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Abstract

Background Familial hypercholesterolemia (FH) is an inherited disorder mainly marked by increased low-density
lipoprotein cholesterol (LDL-C) concentrations and a heightened risk of early-onset arteriosclerotic cardiovascular
disease (ASCVD). This study seeks to characterize the genetic spectrum and genotype—phenotype correlations of FH
in Chinese pediatric individuals.

Methods Data were gathered from individuals diagnosed with FH either clinically or genetically at multiple hospitals
across mainland China from January 2016 to June 2024.

Results In total, 140 children and adolescents (mean age of 6.00 years) with clinically and genetically diagnosed

FH were enrolled in the study, with 87 distinct variants identified in the LDLR, APOB and PCSK9 genes. Among

the variants, 11 variants were newly identified worldwide, with 9 classified as “pathogenic”or “likely pathogenic’,

and 2 classified as “variants of uncertain significance”. Additionally, the 5 most common variants in the study were
C.1448G > A (p.W483*), .1879G > A (p.A627T), c.1216C > A (p.R406R), and c.1747C>T (p.H583Y) in the LDLR gene,

as well as ¢.10579C>T (p.R3527W) in the APOB gene, accounting for 49.29% (69/140) of all patients. These variants
are primarily observed in the Asian or Chinese population and are distinct from those present in Caucasian groups. In
this cohort, 105 patients were diagnosed with heterozygous FH (HeFH), while 35 were diagnosed with homozygous
FH (HoFH). Finally, only 28.57% of the patients (40/140) were using lipid-lowering medications with 33.33% of HoFH
patients initiating treatment after the age of 8. Additionally, only 3 compound heterozygous patients (2.14%) under-
went liver transplantation because of significantly high lipid levels.

Conclusion This study reveals the variable genotypes and phenotypes of children with FH in China and illus-

trates that the genotypes in the Chinese population differ from those in Caucasians, providing a valuable dataset

for the clinical genetic screening of FH in China. Furthermore, the older age at diagnosis and treatment highlights
the underdiagnosis and undertreatment of Chinese FH pediatric patients, suggesting that early identification should
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be improved through lipid or genetic screening, and that more timely and regular pharmacological treatments

should be implemented.

Keywords Familial hypercholesterolemia, Lipid, Low-density lipoprotein cholesterol, Genotype, Phenotype, Pediatrics

Introduction

Familial hypercholesterolemia (FH) is an autosomal
inherited disorder resulting from pathogenic variants
in the low-density lipoprotein (LDL) receptor (LDLR),
its ligand apolipoprotein B (APOB), proprotein con-
vertase subtilisin/kexin type 9 (PCSK9), and LDLR
adaptor protein 1 (LDLRAPI) genes, which account for
85%—90%, 5%—10%, 1%—3%, and less than 1% of FH
cases, respectively [1, 2]. In addition, more genes [e.g.,
growth hormone receptor (GHR), signal-transducing
adaptor family member 1 (STAP1) and apolipopro-
tein E (APOE)] have been recognized as potential con-
tributors to FH [3]. These variants impair the normal
elimination of plasma LDL particles, thereby induc-
ing significantly increased LDL cholesterol (LDL-C)
concentrations over a lifetime and a considerable risk
of early-onset ASCVD [4]. FH is clinically diagnosed
based on phenotypic indicators such as high LDL-C
levels, xanthomas, corneal arcus, early-onset ASCVD,
and family history [5]. Furthermore, genetic testing is
then recommended for clinically diagnosed patients or
family cascade screenings of FH families [6].

FH is characterized by two forms: heterozygous
HeFH) and homozygous (HoFH), depending on
whether one or two pathogenic genes are present [1,
2]. HeFH is relatively common, occurring in about 1 in
311 to 500 people in the general population, whereas
HoFH is extremely rare and severe, with an estimated
incidence of 1 in 160,000-250,000 individuals [7-9].
Although the mutation spectrum and phenotype—gen-
otype correlations of FH have been explored, about
ninety percent of adults and ninety-five percent of
children remain unrecognized, and FH patients often
do not receive adequate treatment worldwide [10].
Owing to the large Chinese population, there may be
5.6 million HeFH patients and approximately 5,000
HoFH patients, with only 4.2% of confirmed or likely
FH patients receiving lipid-lowering therapy (LLT) [11].
The underidentification and undertreatment of FH con-
tribute to 10% of the population suffering from myo-
cardial infarction before the age of 50, emphasizing the
urgent need for early identification and treatment of
FH [12]. Therefore, the clinical characteristics, genetic
variants, and genotype-phenotype correlations in 140
FH pediatric patients and families in China were inves-
tigated between 2016 and 2024 to highlight the diagno-
sis and management of the orphan disease.

Materials and methods

Patients

A multicenter cohort study on pediatric patients (below
the age of 18 years) diagnosed with FH both clinically
and genetically was performed between January 2016
and June 2024. According to Chinese expert consen-
sus, the enrollment criteria for the study were (1) fast-
ing pre-treatment LDL-C concentration>4.90 mmol/L
(190 mg/dL) on the basis of two consecutive measure-
ments; (2) fasting pre-treatment LDL-C concentra-
tion > 3.60 mmol/L (140 mg/dL) with xanthomas, corneal
arcus, or premature ASCVD; (3) fasting pre-treatment
LDL-C concentration>3.60 mmol/L (140 mg/dL) with
a familial history of hypercholesterolemia and/or pre-
mature ASCVD in first- or second-degree relatives;
and (4) the presence of one or two pathogenic or likely
pathogenic variants in the LDLR, APOB, or PCSK9 genes
or two pathogenic or likely pathogenic variants in the
LDLRAPI gene through genetic testing [13]. Addition-
ally, HoFH should be diagnosed clinically when the fast-
ing pre-treatment LDL-C concentration is>13 mmol/L
(500 mg/dL).

Additionally, patients with combined hyperlipidemia,
hypertriglyceridemia, and other conditions that could
induce secondary hypercholesterolemia (e.g., Cushing’s
syndrome, nephrotic syndrome, Wilson’s disease and
other definitive primary liver or kidney diseases) were
excluded. The research participants consisted of individ-
uals genetically diagnosed with HeFH and HoFH.

Clinical characteristics and laboratory investigations
Clinical data, including demographics (age and sex), clin-
ical features (e.g., xanthomas and corneal arcus), height
(m), weight (kg), physical examination findings, and per-
sonal and familial histories of dyslipidemia and ASCVD,
were collected at the time of initial diagnosis. Onset age
is defined as the age when xanthomas or elevated lipid
levels were first detected. Diagnostic age is defined as the
age when the patient was genetically diagnosed with FH.
Inclusion age is defined as the age when the patient was
enrolled in the study.

