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ABSTRACT

Introduction and objectives: Tendon xanthomas (TX) are lipid deposits highly specific to familial
hypercholesterolemia (FH). However, there is significant variability in their presentation among FH
patients, primarily due to largely unknown causes. Lipoprotein(a) is a well-established independent risk
factor for atherosclerotic cardiovascular disease in the general population as well as in FH. Given the
wide variability of lipoprotein(a) among FH individuals and the likelihood that TX may result from a
proatherogenic and proinflammatory condition, the objective of this study was to analyze the size of TX
in the Achilles tendons of FH participants and the variables associated with their presence, including
lipoprotein(a) concentration.
Methods: A cross-sectional study was conducted on 377 participants with a molecular diagnosis of
heterozygous FH. Achilles tendon maximum thickness (ATMT) was measured using ultrasonography
with standardized equipment and procedures. Demographic variables and lipid profiles were collected.
A multivariate linear regression model using a log-Gaussian approach was used to predict TX size.
Classical cardiovascular risk factors and lipoprotein(a) were included as explanatory variables.
Results: The mean low-density lipoprotein cholesterol level was 277 mg/dL without lipid-lowering
treatment, and the median ATMT was 5.50 mm. We demonstrated that age, sex, low-density lipoprotein
cholesterol, and lipoprotein(a) were independently associated with ATMT. However, these 4 variables
did not account for most the interindividual variability observed (R? = 0.205).
Conclusions: TX, a characteristic hallmark of FH, exhibit heterogeneity in their presentation.
Interindividual variability can partially be explained by age, male sex, low-density lipoprotein
cholesterol, and lipoprotein(a) but these factors account for only 20% of this heterogeneity.

© 2024 Sociedad Espaiiola de Cardiologia. Published by Elsevier Espaiia, S.L.U. All rights reserved.

Factores asociados a la presencia de xantomas tendinosos en la
hipercolesterolemia familiar

RESUMEN

Introduccion y objetivos: Los xantomas tendinosos (XT) son acumulaciones lipidicas muy especificas de la
hipercolesterolemia familiar (HF), pero con una alta variabilidad en su presentacion, en su mayoria
debido a causas desconocidas. La lipoproteina(a) es un factor de riesgo independiente de enfermedad
cardiovascular aterosclerética en la poblacion general, pero también en la HF. Dado que la concentracion
de lipoproteina(a) es variable en la HF, y los XT podrian resultar de un proceso proaterogénico y
proinflamatorio, este estudio buscé analizar el tamafio de los XT en los tendones de Aquiles de pacientes
con HF y las variables asociadas, incluyendo la concentracion de lipoproteina(a).

Meétodos: Realizamos un estudio transversal en 377 pacientes con diagndstico molecular de HF
heterocigota. Se recopild el grosor maximo del tendon de Aquiles (GMTA) mediante ecografia usando
equipos y procedimientos estandarizados, ademas de variables demograficas y lipidicas. Utilizamos una
regresion lineal multivariante log-gaussiana para predecir el tamario de los XT, incluyendo factores de
riesgo cardiovascular clasicos y lipoproteina(a).
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Resultados: El promedio de colesterol de lipoproteinas de baja densidad fue de 277 mg/dL sin
tratamiento hipolipemiante, y la mediana de GMTA de 5,50 mm. Encontramos que edad, sexo, colesterol
de lipoproteinas de baja densidad y lipoproteina(a) estaban asociados de manera independiente al
GMTA. Sin embargo, estas cuatro variables explicaron solo parte de la variabilidad (R? = 0,205).

Conclusiones: Los XT, una caracteristica distintiva de la HF, son altamente heterogéneos en su
manifestacion. La variabilidad interindividual puede explicarse parcialmente por edad, sexo, colesterol
de lipoproteinas de baja densidad y lipoproteina(a), aunque representando nicamente 20% de esta

heterogeneidad.

© 2024 Sociedad Espafiola de Cardiologia. Publicado por Elsevier Espaiia, S.L.U. Todos los derechos reservados.

Abbreviations

ATMT: Achilles tendon maximum thickness

FH: familial hypercholesterolemia

HeFH: heterozygous familial hypercholesterolemia
LDL: low-density lipoprotein

Lp(a): lipoprotein(a)

TX: tendon xanthomas

INTRODUCTION

Familial hypercholesterolemia (FH) is an autosomal dominant-
inherited genetic disorder of lipoprotein metabolism characterized
by very high concentrations of low-density lipoprotein (LDL)
cholesterol, increased risk of premature coronary heart disease
(CHD), and superficial cholesterol-deposits on extravascular
tissues such as tendon xanthomas (TX).!

