzola et al.'® described a method to
measure carnitine transporter activity in cultured fibro-
blasts, proving that impaired transport of carnitine across
the plasma membrane is the cause of PCD.'"'* In 1998,
Tamai et al.? successfully identified the transporter
responsible for the transport of carnitine, the OCTN2.
One year later, Nezu et al." found the encoding gene
(SLC22A5) and showed that variants in this gene lead to
impaired carnitine transport across the plasma mem-
brane. Subsequently, it has become common practice to
diagnose PCD patients based on biallelic pathogenic vari-
ants in SLC22A5, and/or reduced carnitine transporter
activity measured in fibroblasts.?

The clinical characterization of rare disorders relies
on the combined data of reported cases. However, with
advances in the diagnostic approach, revision of histori-
cal cases might uncover alternative underlying causes for
the patients symptoms. A number of patients who were
formerly diagnosed with PCD based on low serum carni-
tine levels turned out to have secondary carnitine defi-
ciency due to medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency."*” Moreover, the first reported PCD
patient widely cited as a benchmark case showed ele-
vated levels of C6, C7, and C8 dicarboxylic acids while on
carnitine supplementation, which leads to a suspicion of
MCAD deficiency.”'®?° These examples illustrate that
historical case reports of a specific inborn error of
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metabolism need to be reappraised when determining
the disorders clinical spectrum.

Introduction of PCD in NBS programs has enabled
detection of newborns prior to the onset of symptoms.*!
However, NBS also detects many asymptomatic maternal
cases, which might otherwise have remained uni-
dentified.** It is uncertain what the health consequences
for these individuals are making counseling on the need
of follow-up and treatment particularly difficult.

We aim to update the clinical characterization of
PCD, based on current diagnostic standards, through a
structured review of previous case reports. The pheno-
typic spectrum of PCD is described, including separate
analyses of patients diagnosed clinically and through
screening. This overview aids counseling and treatment
decisions in PCD and can facilitate the discussion on the
benefit of NBS for this disorder.

2 | METHODS

2.1 | Data sources and search

PubMed and Embase were searched from inception to
December 31, 2020. No restrictions were applied on pub-
lication date or article type. The search was constructed
using terms and synonyms for carnitine deficiency
or OCTN2 deficiency (see Supporting Information
Table S1). Duplicates were manually removed.

2.2 | Study selection

Study selection was performed according to the PRISMA
guidelines.”® Title and abstracts were screened indepen-
dently by LLC and BS with use of Covidence (Covidence
systematic review software, Veritas Health Innovation,
Melbourne, Australia. available at http://www.covidence.
org). The articles that passed for full-text assessments
were judged for inclusion and exclusion by predefined
criteria as listed in Supporting Information Table S2.
Articles were eligible for inclusion if a case of primary
carnitine deficiency was reported, and original data of
the clinical characteristics were available in the article. A
case of PCD was defined as a serum, plasma, or blood
carnitine level below the lower limit of the reference
value at the study site reported in the article and/or con-
firmed low carnitine transporter activity in fibroblasts
and/or the presence of biallelic variants in the SLC22A5
gene. Articles were excluded if the following criteria
applied: diagnosis of muscle carnitine deficiency, diagno-
sis solely based on low postmortem serum carnitine
levels, incomplete diagnostics, low plasma carnitine
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1973 FIGURE 1 Timeline of key moments that
Engel et al. impacted the (differential) diagnosis of
First patient reported: . R .
muscle carnitine deficiency primary carnitine deficiency
1975
Karpati et al.
First report on systemic
carnitine deficiency with
1976 decreased serum
Isaacs et al. carnitine; based on new
First report of PCD patient insights MCAD deficiency
where only (mildly) more likely.
decreased serum carnitine
was found. 1980
Waber et al.
Reports increased urinary
1981 excretion of carnitine in
Gazzola et al. patient
Transport activity of several
(acyl-)carnitines measured in Glasgow et al. .,
fibroblast tissue Reports patient with PCD .‘,
.- Engel et al. 1982 .
. Describes 2 patients with Kolvraa et al. ’
. First report on MCAD .
. PCD o .
: deficiency :
. 1984 1984 '
">, Cruse et al. Coatesetal. «*
Reports on the same patients Patient (Glasgow et al.)
K (Engel et al.) with PCD diagnosed with MCAD
: deficiency
S 1985
*» Hale et al.
Patients (Engel et al.) are
diagnosed with MCAD
deficiency 1985
Hale et al.
First VLCAD deficient
1990 patient reported
Stanley et al.
Proposes the term ‘Primary
Carnitine Deficiency’ for
patients with an underlying 1998
defect in transport of Tamai et al.
carnitine across the plasma Identifies the OCTN2-
membrane; a definition that transporter as a high affinity
still holds today carnitine transporter
1999
Nezu et al. Carnitine added to New .
Genetic variations in South Wales Newborn .
SLC22A5-gene found as Screening (NBS) Program as .
cause for PCD a pilot study .
2001 N
Wilcken etal. «°
Results from the first pilot
with carnitine in New
2007 . South Wales NBS; 4
Schimmenti et al. ) .
) patients discovered
Reports first cases of mater-
nal diagnosis through NBS
levels more likely caused by a disorder other than PCD, German, French, or Danish. If full text was unavailable
the article did not report data of (an) individual case(s), and the abstract contained a case description, the abstract
the article did not concern PCD and finally, and the arti-  was included in the study. If the abstract did not contain

cle was written in a language other than English, Dutch, enough data, we requested the full text from
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corresponding authors for articles published from 1990
onward, and since from then, the diagnostic definition of
PCD is in line with the currently used definition (see
Figure 1). If there was disagreement on whether or not to
include an article, consensus was reached through dis-
cussion between LLC and BS. A full list of included arti-
cles is available in Supporting Information Data S1.