Total cholesterol (TC), LDL-C, high-density lipopro-
tein cholesterol (HDL-C), triglycerides (TG), apolipopro-
tein A (APOA), APOB, and lipoprotein (a) [Lp(a)] were
evaluated in blood samples collected in the morning fol-
lowing an overnight fast. The patients also underwent
Doppler echocardiography to evaluate the anatomy of the
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carotid artery and heart, especially the carotid intima-
media thickness (cIMT). Based on medical records and
follow-up phone calls, lipid-lowering therapy data were
also collected from the participants.

Genetic analysis

Patients and their first-degree relatives provided periph-
eral blood samples for genomic DNA extraction. The
DNA was fragmented by sonication, followed by end
repair and adapter attachment at both ends. After ampli-
fying the library, the DNA fragments were captured and
enriched via an exon chip and then further amplified
and subjected to WES via the Illumina platform. Sanger
sequencing was used to confirm the identified variant in
other family members for certain patients. The human
genome reference sequence hgl9 was used to align the
obtained DNA sequences via the Barrows—Wheeler
Aligner (BWA), in order to assess the coverage and qual-
ity of sequencing in the target regions. The Guangzhou
KingMed Center for Clinical Laboratory conducted the
analysis.

The Leiden Open Variation Database (LOVD3), the
Human Gene Mutation Database (HGMD), and Clin-
Var were used to check all identified variants for novelty.
Predictions regarding protein structure and functional
alterations were evaluated by Sorting Intolerant From
Tolerant (SIFT), Polymorphism Phenotyping v2 (Poly-
Phen-2), and Mutation Taster.

In accordance with the recommendations of the Amer-
ican College of Medical Genetics (ACMG) and the clas-
sification guidelines modified by the Clinical Genome
Resource (ClinGen) Familial Hypercholesterolemia Vari-
ant Curation Expert Panel [14, 15], the pathogenicity of
the variants was assessed and classified as pathogenic
(P), likely pathogenic (LP), variants of uncertain sig-
nificance (VUS), likely benign (LB), or benign (B). Addi-
tionally, the Human Genome Variation Society (HGVS)
provided guidelines for naming diverse variants. LDLR
variants have been classified into “null” and "defective”
categories depending on functional changes. Truncating
variants, altered translation initiation sites, frameshift
mutations, splice-site alterations, and large genomic rear-
rangements involving one or more exons are all types of
“null” variants in LDLR, which lead to the production of
either a completely defective or absent protein. In con-
trast, “defective” variants refer to missense variants that
cause partial loss of function (LOF) or altered function
of the receptor [8]. Given that various variant types and
statuses can affect protein function differently, heterozy-
gous patients were categorized into three groups: HeFH
with APOB/PCSKO9 variants, HeFH with defective LDLR
variants, and HeFH with null LDLR variants. In addition,
homozygous FH strains were categorized into double
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heterozygotes (two variants in 2 different genes), com-
pound heterozygotes (two variants in 2 different alleles of
the same gene) or true homozygotes (two variants in the
same allele) [16].

Statistical analysis

SPSS software (version 26.0 for Mac; SPSS Inc., Chi-
cago, IL, USA) was used to perform the statistical anal-
ysis. Data with a normal distribution are expressed as
means * standard deviations (means+SDs) and were
analyzed using Student’s t-test or one-way ANOVA.
Data with a nonnormal distribution are expressed as the
medians with interquartile ranges [medians, (IQRs)] and
were analyzed using the Mann-Whitney or Kruskal-
Wallis test. The frequencies (%) of categorical variables
were reported and assessed with the Chi-square test or
Fisher’s exact method. In addition, multivariate logistic
regression and analysis of covariance (ANCOVA) were
performed to adjust for significant differences in the age
at initial diagnosis. Graphics were created via GraphPad
Prism 10 and MS Excel 2021. Statistical significance was
deemed to be present when the P value was below 0.05.

Results

Study population

A total of 170 clinically diagnosed subjects were
recruited over the past eight years. Through molecu-
lar testing, 26 individuals were diagnosed with vari-
ants in ATP-binding cassette subfamily G member 5
(ABCGS5) and ATP-binding cassette subfamily G mem-
ber 8 (ABCG8) was subsequently excluded from the
study [17]. In addition, 4 individuals with no detectable
variants were also excluded. Overall, 140 patients with
identified positive variants participated in the study. This
cohort consisted of patients with increased LDL-C lev-
els and pathogenic or likely pathogenic variants, as well
as patients with VUS or likely benign variants, increased
LDL-C concentrations and a relevant familial history of
hypercholesterolemia.

Among them, 88.57% (n=124) were from southern
China, with the majority of families coming from Zheji-
ang Province (n=106, 75.70%), while the second-largest
group was from the Beijing-Tianjin-Hebei region (n=12,
8.57%).

Baseline characteristics

The baseline characteristics of the cohort (n=140,
52.14% male) are presented in Table 1. The majority of
patients (n=101, 72.14%) visited the outpatient clinic for
the first time because of elevated lipid levels discovered
incidentally during laboratory investigations. Neverthe-
less, 29 patients (20.71%) were initially detected due to
the presence of xanthomas, and 5 of them underwent
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Table 1 The baseline characteristics of all patients (n=140)

Items All patients
Patients 140
Male, n (%) 73 (52.14%)

Age at onset (year)
Age at diagnosis (year)
Age at inclusion (year)
Weight (kg)

Weight SDS

Height (m)

Height SDS

BMI (kg/m?)

BMI SDS

Xanthomas (%)
Corneal arcus (%)
Increased cIMT, (%)

Family history of HC,
n (%)

Family history of ASCVD,

n (%)
Lipid levels

Lipid-lowering therapy

first-degree
second-degree
first-degree
second-degree

TC, mmol/L

TG, mmol/L

LDL-C, mmol/L
HDL-C, mmol/L
LDL/HDL

APOA, mg/d L
APOB, mg/d L
APOB/APOA

Lp(a), mg/d L
Low-lipid diet, n (%)
Drugs, n (%)

Liver translation, n (%)

5.00 (2.50, 8.58)
6.00 (3.33,9.00)
8.25(5.50,11.75)
19.15 (15.50, 26.50)
-0.40 (-0.88, 0.70)
1.16+0.03
-0.23+0.11
16.02+0.32
-0.17+0.15

36 (25.71%)

6 (4.28%)

10 (7.14%)

125 (89.29%)

73 (52.14%)

7 (5.00%)

7 (12.14%)
8.35(7.46,11.27)
0.98 (0.72,1.35
6.08 (5.15,897
140 (117,171
447 (346, 5.80
12294+4.76
153.35(129.65, 216.50)
142 (0.94,1.91)

18.90 (12.10, 26.20)
97 (69.29%)

