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Abstract

Background: Heterozygous familial hypercholesterolemia (HeFH) is characterized by
elevated low-density lipoprotein cholesterol (LDL-C) and increased cardiovascular risk,
making early diagnosis essential; however, the diagnostic performance of pediatric criteria
is heterogeneous. This study evaluated the effectiveness of different diagnostic criteria
and scoring systems to select children for genetic testing. Materials and methods: A total
of 214 pediatric subjects with suspected HeFH were included, recruited from patients fol-
lowed at a tertiary care center, based on LDL-C levels ≥ 95th age- and sex-specific percentile
in both the proband and one biological parent. All subjects underwent genetic analysis of
the main FH-associated genes (LDLR, APOB, PCSK9). The following diagnostic criteria and
scoring systems were retrospectively evaluated and compared with genetic findings: Simon
Broome Register (SBR), Dutch Lipid Clinic Network (DLCN), European Atherosclerosis
Society (EAS), American Heart Association (AHA), Familial Hypercholesterolemia Canada
Network (FH-CAN), Japanese Atherosclerosis Society (JAS), Lipid TransPort Disorders
Italian Genetic Network for Italian pediatric patients (LIPIGEN-FH-PED), and the Familial
Hypercholesterolemia Pediatric Diagnostic Score (FH-PeDS). Results: Pathogenic variants
were identified in 91.8% of subjects. Approaches using lower LDL-C thresholds minimized
the loss of variant-positive individuals (particularly JAS and FH-PeDS, with a missed
diagnoses rate of 1.6%), whereas more restrictive definitions excluded a substantial propor-
tion of affected patients (10.5% SBR, 56.3% DLCN, 6.3% EAS, 6.3% AHA, 7.4% FH-CAN,
and 6.3% LIPIGEN-FH-PED). The mutation detection rate (MDR) was >91% for all ex-
amined criteria. Conclusions: Several current diagnostic criteria may underestimate the
true number of children carrying FH-associated variants. Less selective criteria enable the
identification of a greater number of FH-positive individuals while maintaining a high
MDR, thus supporting the prioritization of identifying as many affected children as possible
in the pediatric setting. This cohort reflects a tertiary referral population rather than the
general population; therefore, further studies are needed to evaluate the applicability of
our findings to broader public health contexts and screening settings.
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1. Introduction
Heterozygous familial hypercholesterolemia (HeFH) is one of the most common

genetic diseases, with an estimated prevalence in the general population of 1 in
200–300 individuals [1–3], while the more severe homozygous familial hypercholes-
terolemia (HoFH) is considerably rarer, with an estimated prevalence in Europe of 1 in
160,000–300,000 [1].

Individuals with HeFH experience persistently elevated low-density lipoprotein
cholesterol (LDL-C) levels from birth, and a well-established, dose-dependent, log-linear re-
lationship between cumulative LDL-C exposure and atherosclerotic cardiovascular disease
(ASCVD) has been demonstrated [4]. Moreover, the atherosclerotic process is known to
begin during childhood [5], making early diagnosis in pediatric age essential for the timely
initiation of treatment.

Despite recommendations, HeFH remains underdiagnosed [6], thereby reducing
opportunities for timely and effective therapeutic intervention.

Several diagnostic criteria and scoring systems have been developed to support the
diagnosis of HeFH and to guide patient selection for genetic testing, which represents
the gold standard for diagnosis by evaluating the main genes associated with FH [1,7]:
LDLR (accounting for more than 90% of FH cases), APOB (approximately 5% of cases), and
PCSK9 (less than 1% of cases), all characterized by dominant transmission. The autosomal
recessive form is much rarer (less than 1% of FH cases) and results from pathogenic variants
in the LDLRAP1 gene [8].

In adults, the most widely used diagnostic tools for decades have been the Simon
Broome Register (SBR) criteria [9] and the Dutch Lipid Clinic Network (DLCN) score [10].
Both rely on pretreatment LDL-C concentrations, clinical manifestations, patterns of dom-
inant inheritance, and the presence of coronary disease in the family. The SBR criteria
include different cut-offs for individuals under 16 years of age, whereas the DLCN score
does not specify pediatric ranges. The “Make Early Diagnosis to Prevent Early Deaths”
(MEDPED) criteria consider total cholesterol (TC) levels and family history; however,
they require a prior diagnosis of FH in a relative, which is often unavailable in clinical
practice [11].