2.3 | Data extraction

The following data were extracted for individual cases
from the included articles: age at diagnosis, diagnostic
test results (plasma carnitine concentration, carnitine
transport activity in fibroblasts, and SLC22A5 variants),
clinical symptoms, age at start of symptoms, additional
tests performed for symptoms (eg, imaging, laboratory
tests), carnitine supplementation dose, and effect of car-
nitine supplementation on symptoms. If the patient had
died, all information on the cause of death and the results
of postmortem tests were extracted. If multiple articles
described the same case (ie, when referenced in the arti-
cle or when multiple identifying data points and [part of]
the research group overlapped), information from all arti-
cles was used but the case was included only once. In
case of missing data, this was recorded.

2.4 | General analysis of clinical
characteristics

The entire study population was divided into several sub-
groups for analysis. First, patients were grouped based on
the reliability of the diagnosis of PCD, separating patients
that were diagnosed solely based on low plasma/serum/
blood carnitine concentration (unconfirmed PCD) from
patients whose diagnosis was confirmed by either
decreased OCTN2 transporter activity and/or biallelic
variants in the SLC22A5 gene (confirmed PCD). Second,
patients were grouped based on the mode of detection of
the disorder: clinical presentation, screening of high-risk
individuals (family screening or a nationwide adult
screening campaign in the Faroe Island524), NBS, or
maternal diagnosis after NBS of the child. Patient charac-
teristics and symptom prevalence were compared
between these groups.

2.5 | Categorization of signs and
symptoms

To systematically categorize reported signs and symp-
toms, two groups were defined: (1) sign/symptom

reported by authors (description of a specific sign or
symptom only without information on specific test
results, for example, laboratory tests, cardiac ultrasound,
etc) and (2) sign/symptom confirmed (data on additional
test results on which the description of the sign or symp-
tom was based were available, see Supporting Informa-
tion Table S3). If confirmatory tests and the reported
sign/symptom contradicted each other, the conclusion of
additional testing was used, overruling the sign/symptom
reported by the authors. For instance, if authors reported
dilated cardiomyopathy but the cardiac ultrasound
showed normal ejection fractions, this was classified as
cardiac involvement NOS, since ultrasound contradicts
the presence of dilated cardiomyopathy.

All symptoms were registered verbatim in the data-
base and translated to standardized terms using the
human phenotype ontology (HPO version 1.7.0; http://
www.human-phenotype-ontology.org). These standard-
ized terms were consequently clustered based on organ
involvement, resulting in the following groups: (1) cardiac
function disorder (cardiomyopathy, cardiac involvement
not otherwise specified [NOS]), (2) electrophysiological
abnormalities (sustained ventricular tachycardia, ventric-
ular fibrillation, cardiac arrest, sudden cardiac death,
conduction disorder NOS, and arrhythmia NOS). For car-
diac events (ventricular fibrillation [VF], sustained ven-
tricular tachycardia [sus-VT], cardiac arrest, and sudden
cardiac death), if multiple cardiac events occurred in one
patient, only one was used for categorization, to prevent
double entries in the dataset. For this, the most specifi-
cally documented cardiac event was used. For instance, a
patient reported with cardiac arrest and VF, would be
categorized as VF. (3) Neurological symptoms (coma,
encephalopathy, seizure, and neurological involvement
NOS), (4) hepatic symptoms (steatosis, hepatic failure,
impaired liver function, elevated liver enzymes, and
hepatomegaly), (5) muscle symptoms (myopathy, rhabdo-
myolysis, atrophy, myalgia, weakness, and muscle
involvement NOS), (6) metabolic symptoms (hypoglycemia,
hyperammonemia, and metabolic acidosis), (7) other symp-
toms (anemia, motor delay, general developmental delay,
dysmorphia, and other/nonspecific), and (8) death. For the
full list of standardized terms that were applied and a sum-
mary of how these were designated in characteristic-groups,
see Supporting Information Table S4.

2.6 | Genetic data

Extracted variants were annotated using the comprehen-
sive overview of molecular changes in SLC22A5 by Frigeni
et al.,”> the OCTN2 database provided by ARUP Scientific
Resource for Research and Education, and Alamut Visual
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V2.11 (Interactive Biosoftware).”® For analysis of genotype-
phenotype associations, variants were grouped into (1) mis-
sense variants and in-frame deletions/insertions and
(2) nonsense, frameshift, and splice site variants.

