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Abstract

Background Primary carnitine deficiency (PCD) is a rare autosomal recessive fatty acid oxidation disorder caused
by variants in SLC22A5, with its prevalence and SLC22A5 gene mutation spectrum varying across races and regions.
This study aimed to systematically analyze the incidence of PCD in China and delineate regional differences

in the prevalence of PCD and SLC22A5 gene variants.

Methods PubMed, Embase, Web of Science, and Chinese databases were searched up to November 2023. Following
quality assessment and data extraction, a meta-analysis was performed on screening results for PCD among Chinese
newborns.

Results After reviewing 1,889 articles, 22 studies involving 9,958,380 newborns and 476 PCD cases were included.
Of the 476 patients with PCD, 469 underwent genetic diagnosis, revealing 890 variants of 934 alleles of SLC22A5,
among which 107 different variants were detected. The meta-analysis showed that the prevalence of PCD in China
was 0.05%o [95%Cl, (0.04%o, 0.06%0)] or 1/20 000 [95%Cl, (1/16 667, 1/25 000)]. Subgroup analyses revealed a higher
incidence in southern China [0.07%o, 95%Cl, (0.05%o, 0.08%0)] than in northern China [0.02%o, 95%Cl, (0.02%o, 0.03%0)]
(P<0.001). Furthermore, the result of the meta-analysis showed that the frequency of the variant with ¢.1400C > G,
c.51C>G, c.760C>T, 338G > A, and c.428C>T were 45% [95%Cl, (34%, 59%)], 26% [95%Cl, (22%, 31%)], 14% [95%C],
(10%, 20%)]1, 6% [95%Cl, (4%, 8%)], and 5% [95%Cl, (4%, 8%)], respectively. Among the subgroup analyses, the variant
frequency of ¢.1400C > G in southern China [39%, 95%Cl, (29%, 53%)] was significantly lower than that in northern
China [79%o, 95%Cl, (47%o, 135%o0)] (P < 0.05).

Conclusions This study systematically analyzed PCD prevalence and identified common SLC22A5 gene variants

in the Chinese population. The findings provide valuable epidemiological insights and guidance for future PCD
screening effects in newborns.
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Background

Primary carnitine deficiency (PCD, OMIM #212,140) is a
rare inherited autosomal recessive disorder of fatty acid
oxidation caused by mutations of the solute carrier family
22 member 5 (SLC22A5, MIM:603,377) gene. SLC22A5
encodes the organic cation/carnitine transporter type 2
(OCTN2), which is prominently expressed in the heart,
skeletal muscle, kidney, and placenta [1, 2]. Defect in
OCTN?2 synthesis hinders the reabsorption of carnitine,
resulting in low levels of serum carnitine, impairing the
transport of long-chain fatty acids from the cytosol to the
mitochondria for beta oxidation.

The clinical manifestations of PCD vary widely, ranging
from asymptomatic to acute metabolic decompensation
early in life, progressive hypertrophic cardiomyopathy,
myopathy, and encephalopathy later in life [3—5]. How-
ever, untreated patients with PCD may experience sud-
den death [6], thereby highlighting the importance of
timely and continuous carnitine supplementation to
prevent metabolic decompensation and ensure favora-
ble long-term outcomes. Hence, early diagnosis is cru-
cial. Newborn screening (NBS) for PCD is performed
to measure free carnitine (CO0) levels in dried blood spot
samples using tandem mass spectrometry (MS/MS). The
widespread implementation of NBS for PCD in China has
enabled early diagnosis and timely treatment of patients
with PCD.

The estimated incidence of PCD varies widely across
countries due to region and race, ranging from 1:120,000
to 1:300 newborns [7-10]. Additionally, significant differ-
ences in the incidence of PCD have been reported among
different regions within China, with rates ranging from
1:100,000 to 1:3000 newborns [11-15]. It is important to
clarify the overall prevalence of PCD among the Chinese
population, as well as potential regional disparities, nota-
bly across the Qinling Mountains-Huaihe River Line that
divides China into northern and southern regions. This
geographic division introduces variations in the natural
environment, geographical landscape, and residents’ life-
styles, which may influence disease prevalence. It remains
unclear whether there are differences in the prevalence of
PCD between the northern and southern regions.

