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Abstract

Background: Achilles tendon (AT) thickening reflects cumulative low-density lipoprotein
cholesterol (LDL-C) exposure. The Japan Atherosclerosis Society (JAS) explicitly includes
AT thickness as a diagnostic criterion for familial hypercholesterolemia (FH) in adults,
whereas internationally, it is not a standard diagnostic measure. However, the clinical
significance of AT thickening in pediatric populations remains unclear. Methods: We
conducted a single-center, retrospective, observational study involving pediatric patients
(11-18 years old) with suspected FH through standardized universal lipid screening across
Kagawa Prefecture, Japan. Genetic testing confirmed FH through pathogenic variants in
the LDLR, PCSK9, or APOB genes. The AT thickness was measured using a standardized
ultrasonography protocol. We assessed associations between the FH status, cumulative
LDL-C levels, and AT thickness. Results: In the pediatric patients, no significant difference
in the AT thickness was observed between the FH and non-FH groups (median 4.4 vs.
4.5 mm; p = 0.570). Cumulative LDL-C was higher in the FH group, while no clear
association between cumulative LDL-C and AT thickness was apparent in either group.
Conclusions: In this single-center, retrospective study of pediatric patients identified
through standardized universal lipid screening, no significant differences were found in
AT thickness between FH and non-FH groups although cumulative LDL-C levels were
higher in the FH group. Given methodological limitations (small sample size, selection
bias, and residual confounding related to statin therapy and growth), these findings should
be interpreted as exploratory rather than confirmatory. Regardless of genotype, early risk
management may be warranted.

Keywords: Achilles tendon thickness; familial hypercholesterolemia; pediatric patients;
ultrasonography; lipid screening

1. Introduction

Familial hypercholesterolemia (FH) is a common genetic disorder affecting approx-
imately 1 in 300 individuals [1]. Patients with FH are exposed to elevated plasma levels
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of LDL-C from birth, significantly increasing their risk of developing coronary artery dis-
ease [2]. Consequently, early diagnosis and prophylactic treatment are crucial for this
population, especially in pediatric patients [3].

Tendon xanthomas, including Achilles tendon (AT) thickening, are associated with
FH [4]. AT thickening is a characteristic finding in adult FH [4]. Internationally, AT
thickening is considered a form of tendon xanthomas associated with FH. However, its
measurement is not established as a standard diagnostic criterion in commonly used inter-
national guidelines, such as Simon Broome or the Dutch Lipid Clinic Network criteria [5].
In contrast, in Japan, the measurement of AT thickness is explicitly included as one of the
diagnostic criteria for adult FH according to the Japan Atherosclerosis Society (JAS) guide-
lines, updated in 2022 [6]. The JAS also suggested measuring AT thickness using both soft
radiography and ultrasonography [6]. Notably, Achilles tendon ultrasonography is a non-
invasive diagnostic tool that can be performed repeatedly, offering advantages not only for
adults but also for pediatric patients, particularly owing to the lack of radiation exposure.

AT thickening reflects cumulative LDL-C levels associated with atherosclerosis in
adults [7]. Pediatric patients generally have fewer clinical signs of atherosclerosis because
AT thickening is influenced by cumulative LDL-C level, making it difficult to detect in
children with FH [8,9]. However, in children with homozygous FH, xanthomas are known to
develop from an early age, indicating that lipid accumulation is already progressing [10,11].
Additionally, intima-media thickening can be observed as early as 7.5 years of age [3],
suggesting that AT thickening may also begin during childhood. Michikura et al. have
reported AT thickening even in adolescents and suggested that measuring AT thickness may
be more sensitive in detecting early signs of atherosclerosis than measuring carotid intima-
media thickness [7]. Collectively, these findings imply that pediatric patients with FH may
already exhibit early subclinical atherosclerotic changes. However, previous studies about
the measurement of AT thickness by ultrasonography have primarily focused on adult FH
patients, and similar research on pediatric FH patients is limited. Given the importance
of early diagnosis and the critical role of AT thickness in assessing cardiovascular risk,
determining whether AT thickness can serve as a diagnostic marker in pediatric patients
with hypercholesterolemia, including those with FH, is essential. However, the precise
onset of AT thickening in pediatric patients with hypercholesterolemia remains unclear.