Several other criteria define specific pediatric thresholds, including those proposed by
the European Atherosclerosis Society (EAS) Consensus Panel for children and adolescents
in 2015 [1], the American Heart Association (AHA) in 2015 [12], the Familial Hypercholes-
terolemia Canada network (FH-CAN) in 2018 [13], the Japanese Atherosclerosis Society
(JAS) in 2022 [14], and the International Atherosclerosis Society (IAS) in 2023 [15]. These
criteria establish different LDL-C cut-offs for the general pediatric population, for subjects
with a suggestive family history, and for children with a parent carrying a genetic diagnosis,
except for the AHA criteria, which define a single cut-off for all pediatric subjects in the
presence of a specific family history. The JAS criteria include both diagnostic thresholds
and an age-specific scoring system for children [14]. The LIPIGEN-FH-PED score, proposed
by the Lipid TransPort Disorders Italian Genetic Network (LIPIGEN) of the Italian Society
for the Study of Atherosclerosis (SISA) [16], is a modified version of the DLCN score with
lower LDL-C cut-offs tailored for pediatric patients. More recently, in 2025, the Slovenian
group led by Tafol et al., within the framework of a universal pediatric screening program,
proposed a new point-based Familial Hypercholesterolemia Pediatric Diagnostic Score
(FH-PeDS) [17].

In the present study, we evaluated the application of the different available diagnostic
criteria and scoring systems in a pediatric population with hypercholesterolemia and domi-
nant transmission, expanding both the study cohort and the number of criteria analyzed,
including more recently proposed ones, compared with a previous study conducted at our
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center [18]. At present, this study appears to be the one with the largest number of different
criteria analyzed simultaneously in the pediatric population with suspected HeFH.

2. Materials and Methods
2.1. Study Design

This was a retrospective observational study. All data were collected during routine
clinical care at our tertiary dyslipidemia center and subsequently analyzed retrospectively
for the purposes of this study.

This study aimed to further investigate the application of various criteria and scores
proposed by different authors and scientific societies in a pediatric population with sus-
pected HeFH.

To assess the application of diagnostic criteria and scores currently used in clinical
practice, the following criteria and scores were retrospectively applied:

- Simon Broome Register (SBR) criteria [9];
- Dutch Lipid Clinic Network (DLCN) score [10];
- European Atherosclerosis Society (EAS) criteria [1];
- American Heart Association (AHA) criteria [12];
- Familial Hypercholesterolemia Canada network (FH-CAN) criteria [13];
- Japanese Atherosclerosis Society (JAS) criteria and score [14];
- Lipid TransPort Disorders Italian Genetic Network (LIPIGEN)-modified version of

the DLCN score for Italian pediatric patients (LIPIGEN-FH-PED) [16];
- Familial Hypercholesterolemia Pediatric Diagnostic Score (FH-PeDS) [17].

MEDPED was not applied, as this was not a cascade screening setting, and the Interna-
tional Atherosclerosis Society (IAS) criteria were not applied because they include “LDL-C
exceeding a country-specific threshold and a parental history of elevated LDL-C,” which
substantially overlap with our inclusion criteria. The term “not applicable” was used for
subjects lacking sufficient characteristics for categorization into the defined classes.

All clinical, anamnestic, biochemical and genetic data were extracted from clinical
visit reports stored in the hospital’s information system. Diagnostic criteria and scoring
systems were then applied based on these records, and subjects were classified into the
corresponding categories. Only individuals with complete data for the application of all
diagnostic criteria were included, thus ensuring the absence of missing data.

The patients included in the study were hypercholesterolemic children referred by
pediatricians, general practitioners or other specialists at our tertiary center to ascertain the
etiology. Consequently, all subjects showed elevated LDL-C levels, above the laboratory
reference range, defined as ≥95th percentile. For the parents, we applied the same approach
to define elevated LDL-C, adjusting for age-specific percentiles due to the wide age range
of the parental cohort. For these reasons, the diagnostic performance reported here may
not be directly generalizable to population-based screening settings, where LDL-C levels
are typically lower and family history information is often incomplete or unavailable.