2.7 | Statistics

Statistical analysis was performed using R (version 3.6.2,
R Core Team, Vienna, Austria). For comparison between
categorical data, the chi-square test was used. Mann-
Whitney U tests were used for comparison between two
groups with continuous data. Bonferroni correction was
applied to correct for multiple testing. Significance was
assumed for a P-value <0.05.

3 | RESULTS

With the search, 1532 articles were identified for title and

abstract screening of which 166 met the inclusion criteria
for this review, yielding 757 unique cases. Of these, 53 cases

Search performed December 31, 2020

were described in two or more articles. The results of data
selection are presented in a PRISMA flow diagram
(Figure 2). One hundred thirty-six patients had
unconfirmed PCD (diagnosis based on serum, plasma, or
blood carnitine concentration only), while the remaining
621 patients had confirmed PCD. Of those, 26 were diag-
nosed by decreased carnitine transporter activity, 534 by
the detection of biallelic variants in the SLC22A5 gene and
61 by results from both tests. An overview of patient char-
acteristics of unconfirmed and confirmed PCD patients is
provided in Table 1. The median year of publication dif-
fered significantly between unconfirmed and confirmed
PCD (2010 [interquartile range (IQR) 1990-2020] and 2014
[IQR 2010-2020] respectively, P < 0.001). Neurological,
muscle, hepatic, and metabolic symptoms were all reported
more often in unconfirmed PCD (15.4, 33.8, 16.2, 19.9%,
respectively) compared to the confirmed population (7.1,
10.3, 8.4, 9.2%, respectively; P values: 0.023, <0.001, 0.071,
0.005, respectively; only for hepatic symptoms was no sig-
nificant difference observed). In the unconfirmed PCD
group, 42.6% of individuals were asymptomatic, vs 55.1% in
the confirmed PCD group (P = 0.090). Finally, mortality

'
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11 Other diagnosis more
probable

8 Diagnostics incomplete

19 Language barrier

46 Full text unavailable

FIGURE 2 PRISMA flow
diagram of literature selection and
inclusion
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TABLE 1

Possible diagnosis of

PCD (diagnosis based on low
plasma/serum/blood carnitine

concentration only)

\ SSEM WI ]_Eyu

Patient characteristics of patients with a possible and a certain diagnosis of PCD

Certain diagnosis of PCD

(diagnosis based on

decreased activity and/or

bialleic variants in the SLC22A5 gene)

N =136 N =621
Median/N [Min-Max]/(%) Median/N [Min-Max]/(%) p value
Year published 2010 [1976-2020] 2014 [1979-2021] <0.001
Sex (male) 45 (34.4%) 234 (42.4%)
Age at diagnosis (years) 3.75 [0.0-45.0] 1.00 [0.0-79.0]
Infancy 48 (35.6%) 286 (46.7%)
Childhood 42 (31.1%) 133 (21.7%) 0.025
Adulthood 45 (33.3%) 194 (31.6%)
Age at first symptom (years) 1.00 [0.0-40.0] 1.00 [0.00-39.0]
Infancy 29 (42.6%) 63 (33.0%)
Childhood 27 (39.7%) 112 (58.6%) 0.003
Adulthood 12 (17.6%) 16 (8.4%)
Carnitine®
Free carnitine (N samples) 82 470
(Ratio) 0.31 [0.01-095] 0.34 [0.00-1.00]
Total carnitine (N samples) 50 68
(Ratio) 0.49 [0.00-1.37] 0.17 [0.00-3.58]
Unspecified carnitine (N samples) 9 4
(Ratio) 0.59 [0.25-0.89] 0.13 [0.00-0.72]
Transporter activity (% of controls)® - 5.0 [0.0-22.0]
Cardiac symptoms 34 (25.0%) 148 (23.8%) 1.000
Neurological symptoms 21 (15.4%) 44 (7.1%) 0.023
Muscle symptoms 46 (33.8%) 64 (10.3%) <0.001
Hepatic symptoms 22 (16.2%) 52 (8.4%) 0.071
Metabolic symptoms 27 (19.9%) 57 (9.2%) 0.005
Only nonspecific symptoms 3 (2.2%) 72 (11.6%) 0.012
Asymptomatic 58 (42.6%) 342 (55.1%) 0.090
Deceased 10 (7.4%) 25 (4.0%) 0.057

Note: Data presented as: N (%) or median [Min-Max]. Significant p values are in bold. For sex, age at diagnosis, age period at diagnosis, age at first symptom

and age period at first symptom, the number of missing data were, respectively: possible diagnosis: 5, 12, 1, 20, 12; certain diagnosis: 69, 54, 8, 139, 88.

Abbreviation: PCD, primary carnitine deficiency.

“If possible, ratios were calculated for serum/plasma/blood carnitine concentrations as follows:

samples, ratio [Min-Max].
bIf possible, results were converted to % of controls as follows: (

was higher in the unconfirmed PCD group (7.4 vs 4.0%;
P = 0.057), though this observation was not significant.

Analyses in the following paragraphs were performed
in the confirmed PCD group only.

3.1 | Clinical characteristics based on
mode of detection

Of the 621 patients, 161 were identified after presenting
with symptoms (clinical diagnosis), 102 maternal cases

Carnitine transporter activity
Mean activity of controls

Carntine concentration
Lower reference value at study site*

Provided data are: N available

) -100%. This conversion was possible for 67/87 samples.

were identified through abnormal results in the NBS of
their child (maternal cases), 249 cases were identified
through NBS and finally, and 109 patients were detected
through high-risk screening.