TX are highly specific of FH in patients with high LDL cholesterol
and are consequently an important diagnostic criterion in current
guidelines.?> Clinically detected TX are typically present in one-
third of patients with heterozygous FH (HeFH), starting in the
second decade of life and increasing with age.? The Achilles tendon
is the most common location for TX to develop, and Achilles tendon
ultrasonography increases the detection of TX to up to 75% of HeFH
in adulthood.” TX appear sonographically as one or more focal
nodularities or anterior-posterior thickening of tendons. However,
the prevalence of TX in HeFH is probably biased due to their high
significance for the clinical diagnosis of FH.

Atherosclerotic plaques and xanthomas share many character-
istics. Both are composed of collagen and foam cells, the latter
derived from macrophages as a result of increased uptake of
oxidized LDL particles. The lipid composition of TX consists of 55%
free cholesterol, 28% cholesterol esters and 13% phospholipids,
closely resembling fatty streaks and advanced atheromatous
lesions in arteries.®” These similarities suggest related pathogenic
mechanisms between TX and atherosclerotic coronary disease.
Indeed, TX may be associated with a more than 3-fold higher risk of
premature CHD among HeFH patients.*®1° However, this
association is attenuated or disappears when adjusted for major
cardiovascular risk factors, including LDL cholesterol.'""'?

Another interesting similarity between TX and atherosclerotic
cardiovascular disease is the interindividual variation in terms of
their presence. Common cardiovascular risk factors as well as FH-
specific factors, such as the type of mutation causing FH, are
associated with CHD risk in HeFH and partially explain the CHD
differences among HeFH.'? However, traditional risk factors and
identical defects in the LDLR gene poorly explain the variability in
TX. This suggests that the appearance of TX is controlled by other,
as yet unidentified factors,? and their identification may help to
better characterize CHD risk in this population.

Lipoprotein(a) [Lp(a)] is a well-known independent risk factor
for atherosclerotic cardiovascular disease in the general popula-

tion as well as in HeFH."> HeFH patients with high Lp(a) level
(> 50 mg/dL) exhibit the highest cardiovascular risk compared
with those with low Lp(a) levels and the same null mutation.'*
Given that Lp(a) varies widely among HeFH individuals'® and TX
are probably the result of a proatherogenic and proinflammatory
condition,'® we hypothesized that elevated Lp(a) concentration is
especially important in the presence of TX.

The aim of this study was to analyze the presence and size of
TX in Achilles tendons of patients with a genetic diagnosis of HeFH
and the variables associated with their presentation, including the
concentration of Lp(a). We considered Achilles tendon maximum
thickness (ATMT) to be a continuous variable, similar to the
approach used for atherosclerosis, and that participants with
clinical TX were likely on the higher spectrum of the distribution.

METHODS

We conducted a cross-sectional study of participants with a
well-identified molecular diagnosis of HeFH, in whom we analyzed
the potential association of clinical and biochemical characteristics
with Achilles TX.

Consecutive HeFH individuals with a positive genetic diagnosis
were selected from the lipid unit of Miguel Servet Hospital. We
excluded participants without Lp(a) measurements, or a personal
history of Achilles tendon rupture or surgery. In total, only
2 patients were excluded. Consequently, 377 participants fulfilled
the study protocol and were included in the analysis.

Measurements of tendon xanthomas

ATMT was measured in the Achilles tendons using high-
resolution ultrasonography with standardized equipment and
operating procedures, as previously described.!”

Clinical and laboratory parameters

Blood samples were collected after 10 hours of fasting and
following discontinuation of any lipid-lowering treatment for at
least 5 weeks, except for those participants with a personal history
of cardiovascular disease or very high CVD risk. In the latter
patients, past lipid values without lipid-lowering drugs were
recorded if available, or lipid values were adjusted according to
statin therapy.'® No patient had been under treatment with PCSK9
inhibitors at the time of the Achilles tendon ultrasonography and
blood extraction, since PCSK9 inhibitors could potentially lower
Lp(a) levels. All biochemical measurements were conducted in a
central laboratory, as previously described.'® Lp(a) concentration
was measured in fresh plasma samples by rate nephelometry using
the LPAX reagent in conjunction with IMMAGE Immunochemistry
Systems following the manufacturer’s instructions. Four quality
control samples were used daily, with a coefficient of
variation < 12% in all cases. Lp(a) results below the detection
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threshold were imputed as 0.5 mg/dL, which is half of that
threshold.

Samples from participants included in this study were provided
by the Biobank of the Aragon Health System (PT17/0015/0039)
with the approval of the Ethics and Scientific Committees.