SLC22AS5, located on chromosome 5q31.1, includes
ten exons and three introns and encodes 557 amino
acids. Over 180 pathogenic SLC22A5 gene variants
have been identified, and variations have been observed
among different racial and regional populations. (http://
www.hgmd.cfac.uk; data collected on December 15,
2023). Some studies have identified ¢.51C>G (p.F17L),
¢.760C>T (p.R254*), and c.1400C>G (p.S467C) as the
three most common variants in the Chinese population
[16-19]. However, the frequency of the most prevalent
variant varies across regions.
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To elucidate the epidemiological characteristics of PCD
in Chinese populations, a comprehensive meta-analysis
was conducted to analyze the nationwide incidence of
PCD and clarify the differences in the prevalence of PCD
and SLC22A5 gene variants between northern and south-
ern regions.

Methods

Literature search

The systematic review and meta-analysis were conducted
according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines
[20], with the protocol registered in PROSPERO (ID:
CRD42024526722). Three independent researchers (Z]JF,
LJL, and ZYL) systematically searched databases from
2000 to June 2023 for observational studies on PCD,
including English databases encompassing the PubMed,
Embase, and Web of Science, and Chinese databases
encompassing the China National Knowledge Infrastruc-
ture (CNKI), Veipu (VIP), and Wanfang. Search terms
comprised (“primary carnitine deficiency” OR “carnitine
uptake defect” OR “carnitine transport defect”) AND
(“SLC22A5” OR “OCTNZ2”) AND (“mutation” OR “vari-
ant”) AND (“neonate” OR “newborn” OR “neonate”). Rel-
evant studies on human participants published in English
and Chinese were included, and reference lists of relevant
reviews and articles were manually examined.

Eligibility and exclusion criteria

Studies were included if they met the following criteria:
(1) original observational studies; (2) studies reporting
results of PCD screening for newborns in different prov-
inces, cities, and autonomous regions of China; (3) stud-
ies featuring main indicators such as the prevalence of
PCD, information on SLC22AS gene variants and other
relevant PCD-related characteristics, and (4) Studies with
relatively high quality.

Studies failing to meet these criteria were excluded
from the analysis. In addition, studies with overlapping
screening regions or times, low quality, or those not pub-
lished in English or Chinese languages were excluded.

Data extraction

Two researchers (ZJF and LJL) extracted the information
independently. All relevant data were compiled into a
data extraction table based on the specified eligibility and
exclusion criteria. Information obtained from the origi-
nal publications included the first author, publication
year, screening year, region, number of NBS participants,
number of diagnosed PCD cases, and details on SLC22A5
gene variants. The frequencies of SLC22A5 gene variants
were calculated from the extraction data. Any discrep-
ancies were resolved through discussion with another
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investigator (ZYL). Since all analyses relied on previously
published studies, ethical approval or patient consent
was not required.

Quality assessment

Two investigators (ZJF and LJL) independently evalu-
ated the quality of included studies using the Agency for
Healthcare Research and Quality (AHRQ) criteria. Stud-
ies were assigned a score of 1 for compliance with each
criterion and a score of 0 for non-compliance or uncer-
tainty, yielding a total score ranging from 0 to 11. Higher
scores indicated superior quality, with the included
studies categorized as having high, moderate, or low
quality, corresponding to scores of 8-11, 4-7, and 0-3
points, respectively. Any discrepancies were thoroughly
discussed and resolved by another reviewer (ZYL) if
necessary.