Since 2012, Kagawa Prefecture has been conducting universal lipid screenings for
early detection of pediatric dyslipidemia [12,13]. Each year, these health examinations
cover more than 7000 schoolchildren aged 9 or 10 years. Children with LDL-C levels
equal to or above 140 mg/dL are advised to visit their primary care providers for further
evaluation. Those without a clear diagnosis based on current criteria are subsequently
referred to one of four specialized hospitals for detailed reassessment and genetic testing
after comprehensive consultations. Therefore, this study was conducted as a retrospective
exploratory observational study. The present study aimed to assess (1) whether there is a
difference in AT thickness measured by ultrasonography between pediatric patients aged
11-18 years with genetically confirmed FH and those without FH pathogenic variants, who
were identified through universal lipid screening due to suspected FH based on elevated
LDL-C levels, and (2) whether cumulative LDL-C levels are correlated with AT thickness in
this pediatric population, as has been previously reported in adults.

2. Materials and Methods
2.1. Study Design

This retrospective observational study was conducted at a single center. Reporting
followed STROBE,; for transparency, we also referenced relevant STARD items (participant
flow and reference standard). Patients were selected through Kagawa Prefecture’s unique
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universal lipid screening system, which is currently the only prefecture-wide standardized
comprehensive lipid screening program for pediatric dyslipidemia implemented in Japan,
targeting children aged 9-10 years. Genetic testing for pediatric patients suspected of FH
was conducted at our facility and collaborating institutions; however, all measurements of
AT thickness by ultrasonography were performed exclusively at our facility.

2.2. Ethical Considerations

The study protocol was approved by the Ethics and Human Genome Committees
of Kagawa University (Approval nos. Heisei 30-187 and Heisei 30-059). All procedures
adhered to the ethical standards set by the committee for Human Experimentation. The
study was conducted in accordance with the principles of the Declaration of Helsinki.
Written informed consent for genetic testing and the measurement of AT thickness was
obtained from at least one parent of each pediatric patient.

2.3. Study Population and Selection Criteria

This study focused on pediatric patients selected through the universal screening
system in Kagawa Prefecture [12,13]. Pediatric patients were defined as individuals
aged <18 years [14]. Although universal screening targeted children aged 9-10 years,
genetic testing for suspected FH was occasionally performed at younger ages, such as
6 years, or older ages up to approximately 18 years, depending on clinical suspicion and
timing of referral. Patients identified with LDL-C levels > 140 mg/dL, corresponding to
values above the 95th percentile for the pediatric population [13], were referred to our
facility and collaborating institutions by family physicians for genetic testing involving
21 dyslipidemia-related Mendelian genes. All measurements of AT thickness by ultra-
sonography were performed exclusively at our facility. Participants were excluded if
measurements of AT thickness were not performed within the designated study period de-
spite obtaining initial consent, if consent from participants or their parents/guardians was
lacking, or if measurements of AT thickness were not performed due to patients’ inability to
visit our facility. Normal-lipid profile controls were not included, as this study specifically
aimed to evaluate differences within a pediatric hyperlipidemic population identified by
universal lipid screening. In accordance with the JAS pediatric FH guidelines [4,9], and
as implemented in the Kagawa universal screening program [12,13], patients with poten-
tial secondary causes of hyper-LDL cholesterolemia, such as hypothyroidism, diabetes,
nephrotic syndrome, or cholestatic liver disease, were excluded at local medical institutions
prior to referral for genetic testing and ultrasonography. Due to the retrospective nature of
the study, detailed demographic and clinical data for excluded patients were unavailable.