In all participants with clinical suspicion of FH, LDLR
(NM_000527.4), APOB (NM_000384.2), and PCSK9
(NM_174936.3) genes were studied using LIPOchip® (Progenika
Biopharma-Grifols, Spain)?° or LIPID inCode® (GENinCode,
Spain)?! platforms. These platforms include point mutations, large
rearrangements, and copy number variations. Only participants
with pathogenic or likely pathogenic mutations in canonical FH
genes were included. The pathogenicity of the genetic variants was
determined in accordance with the guidelines of the American
College of Medical Genetics and Genomics.>?

Data were analyzed using R Studio software, version
2022.07.2 + 576. We performed a descriptive analysis of quantita-
tive variables with normal distribution and the results are reported
as the mean =+ standard deviation. For quantitative variables with
nonparametric distribution (Lp(a), triglycerides, C-reactive protein,
maximum diameter of TX), the data are reported as the median
[interquartile range]. The total number of cases and percentages were
estimated for qualitative variables. The latter were compared using
the Pearson chi-square test, mean values with the Student t-test, and
median values with the nonparametric Mann-Whitney U test. A
P value < .05 was considered statistically significant. Pair plots were
used to explore potential associations among variables of interest. For
the independent prediction of ATMT from demographic and lipid
variables (table 1), a linear regression with a log-Gaussian model was
used.

Table 1

Characteristics of the familial hypercholesterolemia group
Number of participants 377
Mean age, y 433 +14.1
Female sex 200 (53.1)
Ever smoked 187 (49.6)
Smoking pack-years among ever smokers 20.1+18.1
Body mass index, kg/m? 25.3+4.36
Arcus cornealis 138 (36.6)
Systolic blood pressure, mmHg 128+17.1
Diastolic blood pressure, mmHg 76.8+10.3
Diabetes 11 (2.9)
Hypertension 48 (12.7)
ASCVD 35(9.3)
Age of ASCVD, y 48+10.7
Familial premature ASCVD 138 (36.6)
Statin therapy duration, y 6.14+2.08
Total cholesterol, mg/dL 357+68.4
Median triglycerides, mg/dL 97 [69.2-154]
LDL cholesterol, mg/dL 277 £66.9
HDL cholesterol, mg/dL 53.2+14.7
Median lipoprotein(a), mg/dL 25.4 [9.6-59.6]
Apolipoprotein A-I, mg/dL 145+30.7
Apolipoprotein B, mg/dL 179+42.0
Median C-reactive protein, mg/L 1.50 [0.60-3.10]
HbA1lc, % 5.35+0.47
Median Achilles tendon maximal thickness, mm 5.50 [4.92-6.54]

ASCVD denotes atherosclerotic cardiovascular disease; HbA1c, glycated hemoglo-
bin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Data are expressed as No. (%), mean =+ standard deviation or median [interquartile
range].

RESULTS
Characteristics of studied participants

The study group consisted of 377 HeFH participants with
pathogenic (n =312, 82.8%) or likely pathogenic (n=65, 17.2%)
variants in LDLR (n = 338, 89.8%), APOB (n = 15, 4.0%), PCSK9 (n = 4,
1.1%) and p.Leu167del mutation in APOE (n = 20, 5.3%). Their main
clinical and biochemical characteristics are presented in table 1.
The mean age of the participants was 43.3 years, with a slight
predominance of women over men (53.1% vs 46.9%). The
prevalence of atherosclerotic cardiovascular disease (ASCVD),
hypertension, and diabetes was relatively low, with rates of
9.3%, 12.7%, and 2.9%, respectively. The mean LDL cholesterol level
was 277 mg/dL without lipid-lowering treatment, and the median
ATMT was 5.50 mm, ranging from 3.38 to 16.6 mm (table 1).

As expected, male participants were taller, heavier and had a
higher prevalence of obesity compared with female participants.
Similarly, obesity was more prevalent among older participants.
Concerning ATMT, extremely large values were more prevalent
among male participants, who are prone to be more obese
(figure 1). The distribution of the ATMT showed a bimodal pattern
in both men and women, with a substantial positive skew. In a
small proportion of participants, ATMT exhibited significantly
larger values, very far from the median/mean, particularly in those
with ASCVD corresponding to thicker Achilles tendons (figure 2).

Regression models for ATMT as outcome variable

It is evident from the left panel of figure 3 that the Gaussian
probability distribution function, which is the typical assumption
in standard linear regression models, is not suitable for our data
due to its symmetry and it fails to model outliers. A common
solution to address the skewness problem is to apply log-
transformation to the outcome variable, resulting in a target
distribution that is closer to being symmetric (see the right panel of
figure 3). Independent predictors of ATMT in the linear regression
with log-Gaussian model are presented in table 2. Age, sex, LDL
cholesterol and Lp(a) were found to be independently associated
with ATMT, although these 4 variables explained only a small
percentage of the variance in ATMT (R? = 0.205). Additionally, the
model’s uncertainty increased as ATMT increased, as reflected in
figure 4, where the residuals became larger as the size of the
Achilles tendon increased. The remaining variables included in
table 1, such as the duration of lipid-lowering treatment, did not
exhibit a statistically significant association with ATMT.