Clinically diagnosed patients (N = 161) were mostly
diagnosed in infancy/childhood (N = 145; 90.1%). Only
five of 161 patients (3.1%) experienced their first symp-
tom after childhood. The median age at first symptom
was 1 year for the clinically diagnosed patients [IQR 0.5-
5years]. In contrast, none of the maternal cases had
experienced symptoms in childhood. Of the symptomatic
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maternal cases (17/102; 16.7%), nine experienced exclu-
sively pregnancy-related/nonspecific symptoms (see
Table 2) and eight patients developed the following
symptoms: VF and hypotonia (N = 1; 1.0%), sus-VT
(N = 1; 1.0%), cardiomyopathy with cardiac dilation

(N = 1; 1.0%), hepatic steatosis with hypoglycemia
(N = 1; 1.0%), muscle weakness (N = 3; 3.9%), and fasting
intolerance (N = 1; 1.0%). The signs and symptoms in
NBS patients (25/249; 10.0%) were, respectively: non-
specific (N = 11), cardiac involvement (N = 4; atrial/

TABLE 2 Clinical characteristics of PCD patients based on mode of detection
Symptomatic presentation Risk screening Maternal NBS NBS
N =161 N =109 N =102 N =249

Age at diagnosis (years) 3.0 [0.0-57.0] 29.0 [0.0-79.0] 29.0  [20.0-43.0] 0.0 [0.0-0.7]

Infancy 32 (19.9%) 5 (4.6%) 0 (0.0%) 249 (100%)

Childhood 113 (70.2%) 20 (18.3%) 0 (0.0%) 0 (0.0%)

Adulthood 13 (8.1%) 79 (72.5%) 102 (100%) 0 (0.0%)
Age at first symptom (years) 1.0 [0.0-39.0] 3.0 [0.5-34.0] 22.0 [20.0-34.0] 0.1 [0.0-4.0]

Infancy 51 (31.7%) 3 (3.9%) 0 (0.0%) 9 (3.7%)

Childhood 99 (61.4%) 10 (13.1%) 0 (0.0%) 3 (1.2%)

Adulthood 5 (3.1%) 4 (5.2%) 7 (7.4%) 0 (0%)
Free carnitine ratio (N samples) 87 86 84 213

(Ratio) 0.12 [0.00-1.00] 0.44 [0.00-0.83] 020 [0.00-1.00]  0.41 [0.00-0.92]
Transporter activity (N samples) 50 3 11 4
(% of control) 5.0 [0.0-22.0] 50 [5.0-6.0] 37  [0.1-9.0] 50 [5.0-16.0]

Genetic analysis performed 143 100 97 249

MS.IF/MS.IF 52 (36.4%) 37 (37.0%) 65 (67.0%) 121 (48.6%)

MS.IF/NS.FS.SS 24 (16.8%) 11 (11.0%) 25 (25.8%) 90 (36.1%)

NS.FS.SS/NS.FS.SS 55 (38.5%) 5 (5.0%) 2 (2.1%) 16 (6.4%)

MS.IF/missing 3 (2.1%) 0 (0.0%) 1 (1.0%) 7 (2.8%)

NS.FS.SS/missing 3 (2.1%) 0 (0.0%) 0 (0.0%) 3 (1.2%)

Missing/missing 6 (4.2%) 47 (47.0%) 4 (4.1%) 13 (5.2%)
Cardiac symptoms 118% (72.7%) 22 (20.2%) 3 (2.9%) 6° (2.4%)
Neurological symptoms 38 (23.6%) 3 (2.8%) 0 (0.0%) 3 (1.2%)
Muscle symptoms 55 (34.2%) 3 (2.8%) 4 (3.9%) 2 (0.8%)
Hepatic symptoms 49 (30.4%) 1 (0.9%) 1 (1.0%) 1 (0.4%)
Metabolic symptoms 49% (30.4%) 1 (0.9%) 2 (2.0%) 5 (2.0%)
Only unspecific symptoms 4° (2.5%) 48¢ (44.0%) 9¢ (8.8%) 11f (4.4%)
Asymptomatic 0 (0.0%) 33 (30.3%) 85 (83.3%) 224 (90.0%)
Deceased 21 (13.1%) 1 (0.9%) 0 (0.0%) 3 (1.2%)

Note: Data presented as: N (%) or median [Min-Max]. For age at diagnosis, age period at diagnosis. Age at first symptom and age period at first symptom, the
number of missing data were, respectively: symptomatic presentation: 29, 3, 45, 6; risk screening: 11, 5, 65, 59; maternal NBS: 9, 0, 14,10; NBS: 5, 0, 15, 13.

Missing (under genetic analysis), Variant identified, but type was not reported.

Abbreviations: Maternal NBS, mothers identified through NBS of their child; MS.IF, missense/in-frame variant; NBS, newborn screening; NS.FS.SS, nonsense/

frameshift/splice-site; PCD, primary carnitine deficiency.
“Includes one patient that was also diagnosed with NAGS deficiency.
®Includes one patient that was also diagnosed with NICCD.