At the time of genetic testing, we re-evaluated each patient’s lipoprotein profile,
including LDL-C, high-density lipoprotein cholesterol (HDL-C), triglycerides (TG), and
total cholesterol (TC). The highest LDL-C level measured at or before genetic testing was
defined as “maximum LDL-C.” Additionally, LDL-C levels were measured at each AT
thickness by ultrasonographic evaluation. The cumulative LDL-C exposure for each patient
was calculated according to the method reported by Harada-Shiba et al. [15], together with
a previous report [7] and the LDL-C accumulation simulation application developed by the
JAS (https:/ /www.th-1dl-c-app.com/ (accessed on 6 July 2025)). For patients who started
statin therapy before AT measurement, cumulative LDL-C was calculated as follows:
(age at genetic testing x maximum LDL-C) + (age at statin initiation — age at genetic
testing) x LDL-C at statin initiation + (age at AT thickness measurement — age at statin
initiation) x LDL-C at AT thickness measurement. For patients who had not started statin
therapy, cumulative LDL-C was calculated as follows: (age at genetic testing X maximum
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LDL-C) + (age at AT thickness measurement — age at genetic testing) x LDL-C at AT
thickness measurement.

For patients who underwent multiple AT thickness measurements, only the most re-
cent measurement was used for analysis. Lipid profiles were measured from blood samples
collected in serum-separating tubes, with the majority obtained approximately 3 h after
meals, in accordance with pediatric health check-up protocols in Kagawa Prefecture [16].
Measurements were performed on an AU5800 analyzer (Hitachi High-Technologies, Tokyo,
Japan). TC and TG were measured using enzymatic methods. HDL-C was determined
using a direct enzymatic method (selective inhibition), and LDL-C using a direct enzymatic
method (selective solubilization). According to the laboratory protocol, direct LDL-C mea-
surement would have been applied when triglyceride levels were >400 mg/dL. However,
no patient in this study exceeded this threshold, and therefore all LDL-C values were
calculated using the Friedewald formula.

2.4. Genetic Testing

The reference standard for the diagnosis of FH was genetic testing, conducted at
Kanazawa University between January 2018 and October 2024. This process involved
the use of next-generation sequencing (NGS) and multiplex ligation-dependent probe
amplification (MLPA) platforms to evaluate their genotypes. In this study, targeted-capture
NGS analysis was performed using the Illumina MiSeq platform (Illumina, San Diego, CA,
USA). When large exon-level deletions or duplications, which are difficult to detect by NGS
alone, were clinically suspected, MLPA (SALSA MLPA Probemix P062 LDLR kit, MRC
Holland, Amsterdam, the Netherlands) was performed [17]. Specifically, we sequenced
the coding regions of the LDL receptor (LDLR: NM_000527.5), apolipoprotein B (APOB:
NM_000384.3), LDL receptor adaptor protein 1(LDLRAP1: NM_015627.3), and pro-protein
convertase subtilisin/kexin type 9 (PCSK9: NM_174936.4), as previously described [18].
Additionally, we assessed copy number variations in the LDLR locus using the eXome
Hidden Markov Model [19]. We determined the pathogenicity of the identified variants
through multidisciplinary sessions involving genetic specialists based on the guidelines
of the American College of Medical Genetics and Genomics (ACMG) [20]. Patients were
classified as having genetically confirmed FH if pathogenic variants were identified in LDLR,
PCSK9, or APOB, and as non-FH if no pathogenic variants were detected in these three
genes, regardless of whether variants in other genes were detected or not. This combined
approach is generally estimated to identify pathogenic variants in approximately 60-80%
of clinically diagnosed FH cases, based on previous reports from Japan and Europe [21,22].

2.5. Measurement of AT Thickness by Ultrasonography

Achilles tendon ultrasonography was selected due to its noninvasive nature, absence
of radiation exposure, and high feasibility in pediatric populations. Measurements of AT
thickness by ultrasonography were performed exclusively at our facility between October
2022 and March 2025. AT thickness measurements were obtained based on previous
reports [23,24]. The ankles were positioned at 90° in a kneeling position at the bedside.
After complete ultrasound imaging of the Achilles tendon, the maximum thickness and
width were measured at the most hypertrophic region in the short-axis view. The area was
then delineated on the long-axis view, and the maximum thickness along this axis was
measured. Measurements were taken bilaterally, and the maximal AT thickness value was
used as the final value in our analyses.