Statistical analyses

All statistical analyses were performed using RevMan
version 5.3 (Update Software Ltd., Oxford, Oxon, UK).
The chi-square test and I? were used to evaluate heteroge-
neity. Heterogeneity was deemed small when the F value
was less than 50% with a P value>0.10, in which case
the fixed-effects model (the Mantel-Haenszel method)
was used to estimate the pooled prevalence (OR) and
95% confidence intervals (CIs). Otherwise, a random-
effects model (the Der Simonian and Laird method) was
employed. Subgroup analysis was conducted to assess the
effect of region across the studies. Sensitivity analyses

v
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were performed by individually removing studies to eval-
uate their impact on pooled ORs. Publication bias was
visually assessed using a funnel plot and quantitatively
evaluated using Begg’s test. A P value<0.1 indicated the
existence of publication bias.

Results

Study selection

In our initial data search, 1,889 articles (797 in Chinese
and 1,092 in English) were identified. Among these, 1,067
articles were excluded after screening duplicates. After
reviewing the titles and abstracts of the remaining arti-
cles, 781 were further excluded. Subsequently, 41 articles
were considered potentially eligible. Upon a thorough
review of the full texts, 19 articles were excluded, includ-
ing those with overlapping screening regions or screen-
ing time eligibility (n=15), meta-analyses (#=1), and
low-quality studies (n=3). Finally, 30 eligible studies
were included in the meta-analysis. A flowchart illustrat-
ing the literature search process is shown in Fig. 1.

Study characteristics

Twenty-two studies involving 9,958,380 newborns were
included in our analysis, among which 476 patients
were diagnosed with PCD, as shown in Table 1. Nota-
bly, 79.53% of the screened newborns resided in south-
ern China. Of the 476 patients with PCD, 469 underwent
genetic diagnosis, revealing 890 variants of 934 alleles
of SLC22A5, among which 107 different variants were
detected. The five most prevalent variants accounted

v
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Fig. 1 Flow chart of the study selection process
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for 71.13% of the total number, including ¢.1400C > G,
p-Serd67Cys (29.78%, 265/890), c.51C>G, p.Phel7Leu
(19.89%, 177/890), c.760C>T, p.Arg254Ter (14.27%,
127/890), ¢.428C>T, p.Prol43Leu (4.16%, 37/890), and
c.338G>A, p.Cys113Tyr (4.04%, 36/890), as shown in
Table 1.

Assessment of quality

The evaluation results of the AHRQ quality assessment
items are also presented in Table 1, indicating that arti-
cles with scores four or more were classified as having
moderate or high quality. The average score of 7.68 indi-
cated minimal risk of bias.

Results of meta-analysis

Incidence of PCD

All included studies reported the incidence of PCD.
Due to significant heterogeneity among included stud-
ies (P=83%, P<0.05), a random-effects model was

Risk Difference
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employed to analyze the incidence of PCD in China. The
meta-analysis showed that the prevalence of PCD was
0.05%0 [95%CI, (0.04%o, 0.06%0)] or 1/20 000 [95%CI,
(1/16 667, 1/25 000)] in China (Fig. 2). Subgroup analy-
ses of regional incidence revealed that the incidence in
southern China [0.07%o, 95%CI, (0.05%0, 0.08%0)] was
greatly higher than that in north China [0.02%o, 95%CI,
(0.02%o, 0.03%o0)] (P <0.001), as shown in Figs. 2 and 3.

Frequency of SLC22A5 gene variants

Among the included studies, 21 reported variant spectra
of SLC22AS in patients with PCD. We performed a meta-
analysis of the frequencies of the five most prevalent gene
variants. Since significant heterogeneity was observed
among the variant frequencies of ¢.1400C>G and
c.760C>T (’=66% and 76%, P<0.05), a random-effects
model was used for the analysis. No significant hetero-
geneity was identified among the variant frequencies of
¢.51C>G, c.428C>T, and ¢.338G>A (I>=29%, 0%, and

Risk Difference

Study or Subgroup _ Risk Difference SE Weight 1V, Random, 95% CI 1V, Random, 95% CI
1.1.1 Southern