“Failure to thrive without cardiac symptoms (N = 2) | fatigue (N = 1) | diabetes (N = 1).
dFatigue (N = 17) | abdominal symptoms (N = 10) | respiratory infection (N = 4) | palpitations (N = 3) | fever (N = 2) | chest pain (N = 2) | slow weight gain
(N =1) | diabetes (N = 1) | carotid dissection (N = 1) | dizzynes (N = 1) | oligomenorrhea (N = 1) pneumothorax (N = 1) | psoriasis (N = 1) | hypertension

(N =1) | sinusitis (N = 1) | testicular cancer (N = 1).

°Decreased stamina during pregnancy, spontaneous miscarriages (N = 1) | sinus tachycardia, palpitations, and preeclampsia (N = 1) | hyperemesis gravidarum

(N =1) | fatigue (N = 6).

Growth retardation (N = 6) | cleft palate (N = 2) | abdominal pain (N = 1) | congenital double thumb (N = 1) | fatigue (N = 1).
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ventricular septal defect and/or mitral valve insuffi-
ciency), metabolic signs (N = 1; metabolic decompensa-
tion), metabolic signs and neurological symptoms (N = 3;
hypoglycemia and coma/convulsions), hepatic symptoms
(N = 1; elevated alanine aminotransferase (ALAT)), mus-
cle symptoms (N = 2; mild muscle weakness, elevated
creatine kinase), and death (N = 3).°?”3? In patients
identified through high-risk screening, the majority of
individuals did not experience any (PCD-related) symp-
toms (30.3% asymptomatic and 44.0% only nonspecific
symptoms). But the prevalence of severe symptoms (car-
diomyopathy, cardiac events, and sudden death) was
higher in this group than in patients identified through
newborn screening (NBS and maternal cases). Genetic
analysis of the SLC22A5 gene revealed more biallelic
nonsense, frameshift, or splice-site variants in patients
that were diagnosed after symptomatic presentation, than
in patients detected through high-risk screening, mater-
nal, and NBS cases (38.5% vs 5.0, 2.1 and 6.4%, respec-
tively, P value < 0.001). Symptoms across all symptom
groups were more prevalent in those that carry biallelic
nonsense, frame-shift, and/or splice-site variants com-
pared to those that carry missense or in-frame variants
(Supporting Information Table S5).

Treatment was initiated upon diagnosis in 133 of
161 (82.6%) of the clinically diagnosed patients
(no treatment N = 14 and missing N = 14), in 93 of
109 (85.3%) of the high-risk screening patients
(no treatment N = 1 and missing N = 15), in 69 of
102 (67.6%) of the maternal cases (no treatment N = 11
and missing N = 22), and in 200 of 249 (80.3%) of the
newborns (no treatment N = 7 and missing N = 42). The
clinically detected patients and high-risk screening
patients that did not receive treatment died prior to
diagnosis.

3.2 | Cardiac symptoms

Cardiomyopathy was the most prevalent symptom,
reported in 112 of 621 cases (18.0%) (see Table 3). In
59 (9.5%) patients, cardiac dilation was described, with
results of cardiac imaging available for 53 patients. Data
on left ventricular ejection fraction (LVEF) were avail-
able for 23 patients, with a median LVEF of 34% (IQR:
25-39.5) without treatment. Fifteen of these received car-
nitine treatment with improvement of ejection fraction
(median 66%; IQR: 61.5-73). Cardiomyopathy with
hypertrophy was reported in 31 patients (5.0%) (imaging
results available for 23 patients). For the remaining
22 (3.5%) patients with cardiomyopathy, imaging results
were available for six patients, but no information of car-
diac morphology was provided. Most patients that

developed cardiomyopathy presented with symptoms in
childhood (N = 102; 95.3%; median age 1 year). Two
patients (1.9%) developed cardiomyopathy in adulthood
without any prior symptoms; one mother that was diag-
nosed through NBS of her child and one patient was
diagnosed through family screening in childhood. The
latter remained asymptomatic whilst on carnitine supple-
mentation and developed cardiomyopathy after discon-
tinuation in adulthood.’** None of the PCD patients
detected through NBS developed cardiomyopathy. In
15 (2.4%) patients other cardiac signs or symptoms were
described, namely: cardiomegaly (N = 3), cardiac dilation
with normal ejection fraction (N = 3), mitral/aortic valve
insufficiency (N = 2), myocardial infarction (N = 2),
atrial septal defect (N = 2), ventricular septal defect
(N = 1), cardiac fibroelastosis (N = 1), and
intramyocardial lipid deposition (N = 1).