The measurements were performed twice for each patient to ensure reliability, and
the mean value was used for analysis. Intra-observer reliability was assessed by repeated
measurements in a subset of patients, demonstrating a high intraclass correlation coefficient
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(ICC = 0.88). No history of Achilles tendon rupture was noted, and no calcification or low-
echoic regions were observed during measurement. The testing equipment and ultrasound
probes comprised a LOGIQ e device (GE Healthcare, Chicago, IL, USA) paired with a
high-frequency linear probe with a frequency range of 5-13 MHz. All ultrasonographic
evaluations were performed by a single experienced sonographer, who was blinded to the
genetic testing results to avoid any potential bias.

2.6. Treatment Information

Lipid-lowering therapy was initiated according to the JAS guidelines in patients whose
LDL-C levels exceeded 180 mg/dL [9]. Medications used included pitavastatin, rosuvas-
tatin, atorvastatin, and ezetimibe. The median treatment duration prior to the measurement
of AT thickness by ultrasonography was approximately 1 year (range: <1-6 years). Dosages
and LDL-C response varied among patients.

2.7. Statistical Analysis

Patient characteristics were summarized using median values with interquartile ranges
(IQR) for continuous variables (age, height, weight, BMI, LDL-C, cumulative LDL-C, HDL-
C, triglycerides, and total cholesterol) and frequencies (%) for categorical variables (sex and
statin treatment). Comparisons of continuous variables between FH and non-FH groups
were conducted using the Mann-Whitney U test, while differences in categorical variables
were evaluated using the Chi-square test.

No multivariable models including statin exposure were prespecified; therefore, no
adjustment for statin treatment was performed. Because initiation timing, dose, duration,
and adherence varied across participants, potential residual confounding by statin exposure
may remain. The study was not powered or designed to estimate the direct effect of statin
therapy on AT thickness. Exploratory scatter plots were prepared; regression lines and
group x slope interaction tests were not performed due to limited power and potential
confounding. Spearman’s rank correlation was calculated as an exploratory measure of
monotonic association between cumulative LDL-C and Achilles tendon thickness.

Statistical analyses were performed using SPSS software (version 29.0, Chicago, IL,
USA) and R statistical software (version 4.5.0, R Foundation for Statistical Computing,
Vienna, Austria). Statistical significance was defined as a p-value < 0.05. Normality and
linearity assumptions were checked using visual inspection of scatter plots and distribu-
tion histograms. Due to the limited sample size and non-normal distributions of LDL-C
exposure, non-parametric analyses (Mann-Whitney U test, Spearman’s rank correlation)
were primarily employed.

3. Results
3.1. Study Population and Patient Selection

A total of 136 pediatric patients underwent genetic testing at our facility between
January 2018 and October 2024. Among these, 2 patients were excluded due to a lack of
consent for AT thickness measurement, 48 patients were excluded because they transferred
to other facilities or discontinued clinic visits before the AT thickness measurement could
be performed within the designated study period, and 12 patients were excluded because
they had reached adulthood by the time of AT measurement. Ultimately, 74 pediatric
patients were included in the final analysis, as illustrated in the STARD flow diagram
(Figure 1). Genetic testing identified 31 patients with FH and 43 patients without FH.
No homozygous FH cases were identified; all FH-positive patients were heterozygous.
FH group included with LDLR variants (24 detected through NGS and 3 using MLPA),
3 with PCSK9 variant, and 1 with APOB variants (Supplementary Table S1). A substantial
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proportion of initially screened patients (62 of 136) were excluded from the final analysis,
primarily due to logistical reasons such as transfer to other facilities, loss to follow-up, or
reaching adulthood prior to measurement. Table 1 summarizes the baseline characteristics
of the 74 patients included in the study. There were no significant differences between the
two groups in terms of the age, sex, height, body weight, HDL-C, TG, or TC levels. However,
patients in the FH group had significantly lower Body Mass Index (BMI) (median 18.5 vs.
20.2 kg/mz, p = 0.017), higher maximum LDL-C levels (202 vs. 173 mg/dL, p < 0.001),
higher cumulative LDL-C levels (3098 vs. 2310 mg-years/dL, p < 0.001), and a higher
prevalence of statin treatment (77% vs. 26%, p < 0.001) compared with the non-FH group.