40 (28.57%)
3(2.14%)

)
)
)
)

BMI body mass index, SDS standard deviation score, cIMT carotid intima-
media thickness, n number, HC Hypercholesterolemia, ASCVD arteriosclerotic
cardiovascular disease, TC total cholesterol, TG triglyceride, LDL-C low-density
lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, APOA
apolipoprotein A, APOB apolipoprotein B, Lp(a), lipoprotein (a). Normally
distributed data are presented as the means with standard deviations
(means £ SD) and nonnormally distributed data are reported as medians with
interquartile ranges [medians, (IQRs)]

skin biopsies to confirm the diagnosis, which resulted in a
delay in their diagnosis. Additionally, 10 patients (7.14%)
were detected through genetic testing of family members.
The median age at the time of onset was 5.00 years, with
the range spanning from 0.08 to 16.50 years. The diagno-
sis was established at an average age of 6.00 years, rang-
ing between 0.17 and 17.00 years. Moreover, only 40.71%
(57/140) of patients received an FH diagnosis before the
age of 5. Among these patients, the prevalence rates of
xanthoma, corneal arcus, and thickening cIMT were
25.71%, 4.28%, and 7.14%, respectively. Four individuals
developed atherosclerotic deposits in the carotid arteries.
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The average levels of fasting untreated lipid profiles
are also presented in Table 1. Notably, LDL-C concen-
trations ranging from 3.6 mmol/L to 4.9 mmol/L were
observed in 15.00% (21/140) of patients, which do not
meet the recommended cutoff values for FH as outlined
in the American Multisociety 2018 lipid guidelines [18].
At the time of inclusion in this study, 69.28% (97/140)
of patients were following a low-lipid diet to lower their
lipid levels, 28.57% (40/140) were using lipid-lowering
medications, with the majority taking statins and/or
ezetimibe, and only 3 compound heterozygous patients
(2.14%) underwent liver transplantation owing to signifi-
cantly high lipid levels.

Molecular analysis

Genetic testing was conducted for all patients. In total,
140 patients with one or two positive variants in LDLR,
APOB or PCSK9 were identified. Of these, 75.00%
(n=105) were heterozygous carriers, consisting of 93
individuals with LDLR variants, 11 with APOB vari-
ants, and 1 with a PCSK9 variant. The remaining 25.00%
(n=35) were homozygous, including 27 compound het-
erozygotes, 5 true homozygotes for LDLR, and 3 individ-
uals with double heterozygous variants. Details of these
identified homozygous genotypes are provided in Supple-
mentary Table 1.

Additionally, 87 different variants were identified,
which are presented in Supplementary Table 2. Figure 1
illustrates the distribution of the identified variants. Spe-
cifically, of the 87 distinct variants, 80 were in the LDLR
gene, accounting for 91.95%, including 39 missense vari-
ants, 11 nonsense variants, 1 synonymous variant, 13
frameshift variants, 13 splice site variants, 1 in-frame
deletion, and 2 exon deletions. The APOB and PCSK9
variants accounted for 6.90% (6/87) and 1.15% (1/87),
respectively. According to the ACMG and ClinGen clas-
sifications, 86.21% (n=75) of the variants identified were
categorized as pathogenic or likely pathogenic, 14.94%
(n=13) were classified as VUS, and 1.15% (n=1) were
classified as likely benign. To analyze the pathogenicity
of 13 VUSs and 1 likely benign variant, in silico analysis,
in vitro functional studies and family analysis of these
variants are shown in Table 2 [19, 20]. Furthermore, the
clinical characteristics of patients with VUS or likely
benign variants were compared with those of patients
with pathogenic or likely pathogenic variants. The analy-
sis found no significant variation in lipid profiles across
these groups, as detailed in Supplementary Table 3.

Among the 87 variants, 11 (12.64%), including 6
frameshift variants (54.55%), 2 missense variants
(18.18%), 2 exon deletions (18.18%), and 1 nonsense
variant (9.09%), had not been previously reported world-
wide. The key characteristics of these novel variants are
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® | DLR-missense

® L DLR-nonsense
LDLR-synonymous

u | DLR-frame-shift

= | DLR-splicing

m | DLR-deletion

= APOB

m PCSK9

Fig. 1 The genotypes of familial hypercholesterolemia (n=87) identified in the present study. FH: familial hypercholesterolemia; LDLR: low-density
lipoprotein receptor; APOB: apolipoprotein B; PCSK9: proprotein convertase subtilisin/Kexin type 9

presented in Table 3. In accordance with the ACMG and
ClinGen classifications, all novel variants were assessed
for pathogenicity, and 81.82% of them (9/11) were cat-
egorized as pathogenic or likely pathogenic, whereas 2
missense variants (18.18%) were classified as VUS. The
analysis found no significant variation in lipid profiles
across patients with novel variants and those with known
variants, as shown in Supplementary Table 4. In addition,
16 variants were found in more than one individual, and
the 5 most common variants were ¢.1448G > A (p.W4383%,
13.57%), c.1879G>A (p.A627T, 10.00%), c.1747C>T
(p.H583Y, 10.00%), and c.1216C>A (p.R406R, 9.29%)
of the LDLR gene and ¢.10579C>T (p.R3527W, 6.43%)
of the APOB gene, accounting for 49.29% (69/140) of
all patients. The LDLR variants were distributed across
18 exons and 6 introns, with the most frequent variants
occurring between exon 3 (10.00%, 8/80) and exon 4
(20.00%, 16/80), which encode the LDLR ligand-binding
domain (Fig. 2). The most common APOB variant iden-
tified in these patients was ¢.10579C>T (64.29%, 9/14),
which is located in exon 26.

Genotype—phenotype correlation

The comparison of the clinical characteristics of HeFH
and HoFH patients was made to correlate genotype and
phenotype, as presented in Table 4. HoFH patients exhib-
ited a more severe phenotype, with significantly greater

lipid profiles levels than HeFH patients did (P<0.05 for
all), except for TG and HDL-C levels. Furthermore, the
LDL-C levels of most HeFH patients (63.81%, 67/105)
were between 3.6 mmol/L and 4.9 mmol/L, whereas the
LDL-C levels of most HoFH patients (60.00%, 21/35)
exceeded 13 mmol/L (Fig. 3A). Given the certain degree
of overlap in LDL-C levels between the two genotypes,
the LDL-C cutoff value for distinguishing HoFH patients
from HeFH patients was determined through receiver
operating characteristic (ROC) curve analysis (Fig. 3B).
The analysis revealed a cutoff value of 10.34 mmol/L,
which resulted in a sensitivity of 79.4%, a specificity of
99.0%, and an AUC of 0.893 (P<0.001).