Chang 2022 0.03206994 0.00498873 6.6% 0.03[0.02, 0.04] -

Chen 2020 0.1047636 0.0313458 2.2% 0.10[0.04, 0.17] -
Di 2021 0.05492105 0.01138313 5.4% 0.05[0.03, 0.08] -

Hu 2023 0.05064581 0.00872334 6.0% 0.05[0.03, 0.07] -
Huang 2020 0.07493256 0.01860851 3.9% 0.07 [0.04, 0.11] -

Li 2022 0.07312639 0.01500973 4.6% 0.07 [0.04, 0.10] -
Lin 2020 0.033132 0.00306473 6.8% 0.03[0.03, 0.04] "

Lin 2021 0.08937577 0.01218404 52% 0.09[0.07, 0.11] -
Song 2023 0.1148315 0.02620291 2.7% 0.11[0.06, 0.17] —
Tan 2021 0.10715625 0.02922904 2.4% 0.11[0.05, 0.16] -
Tu 2023 0.14852914 0.02316661 3.2% 0.15[0.10, 0.19] -
Wang 2019 0.03734502 0.00946068 5.8% 0.04[0.02, 0.06] -
Wang 2023 0.46747696 0.09117282 0.4% 0.47[0.29, 0.65] .
Yang 2021 0.06025821 0.01460362 4.7% 0.06 [0.03, 0.09] -
Zhou 2022 0.05282732  0.0229926 3.2% 0.05[0.01, 0.10] T
Subtotal (95% ClI) 63.0% 0.07 [0.05, 0.08] ¢
Heterogeneity: Tau? = 0.00; Chi* = 98.81, df = 14 (P < 0.00001); I> = 86%

Test for overall effect: Z = 8.81 (P < 0.00001)

1.1.2 Northern

Li 2019 0.02913967 0.00627 6.4% 0.03[0.02, 0.04] -

Liu 2023 0.02732987 0.027 2.6% 0.03[-0.03, 0.08] T
Tang 2019 0.00907787 0.00904 5.9% 0.01[-0.01, 0.03] T

Wang 2020 0.0453632 0.014 4.8% 0.05[0.02, 0.07]

Yang 2 2021 0.02628043 0.00648 6.4% 0.03[0.01, 0.04] -

Zhou 2019 0.04230691 0.0131 5.0% 0.04[0.02, 0.07] -

Zhu 2020 0.00948434 0.00944 5.8% 0.01[-0.01, 0.03] I
Subtotal (95% ClI) 37.0% 0.02[0.02, 0.03] ‘
Heterogeneity: Tau® = 0.00; Chi* =10.14,df =6 (P =0.12); I?=41%

Test for overall effect: Z =5.13 (P < 0.00001)

Total (95% Cl) 100.0% 0.05 [0.04, 0.06] ‘

Heterogeneity: Tau? = 0.00; Chi* = 126.65, df =21 (P < 0.00001); I* = 83%

Test for overall effect: Z = 9.35 (P < 0.00001)

02-01 0 01 02

Test for subaroup differences: Chi? = 23.03. df = 1 (P <0.00001). I> = 95.7%
Fig. 2 Meta-analysis of the incidence of PCD between southern and northern China
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Fig. 3 The schematic diagram shows the incidence of PCD in different provinces of China

0%, P>0.05), and a fixed-effects model was used for the
analysis. The result of the meta-analysis showed that the
frequency of the variant with ¢.1400C>G, c.51C>G,
¢.760C>T, ¢.338G > A, and ¢.428C>T were 45% [95%CI,
(34%, 59%)], 26% [95%CI, (22%, 31%)], 14% [95%CI, (10%,
20%)], 6% [95%ClL, (4%, 8%)], and 5% [95%CI, (4%, 8%)],
respectively. Among the subgroup analyses, the variant
frequency of ¢.1400C > G in southern China [39%, 95%CI,
(29%, 53%)] was significantly lower than that in northern
China [79%o, 95%CI, (47%o, 135%0)] (P<0.05) (Fig. 4),
while there was no statistically significant difference in
the frequency of other variants between southern and
northern China (Fig. S1-4).