Genetic testing between January 2018 and October 2024: 136 patients

Exclusions:

2 patients. (lack of consent for AT thickness measurement)
48 patients (transferred or discontinued before AT thickness measurement)
12 patients (reached adulthood at time of AT thickness measurement)

Achilles tendon ultrasonography between October 2022 and March 2024: 74 patients

Figure 1. Flowchart illustrating patient enrollment and exclusions.

Table 1. Baseline characteristics of pediatric patients stratified by genetic diagnosis.

All,n=74 FH, n =31 non-FH, n = 43 p-Value
. 13 14 13
Age (measured AT thickness), IQR (12-16) (12-16) (12-16) 0.748
Sex, Male (%) 38 (51) 18 (58) 20 (47) 0.327
. 155.3 159 153.0
Height (cm), IQR (148.8-165.5) (150.2-168.9) (148.0-161.0) 0.124
. 487 482 488
Weight (kg), IQR (41.3-54.4) (39.7-56.8) (41.6-54.0) 0.852
19.5 185 20.2
BMI, IOR (17.6-21.7) (16.7-20.7) (18.4-22.0) 0.017
Lipids Profile
185 202 173
Max LDL-C (mg/dL), IQR (164-208) (180-228) (160-192) <0.001
Cumulative LDL-C 2482 3098 2310 0,001
(mg-years/dL), IQR (2088-3121) (2446-3457) (2064-2521) '
55 58 53
HDL-C (mg/dL), IQR (46.65) (48.67) (14.62) 0.313
. . 93 91 94
Triglyceride (mg/dL), IQR (57-141) (49-133) (52-136) 0.634
234 239 231
TC (mg/dL), IQR (216-258) (215-263) (209-253) 0.237
Statin treatment, n (%) 35 (47) 24 (77) 11 (26) <0.001

Statistical analyses were performed using Mann-Whitney U test and Chi-square test. Data are expressed as
median (interquartile range). LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein

cholesterol; TC: total cholesterol; BMI: body mass index.
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3.2. Comparison of AT Thickness Between FH and Non-FH Groups

The AT thickness, measured by ultrasonography, showed no detectable difference
between the FH and non-FH groups (median 4.4 mm [interquartile range (IQR) 4.1-4.8 mm)]
vs. 4.5 mm [IQR 4.14.8 mm]; Mann-Whitney U test, p = 0.570). Figure 2 illustrates the
distribution of AT thickness values in both groups.

p=0.57
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Figure 2. Comparison of AT thickness measured by ultrasonography between FH and non-FH groups.
Data are shown as median (horizontal line) and interquartile range (box). Group differences were
assessed using the Mann-Whitney U test (p = 0.570). FH: familial hypercholesterolemia; ATT: Achilles

tendon thickness.

3.3. Association Between Cumulative LDL-C and AT Thickness

Figure 3 presents exploratory scatter plots of cumulative LDL-C versus AT thickness
in FH and non-FH groups. No clear association was apparent in either group. Given the
limited sample size and potential residual confounding—including heterogeneous statin
exposure—formal linear regression and group X slope interaction tests were not performed.
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Figure 3. Exploratory scatter plots of cumulative LDL-C vs. AT thickness in FH and non-FH
groups (no fitted lines). FH: familial hypercholesterolemia; AT: Achilles tendon; LDL-C: low-density

lipoprotein cholesterol.
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4. Discussion
4.1. Interpretation of Main Findings

Achilles tendon ultrasonography offers a tangible visualization of early atherosclerotic
changes in adults with FH, as demonstrated in previous studies where approximately 39%
of young adult FH patients exhibited detectable AT thickening [7]. Given its noninvasive
nature, simplicity, and absence of radiation exposure, AT measurement might also serve as
a potentially useful tool for repeated assessments and early cardiovascular risk evaluation
in pediatric FH patients. However, direct pediatric evidence remains limited and warrants
further investigation.