2.2. Participants

The study included 214 pediatric subjects (aged < 18 years) evaluated between 2004
and 2025 at the Lipid Clinic of the Regina Margherita Children’s Hospital of Turin (Italy),
who underwent molecular analysis because they presented with a clinical suspicion of
HeFH according to the following inclusion criteria, after 6 months of dietary intervention:

- LDL-C ≥ 95th age- and sex-related percentile [19];
- Autosomal dominant inheritance pattern of hypercholesterolemia, with at least one

biological parent having baseline LDL-C ≥ 95th age- and sex-related percentile (pre-
treatment values were considered for individuals receiving lipid-lowering therapy) [20].
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The percentiles for pediatric age are those reported by the Committee on Nutrition
of the American Academy of Pediatrics (adapted from the Lipid Research Clinic Pedi-
atric Prevalence Study), with 95th percentiles of LDL-C ranging from 129 to 140 mg/dL,
depending on age and sex [19].

The dietary intervention was based on a Mediterranean-style diet and was imple-
mented by an expert nutritionist during the first outpatient visit.

Secondary hypercholesterolemia was excluded based on clinical evaluation and a
panel of biochemical tests aimed at ruling out renal and liver disease, hypothyroidism,
and diabetes. The tests included creatinine, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), thyroid-stimulating hormone (TSH), free thyroxine (FT4), fasting
plasma glucose, and glycated hemoglobin (HbA1c).

2.3. Clinical Evaluation and Family History

We obtained detailed medical histories from all patients, systematically recording the
presence of dyslipidemia and cardiovascular disease (CVD) in as many family members as
possible, and collecting parental lipid profiles when not previously available. The personal
medical history also included the assessment of conditions potentially contributing to
secondary dyslipidemia, current medications, dietary habits, and physical activity.

A thorough physical examination was then conducted, including the assessment of
characteristic clinical signs such as xanthelasma, xanthomas, and corneal arcus, along with
anthropometric measurements. Body weight, height, and body mass index (BMI) were
compared with World Health Organization (WHO) reference standards [21].

2.4. Lipid Measurements

Blood samples for lipid profiles (TC, high-density lipoprotein cholesterol -HDL-C-,
and triglycerides -TG-) were obtained after an overnight fast. Plasma LDL-C was calculated
using the Friedewald formula: LDL-C = TC − [HDL-C + (TG/5)]. Non-HDL cholesterol
was calculated by subtracting HDL-C from TC.

LDL-C values for patients and their parents were compared to age- and sex-specific
population percentiles for children [19] and adults [20].

2.5. Molecular Analysis

Before 2019, genetic screening was performed using a stepwise protocol based on
traditional methods, as previously described [22,23]. Initially, the LDLR gene was ana-
lyzed by amplification and direct sequencing of all exons and adjacent intronic regions.
If no pathogenic variants were detected, Multiplex Ligation-dependent Probe Amplifica-
tion (MLPA) was performed to identify large rearrangements in the LDLR gene. When
LDLR variants were absent, sequencing of all exons and flanking intronic regions of the
PCSK9 gene was conducted. If this was also negative, APOB gene analysis was per-
formed, including the LDLR-binding region (a portion of exon 26, exon 29, and flanking
exon–intron junctions).

After 2019, NGS-based genetic screening was performed using the Devyser FH v2
kit for sequence enrichment and the Illumina MiSeq platform with paired-end reads
(2 × 150 bp). This approach enabled the detection of small variants in LDLR, APOB, PCSK9,
LDLRAP1, and APOE genes, as well as copy number variants in LDLR [18]. Sequence
analysis was conducted using Amplicon Suite software version 3.5.1 (SmartSeq). Rare
variants were assessed for pathogenicity according to FH-specific recommendations of the
American College of Medical Genetics and Genomics (ACMG) guidelines [24,25].

According to these guidelines, some variants may be classified as variants of uncertain
significance (VUS) due to conflicting evidence regarding their pathogenicity or insufficient
evidence to support classification as either pathogenic or benign.
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Variant data were compiled using the Genome Aggregation Database (GnomAD) to
determine minor allele frequency (MAF) and by consulting pathogenic variant databases
such as HGMD Professional, Leiden Open Variation Database (LOVD 3.0), and ClinVar to
identify previously reported FH-associated variants [7].

2.6. Statistical Analysis

Categorical data were reported as absolute numbers. Due to non-normal distribution
of variables, group comparisons were performed using the Mann–Whitney test for inde-
pendent samples. Because the variables were non-normally distributed, data are presented
as medians with interquartile ranges (Q1–Q3).