In addition, individuals with more than one genetic
variant causing FH were diagnosed at a younger age
(4.00 in HoFH wvs. 7.00 in HeFH) and presented a
higher incidence of xanthomas, corneal arcus, and
increased cIMT (P<0.05). The primary reason for
the initial diagnosis of HeFH was the incidental find-
ing of elevated blood lipids during a routine check-up
(88.57%, 93/105), whereas the main reason for the ini-
tial diagnosis of HoFH was the presence of dissemi-
nated xanthomas (74.29%, 26/35). For lipid-lowering
therapy, a low-lipid diet alone was utilized more fre-
quently by HeFH patients compared to HoFH patients
(84.76% in HeFH patients vs. 22.85% in HoFH patients,
P<0.001), whereas lipid-lowering medication use was
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Fig. 2 Positions of the variants identified in the LDLR gene. Schematic representation of LDLR exons (exons of different colors encode different
functional protein domains) with the relative locations of the detected variants (different shapes represent different kinds of variants)

found to be statistically more common in the homozy-
gous group (68.57% vs. 15.23% in HeFH patients,
P<0.001) and liver transplantation (8.57% vs. 0.00% in
HeFH patients, P=0.015) compared to HeFH patients
(Table 4). Furthermore, HeFH patients started using
lipid-lowering drugs at an older median age compared
to HoFH patients (11.71 years for HeFH vs. 6.46 years
for HoFH, P<0.001). Notably, 75.00% of HeFH patients
began using lipid-lowering medications after the age of
8, whereas 66.67% of HoFH patients started before the
age of 8.

On the basis of the functional changes in LDLR, the
variants were classified into "null" variants and "defec-
tive" variants. Compared with those with LDLR-defec-
tive variants or APOB/PCSK9 variants, heterozygotes
with LDLR-null variants presented higher LDL-C lev-
els (5.81 vs. 5.24 vs. 5.80, respectively; P=0.004) and
LDL-C/HDL-C ratios (4.14 vs. 3.96 vs. 2.88, respec-
tively; P=0.042) (Table 5).

With respect to the homozygous genotype, the 3
patients with double heterozygotes presented a consid-
erably milder phenotype, with markedly lower levels of
lipid profiles and APOB than did those with compound
heterozygotes and true homozygotes (P<0.05 for all)
(Table 6). Furthermore, the prevalence of xanthomas
in double heterozygotes was substantially lower than
that in compound heterozygotes and true homozygotes
(0% vs. 92.6% vs. 100%, P=0.002). In terms of carotid
artery ultrasound analyses, 60.00% of patients (n=3)
with true homozygotes had increased cIMT, which was

greater than the 33.33% of patients (n=1) with double
heterozygotes and the 7.41% of patients (n=2) with
compound heterozygotes (P=0.018). Moreover, Fig. 4
illustrates the average LDL-C levels in patients with
different heterozygous and homozygous FH types.

Finally, the clinical characteristics were compared
between HeFH patients carrying the 4 most frequent
variants (c.1747C>T, ¢.1448G>A, c.1216C>A in
LDLR, and c.10579C>T in APOB) and those with
other variants is presented in Table 7. Although indi-
viduals with the ¢.10579C>T variant presented rela-
tively high concentrations of elevated TC and LDL-C,
no statistically meaningful differences were observed
(P>0.05). Moreover, the LDL-C level variability among
subjects with the same variant was assessed. As shown
in the violin plots in Fig. 5, the ¢.10579C>T variant
exhibited the broadest range of LDL-C values (a max-
imum-to-minimum variation of 5.10 mmol/L), while
the c.1747C > T variant displayed the lowest variability
in LDL-C levels (a maximum-to-minimum variation of
2.67 mmol/L).

Discussion

This study details the clinical presentation, biochemical
markers and genetic data of 140 pediatric subjects with
HeFH and HoFH from multiple centers in China. As far
as we are aware, this is the most sizable cohort identified
up to the present that outlines the genotype and geno-
type—phenotype associations in the pediatric population
of China.
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Table 4 The clinical characteristics of HeFH patients and HoFH patients (n=140)

HeFH HoFH t/x? Pvalue
Patients 105 35
Male, n (%) 55 (52.38%) 18 (51.43%) 0.01 1
Age at onset (year) 6.00 (3.55,9.00) 2.50(1.50,4.79) -4.657 <0.001
Age at diagnosis (year) 7.00 (4.13,9.59) 400 (2.21,6.63) -3.521 <0.001
Age at inclusion (year) 9.33(5.96, 11.83) 6.75(4.29,11.00) -1441 0.149
BMI (kg/mz) 15.59 (14.58,17.29) 15.11 (1449, 15.76) 0.067 0.947
BMI SDS -0.14+£0.18 -0.25+0.26 0.346 0.730
Xanthomas (%) 6 (5.71%) 30 (85.71%) 45.267 <0.001
Corneal arcus (%) 0 6 (17.14%) <0.001
Increased cIMT, (%) 4(3.81%) 6 (17.14%) 6.927 0.008
First-degree family history of HC, n (%) 91 (86.66%) 34 (97.14%) 3.037 0.081
Second-degree family history of HC, n (%) 53 (50.47%) 20 (57.14%) 0.393 0.531
First-degree family history of ASCVD, n (%) 6 (5.71%) 1(2.85%) 0277 0.598
Second-degree family history of ASCVD, n (%) 11 (10.47%) 6 (17.14%) 1.503 0.22
TC, mmol/L 7.95(7.30,8.76) 17.81(12.88,21.30) 11.744 <0.001
TG, mmol/L 0.99(0.70,1.29) 0.97(0.83,1.39) -0.178 0.859
LDL-C, mmol/L 5.65 (5.05, 6.39) 14.36 (10.66, 19.03) 12.195 <0.001
HDL-C, mmol/L 144(1.22,1.71) 1.28(0.98, 1.69) -0.466 0.642
LDL/HDL 3.75(3.17,4.79) 9.83(5.05,16.81) 6.426 <0.001
APOA, mg/dI 129.50+5.82 104.12+5.54 2434 0.018
APOB, mg/dl 143.60 (128.00, 161.70) 305.00 (199.00, 333.00) -4.251 <0.001
APOB/APOA 1.10(0.86, 1.53) 294 (1.91,3.71) -4.329 <0.001
Lp(a), mg/dl 15.90 (11.06, 24.93) 20.65(18.33,51.15) 1.057 0.296
low-lipid diet, n (%) 89 (84.76%) 8 (22.85%) 29.944 <0.001
Lipid-lowering drugs, n (%) 16 (15.23%) 24 (68.57%) 26.146 <0.001
Liver translation, n (%) 0 3(8.57%) 0.015