Publication bias analysis

Funnel plots were utilized to evaluate publication bias
for the incidence of PCD and the frequency of SLC22A5
gene variants. The plots were approximately symmetri-
cally distributed, indicating no significant publication
bias (Fig. 5).

Discussion

Our meta-analysis included 22 studies on PCD screen-
ing for newborns conducted in 12 provinces (municipali-
ties) across China over the past two decades, including
approximately 10 million newborns. This analysis is cur-
rently the most comprehensive and systematic review
of PCD screening worldwide. Our findings revealed a
prevalence of PCD of approximately 1 in 20,000 Chinese

newborns, with a significantly higher prevalence noted
in southern China than in northern China. Benefiting
from the extensive sample size and the relative repre-
sentativeness of regional population distribution, along
with the absence of publication bias in the literature, the
results of our meta-analysis offer an objective and reliable
assessment.

Timely detection, diagnosis, and intervention for PCD
through NBS are crucial to mitigate severe clinical out-
comes in affected individuals [21-23]. With the wide-
spread application of MS/MS and genetic testing, PCD
can be promptly diagnosed and managed.

Globally, the Faroe Islands exhibit the highest inci-
dence of PCD, with a prevalence of up to 1:297 [7]. This
ratio varies across different regions, estimated at 1:50,000
in the United States [9], 1:25,000 in Egypt [24], 1:30,000
in Thailand [10], and 1:40,000 in Japan [25]. It is worth
noting that the estimated prevalence of PCD is 1:17,641
in China based on the carrier frequency of SLC22A5
pathogenic or likely pathogenic (P/LP) variants from the
Chinese Newborn Genome Project [26]. Additionally, a
national cross-sectional survey included 7 million new-
borns and reported a prevalence of 1:20,284 in mainland
China [27], consistent with our study findings. Subgroup
analysis revealed a significantly higher prevalence of PCD
in southern China, particularly in the Fujian [17, 28, 29],
Jiangxi [30], and Guangxi Provinces [31, 32], indicating
a geographical trend with higher prevalence in southern
China and lower prevalence in northern China.
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Study or Subgroup log[Odds Ratio] SE Weight
1.2.1 Southern

Chang 2022 -1.05860695 0.28148125 6.4%
Chen 2020 -1.38629436 0.55901699 3.7%
Di 2021 -1.66500776 0.41217007 5.0%
Hu 2023 -0.06669137 0.25834245 6.7%
Huang 2020 -0.84729786 0.39840954 5.1%
Li 2022 -1.25276297 0.40089186 5.1%
Lin 2020 -0.61251745 0.1473706 7.8%
Lin 2021 -1.63413053 0.27330408 6.5%
Song 2023 -1.02165125 0.38873013 5.2%
Tan 2021 -1.94591015 0.6172134 3.3%
Tu 2023 -1.21639532 0.28463752 6.4%
Wang 2019 0 0.36514837 5.5%
Wang 2023 -0.91629073 0.41833001 4.9%
Yang 2021 -0.12516314 0.35424595 5.6%
Zhou 2022 -2.19722458 1.05409255 1.5%
Subtotal (95% ClI) 78.9%

Heterogeneity: Tau? = 0.22; Chi* = 42.64, df = 14 (P < 0.0001); I> = 67%

Test for overall effect: Z = 6.07 (P < 0.00001)

1.2.2 Northern

Li 2019 -0.48550782 0.31774445  6.0%
Tang 2019 -1.09861229 1.63299316  0.7%
Wang 2020 -0.87546874 0.53229065  3.9%
Yang 2 2021 -0.13353139 0.36596253  5.5%
Zhou 2019 0.84729786 0.48795004  4.3%
Zhu 2020 -1.09861229 1.63299316  0.7%
Subtotal (95% ClI) 21.1%