Sensitivity, specificity, and mutation detection rate (MDR) were calculated for each
clinical diagnostic criterion and score and compared with molecular genetic results. Sensi-
tivity was defined as the ability to identify individuals with variants in the analyzed genes,
specificity as the proportion of patients without a variant who did not fulfill the clinical
FH criterion, and MDR as the proportion of patients fulfilling the criterion in whom a
variant was identified. These metrics are widely accepted for assessing the performance of
diagnostic tests against the gold standard, which in this case was the genetic result. These
measures allow a clear, quantitative comparison of how accurately each clinical criterion
predicts the genetic diagnosis. Exact 95% confidence intervals for sensitivity and specificity
were calculated using the Clopper-Pearson method. As our study is primarily descriptive,
we assessed the adequacy of our sample size based on the precision of these confidence
intervals rather than on a traditional power analysis.

In addition, the univariate logistic regression was performed to assess the association
between LDL-C levels and the genetic status, with the area under the receiver operating
characteristic curve (AUC) reported as a measure of discriminatory ability. Multivariate
logistic regression was not used as the primary analysis because the small number of
V− subjects (n = 17) resulted in an events-per-variable ratio below the recommended
minimum of 10, increasing the risk of unstable coefficient estimates. Statistical analyses
were performed with IBM SPSS Statistics, Version 30.0 (IBM Corp, Armonk, NY, USA). A
p-value < 0.05 was considered statistically significant.

3. Results
A total of 214 patients, aged 10.5 (7.6–13.3), underwent molecular analysis according

to the predefined inclusion criteria.
The present cohort characteristics are summarized in Table 1 and more clinical and

genetic details were previously reported [26].
Among the 214 subjects, 190 carried a pathogenic variant (V+), 17 tested negative

(V−), and 7 presented a VUS. Among the 190 V+ cases, 187 carried variants in the LDLR
gene and 3 in the APOB gene.

Since VUS cannot be definitively classified as either benign or pathogenic, but may be
reclassified as new evidence becomes available, seven patients carrying VUS were excluded
from primary analyses. This approach ensured that results were based on clearly defined
genetic categories, thereby minimizing potential confounding effects.

To evaluate the robustness of our findings, we conducted sensitivity analyses under
alternative assumptions, classifying VUS as either variant-positive (V+) or variant-negative
(V−). The seven individuals with VUS exhibited LDL-C levels comparable to V− subjects
(p = 0.799) and lower than those observed in V+ subjects (p = 0.079). Importantly, the
sensitivity analyses confirmed that primary results remained consistent regardless of
VUS classification.
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Table 1. Characteristics of index patients.

Overall
Pathogenic

Variant
(V+)

No Variant
(V−) p-Value

Number 207 190 17
Age (years) 10.5 (7.6–13.3) 10.4 (7.2–13.3) 11.5 (9.7–15.8) 0.186
Sex (male/female) 105/102 97/93 8/9 0.752
Height (cm) 145.0 (127.0–158.0) 143.5 (127.0–157.8) 147.0 (137.7–152.8) 0.738
Height (SDS) 0.2 (−0.6–0.8) 0.2 (−0.7–0.8) 0.3 (−0.0–0.8) 0.646
Weight (kg) 38.8 (27.1–52.6) 38.5 (26.6–52.7) 41.0 (36.0–49.6) 0.377
Weight (SDS) 0.4 (−0.3–1.3) 0.4 (−0.3–1.3) 1.2 (0.3–1.7) 0.119
BMI (kg/m2) 18.6 (16.0–21.1) 18.6 (16.0–21.1) 19.1 (17.9–21.5) 0.244
BMI (SDS) 0.4 (−0.4–1.3) 0.4 (−0.4–1.2) 1.2 (−0.2–1.8) 0.159
TC (mg/dL) 285 (257–314) 286 (257–315) 275 (251–296) 0.176
LDL-C (mg/dL) 211 (189–245) 212 (191–246) 188 (176–224) 0.038 *
HDL-C (mg/dL) 55 (48–64) 55 (48–64) 60 (47–77) 0.252
TG (mg/dL) 72 (57–91) 72 (56–90) 81 (60–112) 0.345
Non-HDL-C (mg/dL) 225 (203–261) 226 (203–261) 214 (192–243) 0.074

* p < 0.05. Adapted from: Buganza et al. “Diagnosis of Familial Hypercholesterolemia in Children: From Clinical
Features Through Gene Variants to Polygenic Score” [26].

The only laboratory parameter showing a statistically significant difference between
V+ and V− was LDL-C, which was slightly higher in V+ (212 vs. 188 mg/dL, p = 0.038).