The absence of detectable differences in AT thickness between pediatric FH and non-
FH patients may partly reflect physiological fluctuations in LDL-C levels during childhood.
Particularly, LDL-C levels physiologically decline in childhood [25,26], which may poten-
tially confound the accurate assessment of cumulative LDL-C. Therefore, identifying the
maximum LDL-C level prior to physiological reductions may be crucial for accurately
evaluating the relationship between cumulative LDL-C and AT thickness in pediatric
populations. Physiological LDL-C reductions during childhood represent a distinct pe-
diatric feature. In adult populations, such physiologically fluctuating periods typically
constitute a minor fraction of cumulative lifetime LDL-C exposure. However, in pediatric
populations, these periods may account for a substantial proportion of lifetime exposure at
the time of assessment, potentially explaining why our study failed to detect measurable
correlations between cumulative LDL-C and AT thickness. Although our results did not
demonstrate significant differences or correlations between cumulative LDL-C exposure
and AT thickness, we cannot exclude the possibility that other factors, such as physiologi-
cal fluctuations in LDL-C during childhood and variations in statin treatment, may have
influenced these findings. Further research is necessary to clarify the precise relationship
between cumulative LDL-C exposure and AT thickness in pediatric populations.

Even among patients with similar cumulative LDL-C levels, the pathophysiological
significance may vary considerably depending on whether the LDL-C elevation is mild or
severe at different ages. For instance, prolonged exposure to mild LDL-C elevation during
late adolescence may differ substantially from brief but severe LDL-C elevation at a younger
age. Thus, weighing the maximum LDL-C value may be essential for accurately evaluating
the relationship between cumulative LDL-C and AT thickness in pediatric populations.
Supporting this perspective, Domanski et al. reported that the risk of incident cardiovascu-
lar disease events depends on cumulative prior exposure to LDL-C, and importantly, the
timing of LDL-C exposure significantly modifies this risk [27]. Specifically, the same LDL-C
exposure accumulated at a younger age resulted in a greater increase in risk compared with
accumulation at an older age. These findings highlight the importance of considering both
the duration and intensity of LDL-C exposure, especially during early life, in assessing
atherosclerotic cardiovascular risk.

Another reason is that differences in statin treatment practices may also have influ-
enced our results. According to JAS guidelines, statin therapy is recommended for pediatric
FH patients with LDL-C levels exceeding 180 mg/dL [9]. However, at our institution, statin
treatment is often initiated even at LDL-C levels between 140 and 179 mg/dL. In contrast,
non-FH patients with LDL-C levels in this range typically receive dietary interventions
alone [28]. Such earlier initiation of statins in FH patients likely reduces cumulative LDL-C
exposure, potentially masking differences in AT thickness between the FH and non-FH
groups. It is important to note that our primary analysis was designed to investigate
associations between the AT thickness, genetic diagnosis of FH, and cumulative LDL-C
exposure, rather than directly assessing the impact of statin treatment. We did not include
statin treatment as a covariate in multivariable models; given substantial heterogeneity in
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initiation timing, duration, dosage, and adherence, residual confounding by statin expo-
sure is likely, and our study was not designed or powered to estimate its direct effect on
AT thickness.

Nevertheless, genetic testing remains the gold standard for definitive FH diagnosis and
etiologic classification, with utility in both family-based cascade screening and universal
lipid screening of children presenting with isolated high LDL-C. It informs management
and family risk stratification. In summary, our findings suggest that the diagnostic utility of
Achilles tendon thickness and cumulative LDL-C burden in pediatric populations is limited;
therefore, these results should be interpreted as exploratory rather than confirmatory.