Twenty-three patients (3.7%) experienced cardiac
events (Table 4), namely: VF (N = 7; 1.2%), sus-VT
(N = 2; 0.3%), cardiac arrest (N = 6; 1.0%), and sudden
cardiac death (N = 8; 1.3%). In 14 of 23 patients with a
cardiac event (60.8%), this event was the presenting
symptom. In eight of 23 patients (34.8%), the first cardiac
event occurred in adulthood. Five of these adults (CE-1,
CE-2, CE-4, CE-18, and CE-23) were completely asymp-
tomatic before the cardiac event occurred. They had not
received carnitine supplementation prior to the event.
The three remaining patients had the following medical
history prior to the cardiac event: coma 2 months before
event (CE-14), laparotomy 4 days prior to event (CE-15),
and NAGS deficiency diagnosed at 5 years of age (CE-9)
(dubious diagnosis, more details on case description in
“deceased patients”).>> One patient (CE-6) experienced a
cardiac event whilst on carnitine treatment; he died at
the age of 26 years due to asystole after a history of multi-
ple cardiac arrests in childhood, hypoglycemic coma with
seizures, hyperammonemia, hepatomegaly, weakness,
and developmental delay.

3.3 | Neurologic, hepatic, and metabolic
signs and symptoms

Neurologic, hepatic, and/or metabolic symptoms were
reported in a total of 89 patients (14.3%), with more than
one of these symptoms in 47 (52.8%) patients (Table 5).
Coma or encephalopathy occurred in 35 (5.6%) patients
and was the presenting feature in 27 patients. In 14 (40%)
of 35 patients, an underlying cause was reported: hypo-
glycemia (N = 8), hyperammonemia (N = 1), or both
(N = 5). In 21 of 35 cases, an underlying cause was not
reported, but 13 of 21 did have a history with hypoglyce-
mia and/or hyperammonemia. Hepatic symptoms
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(Continued)

TABLE 6

Variant

Patient
ID

Age at

Variant

Comments on death

Sudden death

death

Symptoms

allele 2

allele 1

13 months

c.824+1G>A CA,HG

c.760C>T

572/CE-

22
724

Death due to hypoglycemia

14 months

c.1161T>G Asymptomatic

c.760C>T

Note: Nonsense/frameshift/splice-site variants are in bold.

Abbreviations: CA, cardiac arrest; CiNOS, cardiac involvement not otherwise specified; CMP, cardiomyopathy; Dev, Developmental delay; Enc, encephalopathy; F, female; HA, hyperammonemia; HepM,

hepatomegaly; HepS, hepatic steatosis; HG, hypoglycemia; M, male; NA, not available; NP, not performed; PCD, primary carnitine deficiency; Seiz, seizure; Unsp., unspecified; W, weakness.

*Not applicable due to a postmortem diagnosis.
"Diagnosed with NAGS deficiency (9% residual activity) at age 5 years, PCD was confirmed postmortem, no variants in NAGS gene could be identified.

CREFCOEUR ET AL.

(N = 52; 8.4%) consisted of hepatomegaly (N = 41; 6.6%)
and hepatic steatosis (N = 11; 1.8%), confirmed by liver
biopsy in eight patients. One girl presented in childhood
with acute hepatitis, liver dysfunction, and hypoketotic
hypoglycemia.

At least 80 (89.9%) of 89 patients experienced their
first symptom in childhood with a median age at onset of
1 year [IQR 0.4-2.8]. Adult presentation was reported in
six patients, of which four used pivalic acid, a compound
known to decrease blood carnitine concentration,>®>’
prior to development of symptoms (CE-14, CE-15, CE-16,
and CE-19). Reported symptoms were hepatic steatosis
(CE-15), coma (CE-14), hepatic steatosis and coma (CE-
16), hepatomegaly (CE-19), metabolic acidosis and ele-
vated liver enzymes (CE-4), and finally, one patient with
fasting intolerance.

3.4 | Muscle symptoms

Muscle symptoms occurred in 64 (10.3%) patients. The
most frequently reported symptom was muscle weakness
(N = 46; 7.4%). In 10 (1.6%) patients, rhabdomyolysis-like
episodes were reported, with confirmatory laboratory
results reported in only four. Muscle biopsies were taken
in 15 patients, which revealed lipid accumulation in
12 patients (1.9%). Motor developmental delay occurred
in six patients (1.0%). Additional information is provided
in Supporting Information Table Sé6.

3.5 | Deceased patients

An overview of characteristics of the 25 deceased patients
(4.0%) is provided in Table 6. In only seven patients, the
diagnosis of PCD was established prior to death. The age
of death was <lyear in 5 patients, 1-8 years in
11 patients, >20 years in 6 patients, and data on age of
death were missing in 3 patients. In seven patients, death
was preceded by an episode of infection/vomiting. In five
patients, death ensued after treatment with pivampicillin.
One third (N = 8) of the deceased patients was asymp-
tomatic until death. Three patients identified through
NBS died (two sudden death and one due to hypoglyce-
mia) and were reported to have discontinued carnitine
supplementation. One case was initially diagnosed with
NAGS deficiency (9% residual activity, but no variations
in the NAGS gene) after presenting with hypoglycemia,
hyperammonemia, cardiomegaly, and fatty liver at the
age of 5 years, and he was known to have low serum car-
nitine levels at that time. Several weeks prior to his
death, at 20 years of age, he discontinued his carnitine
treatment. Postmortem genetic analysis revealed two null
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variants in the SLC22A5 gene, confirming PCD. The diag-
nosis of NAGS deficiency in this patient remains dubious.
Finally, for one case, no additional information on death
was provided.