In a univariate logistic regression, LDL-C was significantly associated with variant-
positive status (OR = 1.016 per mg/dL, 95% CI: 1.002–1.030, p = 0.027; AUC = 0.65, 95%
CI: 0.52–0.78).

As described in our previous study on this population [26], family history of premature
cardiovascular disease (pCHD) in first- or second-degree relatives was observed in 49.4%
of V+ and 52.9% of V- individuals. Similarly, pCHD in parents was noted in 15.7% and
17.6%, respectively, with no statistically significant differences between groups.

The applied inclusion criteria resulted in an MDR of 91.8%.
The outcomes derived from the application and comparison of the different classical

diagnostic criteria and scores are summarized in Tables 2 and 3, organized according to the
respective subcategories of each criterion.

Table 2. Patients categorized according to different criteria.

Clinical Criteria Total V+ V−

Simon Broome Register (SBR)
Non applicable 22 20 2
Possible 178 163 15
Definite 7 7 0

Dutch Lipid Clinic Network (DLCN)

Unlikely 34 26 8
Possible 90 81 9
Probable 72 72 0
Definite 11 11 0

European Atherosclerosis Society (EAS) Non applicable 14 12 2
Highly probable 193 178 15

American Heart Association (AHA)
Non applicable 14 12 2
Clinical diagnosis of HeFH 193 178 15

Familial Hypercholesterolemia Canada
network (FH-CAN)

Non applicable 14 12 2
Severe hypercholesterolemia 3 2 1
Probable 184 170 14
Definite 6 6 0
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Table 2. Cont.

Clinical Criteria Total V+ V−

Japanese Atherosclerosis Society
(JAS)—criteria

Non applicable 5 3 2
Probable 40 34 6
Definite 162 153 9

Japanese Atherosclerosis Society (JAS)—score

Unlikely 0 0 0
Possible 5 3 2
Probable 40 34 6
Definite 162 153 9

LIPIGEN-modified version of the DLCN
score for Italian pediatric patients
(LIPIGEN-FH-PED)

Unlikely 0 0 0
Possible 16 12 4
Probable 116 105 11
Definite 75 73 2

Familial Hypercholesterolemia Pediatric
Diagnostic Score (FH-PeDS)

Unlikely 5 3 2
Possible 1 1 0
Probable 201 186 15

Inclusion criteria 207 190 17

V+: pathogenic variant; V−: no variant; HeFH: heterozygous familial hypercholesterolemia; LIPIGEN: Lipid
TransPort Disorders Italian Genetic Network.

Table 3. The ability of the criteria to predict the results of the molecular analysis.

Clinical Criteria Sensitivity
(%) 95% CI Specificity

(%) 95% CI MDR

Simon Broome Register (SBR) Possible or Definite 89.5 84.2–93.5% 11.8 1.5–36.4% 91.9
Definite 3.7 1.5–7.4% 100 80.5–100.0% 100

Dutch Lipid Clinic Network (DLCN)

Possible or Probable
or Definite 86.3 80.6–90.9% 47.1 23.0–72.2% 94.8

Probable or Definite 43.7 36.5–51.1% 100 80.5–100.0% 100
Definite 5.8 2.9–10.1% 100 80.5–100.0% 100

European Atherosclerosis Society
(EAS) Highly probable 93.7 89.2–96.7% 11.8 1.5–36.4% 92.2

American Heart Association (AHA) Clinical diagnosis of
HeFH 93.7 89.2–96.7% 11.8 1.5–36.4% 92.2

Familial Hypercholesterolemia
Canada network (FH-CAN)

Probable or Definite 92.6 87.9–95.9% 17.6 3.8–43.4% 92.6
Definite 3.2 1.2–6.7% 100 80.5–100.0% 100

Japanese Atherosclerosis Society
(JAS)– criteria

Probable or Definite 98.4 95.5–99.7% 11.8 1.5–36.4% 92.6
Definite 80.5 74.2–85.9% 47.1 23.0–72.7% 94.4

Japanese Atherosclerosis Society
(JAS)– score

Possible or Probable
or Definite 100 98.1–100% 0 0.0–19.5% 91.8

Probable or Definite 98.4 95.5–99.7% 11.8 1.5–36.4% 92.6
Definite 80.5 74.2–85.9% 47.1 23.0–72.7% 94.4

LIPIGEN-modified version of the
DLCN score for Italian pediatric
patients (LIPIGEN-FH-PED)