4.2. Population-Specific Considerations

Several patients in the non-FH group exhibited AT thickness exceeding typical adult
FH diagnostic thresholds. These cases were identified through universal screening, and our
institutional experience suggests that intensive sports activities could induce non-specific
AT thickening in pediatric populations. Thus, interpreting AT thickness measurements in
universally screened pediatric patients requires careful consideration. Indeed, Cassel et al.
demonstrated that increased AT and Patellar tendon thickness in adolescent athletes com-
pared to non-athletes could be shown [29]. Additionally, the concept of “cholesterol-years”,
as proposed by Shapiro and Bhatt, represents cumulative LDL-C exposure calculated as
the product of LDL-C concentration and the duration of exposure [30]. This concept under-
scores the critical role of cumulative exposure as a pivotal determinant of atherosclerotic
risk, supporting the relevance of our cumulative LDL-C calculations used in the present
study. Therefore, it is plausible that the AT thickening observed in our non-FH group
could be attributed, at least in part, to the intensive sports activities common in pediatric
populations, rather than solely reflecting pathological lipid accumulation.

The pediatric population identified through universal lipid screening likely represents
a milder phenotype compared with those selected through cascade screening. Previous
reports indicated AT thickening in adolescents with FH; however, our inability to detect
such differences may reflect the milder phenotype of our study cohort. Indeed, previous
research has reported significant AT thickening in adolescents, even those as young as
teenagers, within a clinically diagnosed FH cohort [7]. In contrast, our pediatric population,
identified through universal lipid screening, did not demonstrate detectable differences
in the AT thickness between the FH and non-FH groups. These contrasting findings may
be attributed to differences in patient selection methods, screening procedures, or severity
of FH phenotypes. Further studies are required to clarify the characteristics of pediatric
populations identified through universal lipid screening.

Moreover, pediatric populations are inherently heterogeneous due to variations in
growth, body composition [31,32], and pubertal development, all of which can affect AT
thickness measurements. Thus, subgroup analyses considering these developmental fac-
tors are warranted in future studies. Physiological variability due to rapid growth and
pubertal changes during adolescence could have increased data variability, masking small
differences in AT thickness between the FH and non-FH groups. We did not perform mul-
tivariable adjustment; therefore, residual confounding by age, height, BMI, and pubertal
stage may remain. Given that AT thickness may vary significantly during different pubertal
stages, this lack of detailed developmental data represents a potential limitation. Future
studies should comprehensively incorporate growth-related developmental parameters.
Although physiological growth fluctuations and variations in physical activity were hy-
pothesized as potential confounders, it is important to acknowledge that we did not collect
detailed data on pubertal stages or quantified physical activity levels. Therefore, these
interpretations remain speculative and require further verification in future studies.
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4.3. Study Limitations
4.3.1. Single-Center Design and Selection Bias

This was a single-center, retrospective observational study, which inherently limits the
generalizability of the findings. Moreover, a substantial exclusion rate (62 of 136 patients,
approximately 45%) due to logistical factors, patient transfers, or loss to follow-up might
have introduced significant selection bias. The absence of detailed clinical and demographic
information for these excluded patients further restricts our ability to assess differences
between the included and excluded groups. Future studies should aim to reduce exclusion
rates and ensure detailed data collection to enhance the external validity and applicability
of the findings.

4.3.2. Statistical Power and Sample Size

Because this study was retrospective and exploratory, no formal prospective sample
size calculation was conducted. A previous post hoc calculation suggested that approx-
imately 25 participants per group would be sufficient to detect a minimal detectable
difference of 0.51 mm in AT thickness (SD ~ 0.63 mm) with 80% power at a two-sided
o = 0.05. However, that calculation assumed equal allocation and normally distributed
data. In our actual study, the groups were unequally allocated (FH: # = 31, non-FH: n = 43),
which slightly reduces power compared with an ideal equal split.