In two of the 25 deceased patients, no genetic analysis
was performed, and their diagnosis was based on
decreased carnitine transporter activity. In 23 patients,
16 different genetic variants were identified, 11 of which
were nonsense, frame-shift or splice-site variants (carried
by 14 patients). Out of nine patients that carried only
missense variants, seven were homozygous for the
€.95A>G variant, a variant highly prevalent on the Faroe
Islands,” one patient was homozygous for c.51C>G,
which is a frequently reported variant in Asia,***° and
one patient was homozygous for c.849G>T, a variant
only described in one symptomatic Japanese boy.’” Fre-
quencies of all variants per symptom group are provided
in Table S7.

4 | DISCUSSION

We have studied the full spectrum of clinical characteris-
tics, both in PCD patients with a diagnosis based only on
low carnitine levels (unconfirmed diagnosis) as well as in
PCD patients diagnosed by biallelic variants in the
SLC22A5 gene and/or reduced carnitine transporter
activity in fibroblasts (confirmed diagnosis). Overall
symptoms were reported less frequently in the confirmed
population compared to the unconfirmed population,
although not statistically significant in all analyses. As
unconfirmed cases were generally published earlier than
confirmed cases (IQR 1990-2020 and 2010-2020, respec-
tively), this might be partly explained by its introduction
in NBS programs in several countries from 2001 onward.
In addition, the group with unconfirmed PCD likely com-
prises patients that do not meet the current diagnostic
criteria for PCD and suffer from a different disorder; as
illustrated by the fact that for some cases reported in
literature, the diagnosis was reconsidered after
reevaluation."*'” In disorders that cause secondary carni-
tine deficiency (eg, fatty acid oxidation disorders and
organic acidemias), other organ systems may be more
strongly affected than in PCD. This could have increased
the prevalence of muscle and neurological symptoms in
the unconfirmed population.*®*® To ensure that the clini-
cal spectrum of PCD cases as described in this study
would not be affected by data of non-PCD patients,
unconfirmed cases were not included in the further ana-
lyses. The most prevalent clinical characteristic in con-
firmed PCD was cardiomyopathy (18.0%), and this was
the only reported clinical characteristic in 8.4% of
patients. Neurologic, hepatic, and/or metabolic signs and

symptoms occurred in 14.3% and generally developed in
early childhood. Four percent of patients died and one
third of the deceased patients was completely asymptom-
atic up until death. Cardiac events in seemingly well
patients were often preceded by provoking incidents such
as a mild infection and/or initiation of pivalic acid con-
taining antibiotics (13/33; 39.4%).

Symptoms were rarely (5.6%) observed in children
identified by NBS. The most obvious explanation for this
observation would be early initiation of treatment in
NBS-identified patients, thus preventing symptoms.
Another explanation could be detection of milder pheno-
types in the patients identified by screening programs.
The results of this study illustrate that the frequency of
nonsense, frame-shift, and splice-site variants was consid-
erably lower in patients identified by screening than in
patients identified after a symptomatic presentation. This
suggests that the underlying variants may very well play
a role in disease severity. In line with this hypothesis,
Rose et al.** previously reported 14 symptomatic and
14 asymptomatic women with PCD and showed that
none of the asymptomatic women were homozygous or
compound heterozygous for null-variants, whereas nine
of 14 of symptomatic women carried these variants.
Indeed, most maternal cases identified after NBS of their
child, of whom the majority has remained asymptomatic
throughout life, have missense variants on at least one
allele. The identification of milder phenotypes by NBS for
PCD is in line with phenotypes identified by screening
programs for other diseases.*' ™

The identification of milder or even asymptomatic
maternal cases through NBS of their child raised a
dilemma since implementation of PCD in NBS pro-
grams.>*** On the one hand, identification enables phy-
sicians to monitor and treat patients before they
experience potentially lethal events. On the other hand,
there are ethical concerns of burdening asymptomatic
mothers with a diagnosis of PCD, especially given the
uncertainty regarding the health consequences and sub-
sequent need for monitoring and treatment. To see if
mothers identified through NBS of their child are at risk
for acute events, we looked with particular interest at
patients that were completely asymptomatic before suf-
fering a (potentially) lethal event (ie, cardiac event or
coma) in adulthood. In our identified cohort, 3.1%
(N = 6) of adult patients (patients diagnosed in adult-
hood, N = 194) experienced such an event (five cardiac
events and one coma) without any prior symptoms
(of whom two were mothers identified through NBS of
their child). This finding adds to the ethical dilemma of
identifying asymptomatic mothers with PCD through
NBS of their child, as it shows that the risk of a life-
threatening event is small, but not negligible. With this
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knowledge, most physicians will likely choose to con-
tinue follow-up and treatment in these mothers. How-
ever, the question remains whether the burden of
lifelong follow-up and treatment and the knowledge of
being at risk for a serious event is justified, considering
the small risk of this event actually happening.