Possible or Probable
or Definite 100 98.1–100.0% 0 0.0–19.5% 91.8

Probable or Definite 93.7 89.2–96.7% 23.5 6.8–49.9% 93.2
Definite 38.4 31.5–45.7% 88.2 63.6–98.5% 97.3

Familial Hypercholesterolemia
Pediatric Diagnostic Score (FH-PeDS)

Possible or Probable 98.4 95.5–99.7% 11.8 1.5–36.4% 92.6
Probable 97.9 94.7–99.4% 11.8 1.5–36.4% 92.5

Inclusion criteria 91.8

V+: pathogenic variant; V−: no variant; CI: confidence intervals; MDR: mutation detection rate; HeFH: heterozy-
gous familial hypercholesterolemia; LIPIGEN: Lipid TransPort Disorders Italian Genetic Network.

The most stringent criteria, namely those requiring higher LDL-C thresholds for a
“definite” diagnosis, such as patients classified as “definite” FH according to SBR, DLCN,
and FH-CAN, showed both MDR and specificity of 100%, but their sensitivity was extremely
low. If molecular genetic testing had been offered only to patients fulfilling these strict
definitions, only a small fraction of variant carriers would have been identified. The
LIPIGEN-FH-PED score included a larger number of subjects within the “definite” category,
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resulting in higher sensitivity, yet only 38.4% of variant-positive patients would have
been detected.

Other criteria, such as EAS, AHA, JAS, and FH-PeDS, require lower LDL-C thresholds
to classify patients into the highest probability category for HeFH diagnosis, leading to
higher sensitivity but lower specificity.

The categories in which molecular testing is typically recommended include: “possi-
ble” or “definite” for SBR, “probable” or “definitive” for DLCN, “highly probable” for EAS,
“HeFH diagnosis” for AHA, “probable” or “definite” for FH-CAN, “probable” or “definite”
for JAS criteria and score; “probable” or “definite” for LIPIGEN-FH-PED, and “probable”
for FH-PeDS, although testing should also be performed in “possible” cases for DLCN.

The MDR in these conditions was very similar to each other and to our inclusion
criterion, while, using these categories as thresholds for molecular analysis would have
resulted in the loss of the following proportions of variant-positive subjects: 20 (10.5%) for
SBR, 107 (56.3%) for DLCN (or 26, corresponding to 13.7%, when including also “possible”
cases), 12 (6.3%) for EAS, 12 (6.3%) for AHA, 14 (7.4%) for FH-CAN, 3 (1.6%) for JAS criteria
and score, 12 (6.3%) for LIPIGEN-FH-PED, and 3 (1.6%) for FH-PeDS.

On the other hand, the use of criteria based on lower LDL-C thresholds would be
expected to increase the number of unproductive genetic analyses; however, under the
aforementioned conditions, this proportion was very similar across all criteria (range 6.8–
8.1%), with the exception of the DLCN “probable” or “definite”, which did not include
genetically negative subjects.

Consequently, criteria with lower cut-offs that encompass a broader population, such
as JAS and FH-PeDS, resulted in minimal loss of variant-positive individuals, maintaining
high MDR.f.

The inclusion of patients categorized even as “possible” FH according to DLCN, JAS
score, LIPIGEN-FH-PED, and FH-PeDS increased sensitivity (reaching 100% for JAS and
LIPIGEN-FH-PED, 98.4% for FH-PeDS, and 86.3% for DLCN), while reducing specificity
but still preserving a high MDR.

Post hoc power analysis confirmed that the study was adequately powered to detect
sensitivity values above 80% for most diagnostic criteria (power > 98% at α = 0.05, n = 190),
whereas the small number of V− subjects (n = 17) limited the statistical power to estimate
specificity and for detecting moderate between-group differences in continuous variables
(e.g., Cohen’s d = 0.56 and post hoc power = 59% for the comparison of LDL-C between V+
and V−).

4. Discussion
Several diagnostic criteria for HeFH are currently available, but no international

consensus has established the superiority of any single set.
Using our inclusion criterion of LDL-C levels ≥ 95th percentile in both the pediatric

patient (confirmed after 6 months of dietary intervention) and one parent, genetic testing
for HeFH was positive in 91.8% of cases. This demonstrates a very high MDR and confirms
the findings previously reported by our group in a smaller cohort [18].