Heterogeneity: Tau? = 0.14; Chi? =7.63, df =5 (P = 0.18); 1> = 34%
Test for overall effect: Z =0.85 (P = 0.40)

Total (95% ClI) 100.0%

Heterogeneity: Tau® = 0.24; Chi* = 58.08, df = 20 (P < 0.0001); I> = 66% ! T T T

Test for overall effect: Z = 5.60 (P < 0.00001)

1V, Random, 95% CI

Page 8 of 11

Odds Ratio Odds Ratio

1V, Random, 95% CI
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Test for subaroup differences: Chi? =5.22. df =1 (P = 0.02). I = 80.9%
Fig. 4 Meta-analysis of the frequency of the ¢.1400C > G variant of the SLC22A5 gene between southern and northern China

Uncovering the mutation spectrums of SLC22A5 gene
plays an important role in clarifying the correlation
between genotype and phenotype, genetic counseling,
and management of PCD. Several ethnic-specific vari-
ant spectra of SLC22AS5 have been identified in different
populations. For example, c.95A > G (p.N32S) is predom-
inant in the Faroe Islands [7], ¢.136C>T (p.P46S) in the
United States [33], ¢.51C>G (p.Phel7Leu) in Thailand
[10], ¢.760C>T (p.R254X) and c.454G>C (p.G152R) in
Turkey [34], and ¢.1400C > G (p.S467C) in Japan [25].

Our analysis revealed that the top five mutations collec-
tively accounted for 71.13% of the total number, providing
convincing evidence for the rapid detection of targeted
variants of the SLC22AS5 gene in the Chinese population.
While studies have consistently identified c.1400C>G
(p.S467C), ¢.51C>G (p.F17L), and ¢.760C>T (p.R254*)
as the top three prevalent variants in the Chinese popula-
tion, the variant with the highest frequency varies across
different geographic regions. Subgroup analysis indicated

that the ¢.760C>T mutation, which results in very low
residual OCTN2 transporter activity and obvious clinical
manifestations, was most frequent in the Fujian Province
[17], while ¢.1400C>G, with residual OCTN2 trans-
porter activity that may lead to mild phenotypes, pre-
dominated in Jiangsu [35], Shandong [11], and Henan
[19] Provinces. In contrast, c.51C > G was the most prev-
alent variant in Shanghai [36] and Guangxi [30—32] Prov-
inces. Our findings underscore regional disparities, with
¢.1400C > G exhibiting a higher frequency in northern
China than in southern China.

Conclusions

Our systematic review and meta-analysis of NBS results
for PCD in China yielded a comparatively accurate
prevalence of 1/20 000. Our findings highlight a sig-
nificantly higher incidence of PCD in southern China
than in northern China. Additionally, we confirmed the
three most common variants of SLC22AS in the Chinese
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Fig. 5 Funnel plots for publication bias. A Funnel plot of the incidence of PCD. B Funnel plot of the frequency of the ¢.1400C > G variant

of the SLC22A5 gene. C Funnel plot of the frequency of the c.51C> G variant of the SLC22A5 gene. D Funnel plot of the frequency of the ¢.760C>T
variant of the SLC22A5 gene. E Funnel plot of the frequency of the c428C >T variant of the SLC22A5 gene. F Funnel plot of the frequency

of the ¢.338G > A variant of SLC22A5 gene

population, noting a higher frequency of c. 1400C>G  China, remains relatively low in northwest China due to
variant in northern China than in southern China. poor medical and economic conditions. Consequently,
However, the coverage rate of MS/MS-based newborn the number of included studies in northern China is
screening, being a voluntary chargeable program in relatively limited compared to that in southern China.
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Overall, our study provides valuable epidemiological
insights into PCD in the Chinese population, guiding
future endeavors in NBS for PCD.

Abbreviations

PCD Primary carnitine deficiency

NBS Newborn screening

OCTN2  Organic cation/carnitine transporter type 2
Co Free carnitine

MS/MS  Tandem mass spectrometry
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