Previously, Rasmussen et al.** published a retrospec-
tive analysis of sudden death in the Faroese population
and uncovered 13 untreated PCD cases, all homozygous
for the c.95A>G variant, suggesting a strong association
between this variant and sudden death. However, all
these cases originate from a confined region with
extremely high genetic homogeneity.*> Therefore, other
genetic traits predisposing for sudden cardiac death
within this population cannot be ruled out. For PCD in
general, it is difficult to establish a clear association
between genotype and disease severity.*>***® Typically,
missense and in-frame deletion or insertion variants are
less detrimental to protein integrity, theoretically
resulting in a milder phenotype, as is also suggested by
our data. However, in some cases, these types of variants
can still substantially affect protein function (eg, when
the catalytic site is affected). Therefore, the practical vari-
ant categorization used in this review is not suited to
truly assess functional consequence of variants, which
requires in vitro studies such as gene expression studies.
However, these approaches are only able to evaluate the
effect of a single variant. Variants exist in numerous alle-
lic combinations, each producing an OCTN2 protein with
varying residual activity, making it impossible to predict
disease outcome based on genotype alone. Unfortunately,
at the time of writing, the other conventional diagnostic
tool available—measurement of carnitine transporter
activity in cultured fibroblasts—is not sensitive enough
to reliably predict disease severity: our data showed a
median residual transport activity of 5% of controls in
asymptomatic (N = 15; range 0.1-16) as well as symp-
tomatic patients (N = 52; range 0-22). Recently, a novel
method for measuring carnitine transport activity, using
Ds-labeled carnitine instead of radioactively labeled car-
nitine, was published by Ferdinandusse et al.*’ This
novel assay is more sensitive and could reliably separate
biallelic missense from biallelic nonsense variants (~26
vs ~2% of control, respectively). Further research is
required to determine if this novel assay is able to distin-
guish those patients with symptoms from those individ-
uals that remain asymptomatic.

This review is not without its limitations. First, our
approach involved retrieving data from previously
reported cases, and is thus susceptible to publication bias.
Second, some symptoms or signs may not have been
reported in the case description (reporting bias). The latter
might have resulted in an overestimation of severe

symptoms and/or an underestimation of milder clinical
characteristics. However, the case-by-case approach in this
study limited the risk of citation bias, and enabled us to
approximate the prevalence of certain clinical traits within
PCD patients as closely as possible, using only published
data. Furthermore, this approach allowed us to focus specif-
ically on severe outcomes and to identify clinical relevant
differences between patients presenting with symptoms and
asymptomatic individuals identified through screening.

The primary objective of our study was to identify the
clinical spectrum of PCD. Although treatment data of
PCD patients were collected, these data were often insuf-
ficient (eg, no data on treatment duration, treatment dos-
age and/or treatment adequacy [ie, plasma carnitine
levels after treatment]) to draw reliable conclusions on
the effect of carnitine supplementation on clinical symp-
toms. Furthermore, follow-up time could not be reliably
collected for included patients. This is particularly impor-
tant for evaluation of symptoms in the NBS group, as
these newborns may have been too young to have devel-
oped symptoms when reported. However, the median age
at first symptoms for the clinically identified population
was 1 year (N = 117; IQR 0.5-5 years) suggesting that, if
left untreated, PCD-related symptoms generally develop
throughout the first years of life. It might well be that
part of the population of the NBS group surpassed this
age at the time of publication, but this could not be veri-
fied based on available data. Research in a controlled set-
ting, preferably with a long follow-up time, is required
for assessing symptoms incidence and treatment effect in
future studies.

Inherent to the case-by-case approach, studies that
only reported pooled data were excluded (four articles;
containing 57 cases).*>****>! Most of these cases had
been described in other articles that were included in our
study. This will therefore probably not have greatly
influenced the outcome of this study. Vice versa, several
large cohort studies did meet our inclusion criteria.>**%>2
As a consequence, there is an overrepresentation of spe-
cific geographical regions in our database. This creates a
risk of bias in the symptoms reported in groups, based on
background genetics, rather than mode of detection. For
example, 296 of included cases (48.5%) were Chinese.
These cases contribute to 64.4% of the maternal cases
identified by NBS of their child and to 79.4% of the NBS
cases. Of the 14 symptomatic children identified through
NBS, 13 were of Chinese heritage. Moreover, 97 cases
(15.9%) are of Faroese heritage, representing 78.7% of the
risk screening population.

In summary, this is the most extensive review on
PCD to date. By reviewing individual clinical outcomes
of patients diagnosed by current diagnostic standards, we
provide an extensive overview of the clinical
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characteristics associated with PCD. Patients are predom-
inantly at risk for developing cardiomyopathy. Neurologi-
cal, metabolic, hepatic, and muscle symptoms occurred
in approximately 10% of patients. Patients identified
through screening rarely developed symptoms, whether
this is due to a treatment effect or the detection of milder
phenotypes is not yet elucidated. Cardiac events are rare,
but they have been reported as the first presenting symp-
tom in a small number of PCD patients, including adults
without a remarkable preceding medical history. Cohort
studies in genetically diverse populations are needed to
compare genetic traits and residual activity on the one
hand, and disease outcome on the other hand to better
predict disease severity. This information is crucial to
improve NBS programs, identifying those individuals
with PCD requiring treatment and follow-up (actual dis-
ease), while reducing the number of individuals that have
a genetic trait leading to reduced carnitine transporter
activity, without clinical consequences (healthy individ-
uals). Until more knowledge on the risk of developing
serious events in asymptomatic individuals is gained, we
recommend monitoring and treatment of all PCD cases
identified.
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