BMI body mass index, SDS standard deviation score, cIMT carotid intima-media thickness, n number, HC Hypercholesterolemia, ASCVD arteriosclerotic cardiovascular
disease, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, APOA apolipoprotein A, APOB
apolipoprotein B, Lp(a) lipoprotein (a). Normally distributed data are presented as means with standard deviations (means +SD) and were analyzed using Student’s
t-test, with the corresponding t and P values. Non-normally distributed data are presented as medians with interquartile ranges [medians, (IQRs)] and were compared
using the Mann-Whitney test, with the corresponding U and P values. Categorical data are expressed as frequencies (%) and were assessed using the x? test or Fisher’s
exact test, with the corresponding x? and P values
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Fig. 3 Low-density lipoprotein-cholesterol (LDL-C) levels in HeFH patients and HoFH patients. A Frequencies of LDL-C subgroups in HeFH
patients and HoFH patients. B Receiver operating characteristic (ROC) curves evaluating the ability of low-density lipoprotein (LDL)-cholesterol
values to distinguish between HeFH patients and HoFH patients. HeFH, heterozygous familial hypercholesterolemia; HoFH, homozygous familial
hypercholesterolemia; AUC, area under the curve
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LDLR null LDLR defective APOB/PCSK9 F/H/? Pvalue

Patients (n) 49 44 12

Male, n (%) 25 (51.00%) 24 (54.55%) 6 (50.00%) 0416 0.961
Age at onset, y 5.67 (2.79,10.00) 6.66 (4.13,8.88) 6.71(3.38,892) 0.258 0.879
Age at diagnosis, y 6.00(3.21,10.25) 7.83(4.55,9.25) 7.25(4.09,9.59) 0.284 0.868
Age at inclusion, y 8.71(5.84,13.00) 9.33 (6.58,10.84) 846 (5.09,11.13) 0.406 0816
BMI (kg/mz) 15.77 (14.81,17.32) 15.00 (14.41,17.30) 15.72 (14.38, 15.84) 1.598 0450
BMI SDS -0.15+£0.28 -0.04+0.31 -0.35+0.30 0.161 0.851
Xanthomas, n (%) 1 (2.00%) 5(11.36%) 0 3478 0.128
Corneal arcus, n (%) 0 0 0

Increased cIMT, (%) 4 (8.16%) 0 0 3.663 0.169
First-degree family history of HC, n (%) 41 (83.67%) 40 (90.90%) 10 (83.33%) 1.181 0.596
Second-degree family history of HC, n (%) 27 (55.10%) 22 (50.00%) 4(33.33%) 1.798 0387
Family history of premature ASCAD, n (%) 9 (18.37%) 7 (15.91%) 1(8.3%) 0.787 0.660
TC, mmol/L 8.04 (7.51,9.44) 7.83(7.13,836) 8.3(7.25,9.28) 5483 0.064
TG, mmol/L 03(0.74,1.57) 0.84 (0.68,1.51) 1.00 (0.46, 4.04) 0.243 0.885
LDL-C, mmol/L 581(532,7.21) 524 (4 65, 5.99) 5.80 (5.05,6.53) 11.246 0.004
HDL-C, mmol/L 48(1.23,1.65) 2(1.1,1.78) 1.88(1.77,1.96) 4.920 0.085
LDL/HDL 4(3.27,5.09) 3.96 (3.02, 4.57) 2.88(2.59,3.09) 6.355 0.042
APOA, mg/d L 129.12+7.51 124.44+10.65 150.24+543 0.901 0414
APOB, mg/d L 153.70(132.70, 185.00) 137.70 (124.00, 150.00) 153.70(132.70, 185.00) 4.672 0.097
APOB/APOA 147 (0.99,1.66) 1.07 (0.78,1.44) 0.96 (0.90, 0.99) 4.832 0.089
Lp (@), mg/d L 15.9(11.35,35.28) 18.7 (11.65, 25.35) - 0.070 0.792
Low-lipid diet, n (%) 40 (81.63%) 37 (84.09%) 12 (100.00%) 2544 0.296
Lipid-lowering drugs, n (%) 9 (18.37%) 7 (15.91%) 0 2277 0.343

BMI body mass index, SDS standard deviation score, cIMT carotid intima-media thickness, n number, HC Hypercholesterolemia, ASCVD arteriosclerotic cardiovascular
disease, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, APOA apolipoprotein A, APOB
apolipoprotein B, Lp(a) lipoprotein (a). Normally distributed data are presented as means with standard deviations (means +SD) and were analyzed using one-

way ANOVA, with the corresponding F and P values. Non-normally distributed data are presented as medians with interquartile ranges [medians, (IQRs)] and were
compared using the Kruskal-Wallis test, with the corresponding H and P values. Categorical data are expressed as frequencies (%) and were assessed using the x? test

or Fisher's exact test, with the corresponding x? and P values

FH is linked to a lifelong risk of increased cIMT and
plaque formation beginning in childhood, leading to the
early onset and greater intensity of ASCVD [21-23]. In
this study, the prevalence of cIMT thickening was 7.14%
(n=10), with 4 of these patients developing carotid
plaques. Among these patients with plaques, the young-
est was only 4.33 years old, with a plaque at the right
carotid bifurcation. Consistent with this study, 10% of
the 61 boys and 29 girls aged 10-19 years with FH were
found to have carotid plaque in a population-based study
[20]. Moreover, reversely cascading screening to identify
affected parents could be facilitated by diagnosing chil-
dren with FH within their first ten years of life, allowing
for early detection before the occurrence of their first
cardiovascular events [11, 24]. Therefore, early diagnosis
and intervention of this disease in childhood are strongly
warranted.

In this study, the diagnostic process for patients ranged
from two months to seven years, with only 40.71%
(57/140) being diagnosed with FH before the age of 5.

Unlike in adult patients with FH, classic diagnostic cri-
teria, such as xanthomas, corneal arcus, and premature
ASCVD, are rarely seen in pediatric population with FH.
Diagnosis in these younger patients mainly depends on
elevated LDL-C levels and molecular verification [12].
Consistent with this, the majority of patients (72.14%,
101/140) in the present study visited the outpatient
clinic for the first time because of elevated lipid levels
discovered incidentally during laboratory investigations.
However, further genetic testing was declined by over
20 parents of children whose LDL-C levels fell within
the range of 3.6 to 4.9 mmol/L, and 18.09% (19/105) of
HeFH patients were identified with LDL-C levels in this
range. Moreover, among these patients, only 75.00%
(n=105) were heterozygotes, whereas 25.00% (n=35)
were homozygotes (including compound heterozygotes
and double heterozygotes). These findings suggest that
a significant number of pediatric HeFH patients may
be either missed or diagnosed with delay. Owing to the
absence of classic phenotypes in pediatric HeFH patients,
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Table 6 The clinical characteristics of HoFH patients with different genotypes (n=35)