Across different cohorts, approximately 5–30% of individuals with a phenotypic
presentation consistent with HeFH do not carry pathogenic variants in the known genes [1].
However, Van der Graaf et al., in a study of 1430 children with LDL-C > 95th percentile
and an autosomal dominant inheritance pattern of hypercholesterolemia (defined as at
least one biological parent receiving treatment for hypercholesterolemia and a family
history of hypercholesterolemia and CVD), reported an MDR of 95%, higher than in
previous reports, likely reflecting more stringent selection criteria and more comprehensive
molecular genetic analyses [27]. These findings suggest that even patients with moderately
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elevated LDL-C levels, when accompanied by clear autosomal dominant transmission of
hypercholesterolemia, should be evaluated for genetically confirmed HeFH.

In our study, in clinical scenarios where molecular testing would typically be per-
formed, all evaluated diagnostic criteria showed high sensitivity and high MDR, whereas
specificity remained low. Increasing specificity would require restricting molecular analysis
to “definite” cases only; however, this strategy would result in unacceptably low sensitivity
and a substantial number of missed variant carriers.

Regarding specific diagnostic systems, DLCN and SBR criteria are most commonly
applied in adults. DLCN does not include pediatric-specific cut-offs and is therefore
not directly applicable to children. In our cohort, using “probable” or “definite” HeFH
according to DLCN as the threshold for molecular analysis would have resulted in missing
56.3% of variant-positive patients, making this approach unsuitable in the pediatric setting.
Application of the SBR criteria led to a lower proportion of missed carriers (10.5%) compared
with DLCN; nevertheless, this percentage remains clinically relevant. This limitation is
related both to the minimum LDL-C cut-off of 155 mg/dL for the child and to the total
cholesterol cut-off of 290 mg/dL for the parent, thresholds that may not be reached even in
adults with LDL-C above the 95th percentile.

In adult populations, studies assessing the relationship between molecular findings
and clinical FH diagnosis using SBR and DLCN criteria [28,29] reported high MDR and
specificity only when sensitivity was low, and vice versa, reflecting the trade-off observed
in our series. The main difference compared with our study is the substantially lower MDR
reported in adult cohorts, likely reflecting less stringent inclusion criteria and a higher preva-
lence of hypercholesterolemia due to non-genetic causes, including lifestyle-related factors.

As previously shown by our group [18], the EAS criteria, and consequently the AHA
criteria, which largely overlap with EAS, as well as the LIPIGEN-FH-PED criteria, result in
a non-negligible proportion of missed variant carriers (6.3% across all three systems).

In the present study, we additionally evaluated FH-CAN, JAS, and the recently de-
veloped FH-PeDS criteria. FH-CAN showed a proportion of missed variant carriers of
7.4%, very similar to that observed with EAS, AHA, and LIPIGEN-FH-PED. In contrast,
a key novel finding of our study is that both JAS and FH-PeDS were able to identify the
vast majority of variant-positive subjects, missing only 1.6% of carriers. This improved
performance appears mainly attributable to the lower LDL-C thresholds required for the
child and, in part, to the lower LDL-C threshold required for the parent (180 mg/dL in JAS
and any documented history of hypercholesterolemia, irrespective of precise lipid values,
in FH-PeDS).

Our inclusion criteria are simpler and less time-consuming than JAS and FH-PeDS,
while achieving a similarly high MDR.

Nevertheless, the key challenge remains how to optimally identify individuals with
hypercholesterolemia. HeFH is markedly underrecognized worldwide [6]. Most cases
are detected in adulthood through opportunistic screening, prompted either by elevated
cholesterol levels or the onset of ASCVD [7], whereas diagnosis should ideally occur much
earlier, given the heightened cardiovascular risk associated with cumulative exposure to
elevated LDL-C levels from childhood onward. Cascade screening is widely regarded
as the most practical, cost-effective, and strongly recommended strategy [1,7]. However,
in routine clinical practice, parental genetic data are frequently unavailable. Selective
screening based on clinical or familial risk factors (such as a family history of hypercholes-
terolemia or premature coronary heart disease) has also been proposed. The limitations of
both cascade and selective screening include incomplete parental lipid data and negative
or unreliable family histories, which are particularly common in pediatric populations.
To overcome these barriers, universal pediatric lipid screening has been proposed as a
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potential solution, although robust cost-effectiveness data remains limited and outcomes
vary according to the LDL-C cut-offs adopted [30]. A strategy based on biochemical screen-
ing followed by molecular analysis in children with elevated LDL-C may further enhance
diagnostic accuracy.