Using the concept of effective sample size, an allocation of 30:45 provides an efficiency
equivalent to approximately 36 participants per group under equal allocation. Furthermore,
the efficiency of non-parametric tests relative to t-based methods is at worst 0.864 [33]. Thus,
our total sample size of 74 behaves like an effective sample of ~62 under non-parametric
testing. For a standardized effect size of d ~ 0.81 (difference 0.51 mm, SD 0.63 mm), the
power was ~88% at the two-sided 0.05 level, and remained above 80% for somewhat smaller
effect sizes (d ~ 0.72).

Therefore, despite the unequal allocation and reliance on non-parametric methods, our
study retained sufficient statistical power (>80%) to detect clinically meaningful differences
in AT thickness between FH and non-FH groups. The absence of statistically significant
differences in our results suggests that any true biological difference, if present, may be
smaller than these detectable thresholds.

4.3.3. Variability in Statin Treatment

Variability in the timing, duration, and intensity of statin treatment represented a
significant confounding factor. Statin therapy was disproportionately more common in the
FH group (77% vs. 26%), with considerable variation in treatment duration (median: 1 year;
range: 1-6 years). Previous randomized controlled trials have demonstrated that intensive
LDL-C lowering, particularly to levels below current clinical targets, can effectively stabilize
or even reverse atherosclerotic plaques in patients with acute coronary syndrome [34].
Although our study specifically focused on Achilles tendon thickness rather than coronary
plaques, these findings highlight the substantial biological impact of LDL-C reduction
therapy on atherosclerotic tissues, suggesting that variability in statin administration might
have significantly influenced cumulative LDL-C exposure and potentially affected our
results. Future prospective studies should rigorously control the timing, dosage, and
duration of statin therapy.

4.3.4. Pediatric Population Heterogeneity

Currently, pediatric-specific normative reference values for Achilles tendon thickness
are lacking, complicating interpretation in this population. Pediatric populations exhibit
significant heterogeneity in terms of physical growth, body composition, and pubertal
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development, all of which could influence AT thickness measurements. Our limited sam-
ple size precluded meaningful subgroup analyses (e.g., age, sex, pubertal stage), further
restricting our ability to interpret findings across different pediatric subpopulations. Our
single-center study limits external validity, highlighting the need for future multicenter
collaborative studies. Because polygenic FH cannot be identified by the current genetic
testing approach, some true FH cases may have been misclassified as non-FH. This possi-
bility represents an additional limitation of our study. Overall, these limitations suggest
that the clinical utility of AT thickness and cumulative LDL-C as diagnostic tools for FH
in children is limited, and our findings should be interpreted with caution as exploratory
observations. In addition, the potential inclusion of polygenic FH cases within the non-FH
group may have further attenuated detectable differences. Furthermore, even children
without detectable FH variants but with markedly elevated LDL-C from early childhood
may be at comparable cardiovascular risk, raising concern for undertreatment in this group.

4.4. Future Directions

Given these limitations, our findings should be interpreted as exploratory. Any future
validation should be considered only where rigorous control of confounding is feasible, and
the feasibility of establishing pediatric-specific reference values remains a major challenge.
Therefore, while AT thickness measurement may have potential utility, further studies
should be carefully designed and interpreted within these constraints.

5. Conclusions

Among pediatric patients identified through universal lipid screening, no significant
differences in AT thickness were detected between FH and non-FH groups, although
cumulative LDL-C levels were higher in the FH group and showed no clear correlation
with AT thickness. However, due to methodological limitations such as the small sample
size, selection bias, and potential confounding by statin therapy and growth-related factors,
these findings should be interpreted cautiously. Given these limitations, our findings
should be interpreted as exploratory. Any future validation should be considered only
where rigorous control of confounding is feasible.
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The following abbreviations are used in this manuscript:

FH Familial Hypercholesterolemia

AT Achilles Tendon

LDL-C  Low-Density Lipoprotein Cholesterol
HDL-C High-Density Lipoprotein Cholesterol

TG Triglycerides
TC Total Cholesterol
IOR Interquartile Range

NGS Next Generation Sequencing

MLPA  Multiplex Ligation-dependent Probe Amplification
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