Double heterozygotes LDLR compound LDLR true homozygotes F/H/? Pvalue
heterozygotes

Patients (n) 3 27 5

Male, n (%) 2 (66.67%) 12 (44.44%) 4(80.00%) 2363 0421
Age atonset, y 8.00 (5.04,8.67) 2.08 (1.42,3.67) 3.83(2.67,5.00) 4.209 0.122
Age at diagnosis, y 8.08(5.21,8.79) 342 (2.08,5.46) 4.83 (4.00, 7.00) 2017 0.297
Age at inclusion, y 9.75(8.79,10.88) 6.50 (4.25,9.63) 9.00 (5.50, 12.00) 2429 0.365
BMI (kg/mz) 1833 (15.08, 21.58) 14.89 (14.42,15.40) 16.01 (15.42,16.60) 1.598 0.231
BMI SDS 062+1.14 -043+0.29 0.13+£0.03 0.965 0403
Xanthomas, n (%) 0 25 (92.6%) 5 (100%) 11.735 0.002
Corneal arcus, n (%) 0 4(14.8%) 2 (40%) 2228 0.258
Increased cIMT, (%) 1(33.3%) 2 (7.4%) 3 (60%) 7.855 0.018
First-degree family history of HC, n (%) 3 (100%) 26 (96.3%) 5 (100%) 1.563 1.000
Second-degree family history of HC, n (%) 2 (66.7%) 16 (59.3%) 2 (40%) 0.923 0.839
Family history of premature ASCAD, n (%) 1(33.3%) 6 (22.22%) 0 1.590 0.600
TC, mmol/L 8.11+0.80 1743+£1.12 18.99+1.83 4.575 0018
TG, mmol/L 1.14+0.11 1.14+£0.17 149+0.55 0.556 0.581
LDL-C, mmol/L 525+040 1443+0.98 17.20+£1.45 6.632 0.004
HDL-C, mmol/L 142+0.17 1.55+0.16 097+0.13 0.983 0.390
LDL/HDL 3.54(3.51,357) 945 (5.27,15.20) 15.50 (13.68, 22.23) 7.053 0.029
APOA, mg/d L 125.50+14.50 101.80£6.54 101.80£6.53 1436 0.276
APOB, mg/d L 130.50+16.50 284.24+19.94 330.50+£16.50 6.486 0.012
APOB/APOA 1.06+£0.25 3.17+0.38 353+042 3420 0.070
Lp (@), mg/d L - 204 (19.60, 25.48) 283(17.90,38.7) 1914 0.203
Low-lipid diet, n (%) 2 (33.3%) 7 (25.9%) 0 3.741 0137
Lipid-lowering drugs, n (%) 1(33.3%) 18 (66.7%) 5 (100%) 3.726 0.137
Liver translation, n (%) 0 3 (100%) 0 0579 1.000

BMI body mass index, SDS standard deviation score, cIMT carotid intima—-media thickness, n number, HC Hypercholesterolemia, ASCVD arteriosclerotic cardiovascular
disease, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, APOA apolipoprotein A, APOB
apolipoprotein B, Lp(a) lipoprotein (a). Normally distributed data are presented as means with standard deviations (means +SD) and were analyzed using one-

way ANOVA, with the corresponding F and P values. Non-normally distributed data are presented as medians with interquartile ranges [medians, (IQRs)] and were
compared using the Kruskal-Wallis test, with the corresponding H and P values. Categorical data are expressed as frequencies (%) and were assessed using the 2 test

or Fisher's exact test, with the corresponding x? and P values

most cases remain undiagnosed until midlife or even fol-
lowing the first cardiovascular event, which delays timely
intervention [25]. Without timely treatment, lipid levels
remain persistently elevated, leading to an ASCVD inci-
dence that is three to four times higher in FH individu-
als relative to non-FH individuals, with cardiovascular
disease (CVD) developing approximately 10 years earlier
[26]. Additionally, although the presence of xanthomas
served as the initial diagnostic indicator for the major-
ity of HoFH patients (74.29%, 26/35), their average diag-
nostic timeline was 18.84 months. Furthermore, 5 of the
patients were not identified until after undergoing skin
biopsies, indicating under-recognition of FH phenotypic
indicators by medical professionals and parents. There-
fore, there are three recommendations to facilitate the
early detection and therapeutic intervention for FH: first,
increase awareness of the disease among doctors and par-
ents; second, as advised by the European Atherosclerosis

Society (EAS), children between 2 and 10 years should be
screened using fasting LDL-C levels, adhering to the clin-
ical diagnostic guidelines for pediatric FH, which include
LDL-C concentrations > 3.6 mmol/L, along with signs
such as xanthomas, corneal arcus, premature ASCVD, or
a familial history of hypercholesterolemia and/or early-
onset ASCVD in immediate and extended relatives; and
third, conduct genetic screening for individuals meeting
the clinical diagnostic criteria [7, 13, 27].

Through genetic testing, 87 different variants were
identified among 140 cases, with LDLR variants account-
ing for 91.95%, APOB variants accounting for 6.90%,
and PCSK9 variants accounting for 1.15%, which was
consistent with other studies [28]. Notably, 11 variants
(12.64%), including 6 frameshift variants, 2 missense
variants, 2 exon deletions, and 1 nonsense variant, found
in this study have never been reported, suggesting that
the FH-causing mutation spectrum continues to expand.
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Fig. 4 Low-density lipoprotein-cholesterol levels in patients with different HeFH and HoFH types. ns, not significant; HeFH, heterozygous familial

hypercholesterolemia; HoFH, homozygous familial hypercholesterolemia

Furthermore, frameshift variants caused by the insertion
or deletion of one or more bases were the most com-
mon novel variants in the present study, unlike previous
studies in which missense variants were the most com-
mon among novel variants [29, 30]. Since frameshift vari-
ants have greater pathogenicity and are more likely to be
detected than missense variants, a subset of patients with
a mild phenotype, such as those whose LDL-C levels fell
within the range of 3.6 to 4.9 mmol/L, may not have been
included in the study.

According to the ACMG and ClinGen guidelines, 13
VUS (11 missense variants, 1 splicing variant and 1 in-
frame deletion/insertion) and 1 likely benign missense
variant were identified in the study. To assess their path-
ogenicity, in silico analysis tools, such as PolyPhen-2,
SIFT, and mutation testers, have been utilized to predict
changes in protein structure and function. Additionally,
the phenotypes and family histories of patients with VUS
or LB variants were analyzed. All patients with these 14
variants exhibited LDL-C concentrations > 3.6 mmol/L,
and their immediate or extended family members with
the same variants also exhibited hypercholesterolemia.
Furthermore, the lipid levels of these patients were simi-
lar to those o found in individuals with pathogenic or

likely pathogenic variants. However, ex vivo functional
analysis and in silico predictions suggested that some of
these VUSs and likely benign variants have no adverse
effects on LDLR function [31, 32]. Therefore, there is a
need for additional insights from laboratory-based func-
tional assays and clinical studies of FH patients with VUS
and LB variants to determine their pathogenicity and
classification.