It should be noted that our cohort represents a selected population referred to a
tertiary lipid center rather than a screening population; consequently, the likelihood of
including children with only mildly elevated LDL-C levels is lower (in our population
of 207 V+ subjects, 56 had LDL-C < 190 mg/dL, of whom 19 had LDL-C < 160 mg/dL).
Studies in screening-based cohorts evaluating several of the diagnostic criteria included
in our study have consistently reported lower sensitivity and MDR, but higher specificity
across all evaluated criteria, as well as a substantially lower overall MDR in the population
undergoing genetic testing (with significantly lower mean LDL-C levels than those observed
in our study) [17,31]. This pattern has been evidenced by recent studies (in 2025) conducted
in Slovenian and German populations [17,31]: the former evaluated 5-year-old children
with TC ≥ 6.0 mmol/L (≥232.0 mg/dL) regardless of family history, or TC ≥ 5.0 mmol/L
(≥193.4 mg/dL) plus a positive family history of early CVD (MDR 24.1% in the total
Slovenian study population), while the latter included pediatric subjects selected solely on
the basis of LDL-C ≥ 130 mg/dL without criteria on family history (MDR 15%).

Lowering LDL-C thresholds, as observed with these latter criteria and with our inclu-
sion strategy, inevitably increases the risk of false positives but reduces the number of false
negatives. Incorporating a specific parental criterion, as in our approach, may nonetheless
limit the number of false positives. In a condition such as HeFH, in which early treatment
is crucial to prevent recurrent cardiovascular events, and considering the progressively
decreasing cost of genetic testing, we believe that priority should be given to maximizing
the identification of affected individuals, even at the expense of a modest increase in false
positives, which can subsequently be clarified through molecular analysis. Furthermore,
establishing a genetic diagnosis enables cascade screening of relatives, thereby allowing
treatment to be extended to additional affected family members.

In the pediatric population, LDL-C levels alone provide greater discriminatory power
for FH diagnosis than in adults [32,33], owing to the reduced impact of secondary and envi-
ronmental factors. Therefore, when elevated LDL-C levels are accompanied by a suggestive
family history, diagnosis is generally more straightforward in childhood than in adulthood,
even though clinical signs are extremely rare in pediatric patients [34]. Although family
history of cardiovascular events may be informative, it is not a strongly discriminative crite-
rion, particularly because parents are often relatively young and may already be receiving
lipid-lowering therapy, with a consequent reduction in cardiovascular events.

This study has limitations that should be recognized:

1. A primary concern is that this cohort reflects a tertiary referral population rather than
a general screening population. Consequently, the diagnostic performance reported
here may not be directly generalizable to population-based screening settings, where
LDL-C levels are typically lower and family history information is often incomplete
or unavailable.

2. The inclusion criteria based on proband and parent LDL-C ≥ 95th percentile enriched
the cohort for individuals with a high pre-test probability of FH. This likely contributed
to the high MDR observed and influenced the diagnostic performance of the evaluated
criteria. These aspects should be considered when interpreting the applicability of
our findings to broader clinical or public health contexts. We adopted these criteria
because they reflect the population typically referred to tertiary center in Italy, where
universal screening has not been implemented.
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3. Another limitation is the relatively small number of variant-negative individuals
in our cohort. Because specificity estimates are derived from this subgroup, their
precision is inherently limited and, as a consequence, comparisons of specificity across
the evaluated diagnostic criteria should be interpreted with caution. Post hoc power
analysis confirmed that the study was adequately powered to detect sensitivity values
above 80% for most diagnostic criteria, whereas the small number of V− subjects
limited statistical power both for specificity estimation and for detecting moderate
between-group differences in continuous variables. Studies including larger and more
heterogeneous populations are needed to provide more robust estimates of specificity.

5. Conclusions
While most established diagnostic criteria show an intrinsic trade-off between sensi-

tivity and specificity, approaches using lower LDL-C thresholds improve the identification
of variant carriers, which is critical in a condition where early treatment markedly reduces
cardiovascular risk, while still maintaining a high MDR. In pediatric populations, LDL-C
levels retain strong discriminatory power, and the addition of a clear parental criterion
further enhances diagnostic accuracy while limiting false positives. Our simple inclusion
criterion based on LDL-C ≥ 95th percentile in both the child and one parent yields a very
high MDR, supporting its clinical utility for selecting candidates for molecular analysis.
In light of the progressive reduction in genetic testing costs, and the importance of en-
abling cascade screening, prioritizing sensitivity to identify as many affected individuals as
possible appears warranted in the pediatric setting.
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