Furthermore, 91.25% (n=73) of the variants of LDLR
were located in exons that encode ligand binding
domains and EGF precursor homology domains. In par-
ticular, the most common variants was in exon 4, which
encodes the APOB binding domain, consistent with find-
ings from other studies [27]. In addition, this study dem-
onstrated that the 4 most prevalent LDLR variants were
.1448G > A (13.57%), c.1747C>T (10.00%), c.1879G > A
(10.00%) and ¢.1216C > A (9.29%), accounting for 42.86%
of the patients. W483* and H583Y were exclusively
observed in Asian populations, and A627T and R406R
were not found outside of Chinese individuals [28, 29].
This distribution may be attributed to a founder effect,
aligning with previous studies describing FH-related
variants in China [33-36]. Moreover, a hotspot vari-
ant of the APOB gene, ¢.10579C > T, which accounts for
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Table 7 The characteristics of HeFH patients with common variants and other variants (n=105)
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LDLR APOB Other variants F/H/x2 Pvalue
c.1747C>T c.1448G>A c.1216C>A ¢.10579C>T
Patients (n) 10 12 12 8 63
Male, n (%) 5(50.0%) 6 (50%) 8 (66.7%) 5 (62.5%) 31 (49.2%) 1.682 0.837
Age at onset, y 7.52+0.94 455+1.21 713+1.13 4.77+1.07 6.70+£048 1.532 0.199
Age at diagnosis, y 7.81+£0.92 480+1.22 743+1.17 550+1.18 733+047 157 0.188
Age at inclusion, y 9.05+1.02 11+£1.33 8.99+1.30 7.02+1.28 9.65+0.60 1207 0313
BMI (kg/m2) 19.67 £3.40 1646+£1.11 16.01+£0.85 14.88+0.51 15.84+043 1.959 0.117
Xanthomas, n (%) 1(10.0%) 0 0 0 5(7.9%) 1.754 0753
Corneal arcus, n (%) 0 0 0 0 0
Increased cIMT, (n (%) 0O 0 1(8.3%) 0 3 (4.8%) 1.645 0.875
First-degree family 8 (80.0%) 10 (83.3%) 10 (83.3%) 7 (87.5%) 56 (88.9%) 1762 0846
history of HC, n (%)
Second-degree family 3 (30.0%) 8 (66.7%) 7 (58.3%) 3(37.5%) 32 (50.8%) 3.692 0.465
history of HC, n (%)
First-degree family 0 2(16.7%) 2(16.7%) 0 2 (3.2%) 5977  0.107
history of ASCVD,
n (%)
Second-degree family 1 (10.0%) 1(8.3%) 3 (25%) 1(12.5%) 5 (7.9%) 352 0393
history of ASCVD,
n (%)
TC, mmol/L 7.20(6.15,7.97) 7.77 (7.52,8.19) 8.83(7.57,10.50) 9.08(7.01,11.00) 8.00(7.30, 8.60) 6882  0.142
TG, mmol/L 81(0.72,1.06) 0.99 (0.69, 1.15) 1.03(0.72,1.25) 0.70(0.54, 2.83) 01(0.72,1.51) 0.696 0.952
LDL-C, mmol/L 91 (4.42,5.25) 576 (5.59, 6. 30) 5.83(4.91,7.44) 6.19(551,747) 565(5.07,637) 712 0.13
HDL-C, mmol/L 1.74(1.10, 1.78) 144 (1.19,1.65) 1.60 (1.34, 2.05) - 143(1.21,1.63) 4.146 0.387
LDL/HDL 3.02(2.95,3 44) 458 (3.18, 4.90) 3.86(3.44,4.72) - 3.98(3.27,4.82) 4.145 0.387
APOA, mg/dl 415441892 147.55+20.83 141.78+9.03 - 18.10+£8.09 1.051 0395
APOB, mg/dl 130 (128.00, 137.70)  138.60 (124.60, 182.85 (13840, - 148 (126.50,171.40) 4.537 0.338
150.00) 222.70)
APOB/APOA 0.94(0.82,1.07) 0.81(0.78,1.26) 1.32(0.90, 1.74) - 142(0.97,1.55) 3688 045
Lp (@), mg/dl 15.50 (14.00, 26.20)  27.55(11.50,40.42) 17.05(12.20, 21.65) - 16.85(11.03,23.28) 3.18 0.528
low-lipid diet, n (%) 10 (100.0%) 2 (100.0%) 9 (75.0%) 8 (100.0%) 50 (79.4%) 6424 0114
Lipid-lowering drugs, 0 0 3 (25%) 0 13 (20.6%) 6424 0114

n (%)

BMI body mass index, SDS standard deviation score, cIMT carotid intima—-media thickness, n number, HC Hypercholesterolemia, ASCVD arteriosclerotic cardiovascular
disease, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, APOA apolipoprotein A, APOB
apolipoprotein B, Lp(a) lipoprotein (a). Normally distributed data are presented as means with standard deviations (means +SD) and were analyzed using one-

way ANOVA, with the corresponding F and P values. Non-normally distributed data are presented as medians with interquartile ranges [medians, (IQRs)] and were
compared using the Kruskal-Wallis test, with the corresponding H and P values. Categorical data are expressed as frequencies (%) and were assessed using the x? test

or Fisher's exact test, with the corresponding x? and P values

6.43% (9/140) of all the identified variants, has also been
reported in other studies from China [29, 33-35]. In con-
trast, the ¢.10708C>T (p.R3527Q) variant is the most
prevalent APOB variant in Caucasian populations [37].
This variant is located in exon 26, encoding an important
domain that functions as a ligand for LDLR during recep-
tor-mediated endocytosis. It is associated with relatively
high LDL-C and TC concentrations, together with the
broadest range of LDL-C values observed in the study.
All 5 variants are predominantly found in Asia, especially
in China, suggesting their potential importance in Chi-
nese newborn genetic screening for FH [38].

When phenotype severity was correlated with geno-
type, patients with HoFH clearly presented 2—threefold
higher lipid levels [TC, LDL-C, APOB, APOB/APOA,
and Lp(a)] than did with HeFH did, in agreement with
the current investigation [39]. The LDL-C/HDL-C ratio,
which underscores the primary roles of both LDL-C and
HDL-C in FH patients, is also greater in HoFH patients
than in HeFH patients, indicating greater potential for
coronary heart disease [40]. The APOA, which is the
primary protein component of HDL particles and a key
regulator in lipid metabolism, is much lower in HeFH
patients than in HoFH patients [41]. Furthermore,
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Fig. 5 Violin plots reporting the low-density lipoprotein cholesterol
(LDL-C) levels observed among patients with the 4 most frequent
pathogenic variants. The violin shape represents the smoothed
frequency distribution of the LDL-C values expressed in mmol/L.
The continuous horizontal line within each value represents

the distribution median, whereas the dashed lines represent the first
and third quartiles of the value distribution in each group

40.00% (14/35) of HoFH patients exhibited LDL-C lev-
els<13 mmol/L, despite the EAS consensus statement
suggesting diagnostic criteria of LDL-C>13 mmol/L
accompanied by evidence of xanthomas in early child-
hood (before age 10) [6, 42]. Consequently, an optimal
LDL-C cutoff value of 10.34 mmol/L was determined
through ROC curve analysis to accurately distinguish
HoFH patients from HeFH patients, which corresponds
to the LDL-C level of 10 mmol/L observed in other stud-
ies [6, 28]. In addition, individuals with multiple FH-
causing variants were diagnosed at an earlier age and
presented a greater prevalence of xanthomas, corneal
arcus, and increased carotid intima—media thickness.
Moreover, 75.00% of the patients (3/4) with plaques were
HoFH patients, and the youngest patient who developed
a plaque at 4.33 years of age was a compound heterozy-
gote for FH. Overall, the genotype of HoFH is associated
with a more severe phenotype and a greater likelihood of
ASCVD, emphasizing the significance of early diagnosis
and intervention [43].

In this study, among the HoFH patients, the mean lev-
els of the main lipid profiles increased in the following
order: true LDLR homozygotes>compound LDLR het-
erozygotes >double heterozygotes, which is consistent
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with previous research [44]. Interestingly, compared with
true homozygotes and compound LDLR heterozygotes,
double heterozygotes presented a milder phenotype
resembling that of monogenic FH, with a significantly
lower lipid profile and a lower incidence of xanthomas.
This finding contrasts with previous studies, which could
be attributed to a combination of the limited patient
cohort and variant heterogeneity [1]. For the different
variants, the LDL-C levels, APOB levels, and LDL-C/
HDL-C ratios in HeFH patients with null variants were
greater than those in HeFH patients with with APOB,
PCSK9, or defective LDLR variants, which concurs with
prior findings and suggests that more severe LDLR dys-
function is associated with these null variants [45]. Based
on the observed genotype—phenotype correlations, the
severity of the FH phenotype can be predicted through
genetic testing and implementing more aggressive inter-
ventions for true LDLR homozygotes, compound LDLR
heterozygotes and heterozygotes with null variants owing
to their higher lipid levels and increased risk of plaque
formation.

Given the significantly elevated risk of early-onset
ASCVD, the necessity and critical importance of early
intervention cannot be overstated. According to clinical
guidelines for managing hypercholesterolemia in pedi-
atric populations, lifestyle and dietary interventions are
the first-line treatments for clinically or genetically diag-
nosed FH patients [9]. For HeFH children aged > 8 years,
medication therapy, typically using statins, is recom-
mended if LDL-C concentrations remain >4.91 mmol/L
after 6 months of lifestyle and dietary modifications [46].
Moreover, HoFH children could start lipid-lowering
drugs as early as two years of age and consider lipopro-
tein apheresis or liver transplantation if pharmacother-
apy is not effective [42]. In the present study, FH patients
were undertreated, with only 15.24% (16/105) of HeFH
patients and 68.57% (24/35) of HoFH patients receiving
pharmacologic treatment. Additionally, only 3 compound
heterozygous patients underwent liver transplantation.
More concerningly, among the HoFH patients receiving
lipid-lowering therapy, 33.33% (n=38) initiated treatment
after the age of 8, suggesting a significant prevalence of
treatment delays. In one respect, since statins, the first-
line lipid-lowering drugs, lack pediatric indications in
China and ezetimibe is not approved for children under
10 years of age for clinical use, physicians are not suffi-
ciently familiar with the treatment strategies for these
medications and are often hesitant to prescribe them.
Conversely, parental adherence to LLT in children with
FH was suboptimal owing to concerns about potential
adverse effects of the medications, the risk of malnutri-
tion from a cholesterol-restricted diet and insufficient
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awareness of the risks associated with hypercholester-
olemia and premature ASCVD. Therefore, additional
studies with large cohorts are required to validate the
safety and effectiveness of lipid-lowering therapies and to
improve early intervention strategies.

Strengths and limitations

This study’s strengths are highlighted by the inclusion of
a large, diverse sample of pediatric patients with famil-
ial hypercholesterolemia from multiple centers across
China. Furthermore, all patients underwent comprehen-
sive lipid profile testing and genetic screening, and fol-
low-up data on lipid-lowering treatment regimens were
collected. Although this study offers valuable insights
into the genotype and genotype—phenotype relationships
within the Chinese pediatric population, it is subject to
several limitations that must be recognized. First, this
study comprises the largest cohort from multiple centers
across mainland China to date, the number of patients
remains small, particularly for those with HeFH patients.
Owing to the milder phenotype in HeFH patients and
the reluctance of some parents to pursue further genetic
testing, a significant number of cases may have been
misdiagnosed or diagnosed with delays. This introduces
potential bias in the participant pool and underscores the
need for a larger sample size in future study to enhance
the representativeness and reliability of the findings. Sec-
ond, some values for lipid profiles and family history of
hypercholesterolemia were recorded on the basis of par-
ents’ recall, which may not have been accurate. Third,
functional analyses of LDL receptors were not performed
on the novel variants identified in this study. Finally, 4
clinically diagnosed probands without detectable vari-
ants were identified through whole-exome sequencing.
This may suggest the presence of undiscovered disease-
causing genes or a polygenic basis for hypercholester-
olemia in these patients. Additionally, environmental
and lifestyle factors also contribute to clinically defined
FH. Therefore, further work should target these patients
to identify potentially new causative genes and polygenic
susceptibility to elevated plasma LDL-C [47].

Conclusion

In summary, the genotypes and phenotypes of FH in
the Chinese pediatric population exhibit significant
variability. Additionally, the genetic profile of the Chi-
nese population differs from that of Caucasians, offer-
ing a valuable dataset for the clinical genetic screening
of FH in China. Furthermore, the findings empha-
size the need for earlier diagnosis and treatment of
FH in Chinese pediatric patients, as indicated by the
older age at diagnosis and treatment in this cohort.
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To address this, improved early identification through
lipid or genetic screening, along with the implementa-
tion of timely and regular pharmacological treatments,
is crucial to better manage and reduce the burden of
FH in this population.
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