Regarding age effects, the largest residuals were positive
(indicating underestimation) and occurred during middle age
(from 45 to 60 years). This pattern suggests that a nonlinear U-
shaped age effect could be beneficial for improving this model. As
for LDL cholesterol and Lp(a), no clear pattern was observed in the
residuals, which occurred across a range of lipid levels (figure 5).

DISCUSSION

TX are a distinctive sign of FH that exhibit wide variability in
their development. We found that age, male sex, LDL cholesterol,
and Lp(a) concentration were associated with the ATMT measured
by ultrasonography in HeFH participants with a confirmed genetic
diagnosis. However, despite these 4 variables not fully explaining
the observed interindividual variation (R? = 0.205), Lp(a) measure-
ment continues to be an important part of clinical practice in HeFH
patients (figure 6).
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Figure 1. Distribution of demographic variables and Achilles tendon maximum thickness stratified by sex. BMI, body mass index; F, female; M, male.

The association between TX and CVD was described at the end
of the 18th century.' In the 1920s and 1930s, 2 Norwegian
scientists, Francis Harbitz and Carl Miiller, reported the micro-
scopic characteristics of TX, their similarities with arteriosclerosis,
and delineated a new disorder characterized by hereditary heart
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disease, xanthomatosis, and hypercholesterolemia, now called
FH.”3

In this study, our aim was to identify the variables associated
with the presentation of TX in HeFH. Two points are especially
important in our analysis of this association: first, we included only
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Figure 2. ATMT exhibited significantly larger values in both men and women, significantly deviating from the median/mean, particularly in patients with ASCVD,
corresponding to thicker Achilles tendons. ASCVD, atherosclerotic cardiovascular disease; ATMT, Achilles tendon maximum thickness.
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Figure 3. Distribution of Achilles tendon maximum thickness and best fit from 2 family distributions: normal (left), lognormal (right).

Table 2
Independent predictors of Achilles tendon maximum thickness by linear
regression with log-Gaussian model

Predictors coef stderr  t P> |t|  [0.025 0.975]
Intercept —-0.3123  0.331 —-0.944 346 —-0.963 0.339
Sex (male) 0.1143 0.028 4.092 .000 0.059 0.169
Age 0.0045 0.001 4.255 .000 0.002 0.007
Log(LDLc) 0.3171 0.061 5.173 .000 0.197 0.438
Log(Lp(a))  0.023 0.010 2427 016 0.005 0.044

Coef, coefficient; LDLc, LDL cholesterol; std err, standard error; Lp(a): lipoprotein(a).

patients with a genetic diagnosis of HeFH, with pathogenic or likely
pathogenic mutations in the canonical genes of FH. Furthermore,
the trigger for the genetic study was suspicion of HeFH based on
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familial presentation of elevated LDL cholesterol concentrations,
and patients were included consecutively regardless of the
presence of cardiovascular disease or any clinical signs. Because
TX is a powerful diagnostic criterion for FH, this study avoided
selection based in the clinical diagnosis of HeFH and the bias of
selecting a special subgroup within FH. The second important point
of our methodology is the quantification of TX by high-resolution
ultrasonography. Ultrasound allows not only a diagnosis of the
presence of xanthomas when hypoechoic areas are found in the
internal structure of the tendon but also allows quantitative
analysis of the tendon size by measuring its anterior-posterior
diameter.?* This enables a more precise analysis of the size of the
Achilles tendon and analysis of the association of a quantitative
variable.?®> To avoid bias, the sonographers who performed the
sonographic technique and measurement of the xanthomas were
blinded to the patients’ clinical and biochemical characteristics.
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Several important results of this study can be highlighted. First,
the size of the Achilles tendon in HeFH is a continuous variable but
has a bimodal distribution. This means that a percentage of the
participants with HeFH have a greater predisposition to developing
TX. The prevalence of TX varies among studies and largely depends
on the diagnostic criteria of the disease, which in some cases
includes the presence of TX, making it difficult to identify its true
prevalence in the HeFH population. Additionally, studies that
include detection by ultrasonography report a higher percentage of
participants with TX. Furthermore, the diagnostic criteria for TX by
ultrasonography are not well established and vary among studies.
Using criteria that include the maximum diameter of the tendon,
which is easily reproducible, the prevalence of xanthomas is
around 40% of HeFH in adulthood.’

Second, the cause of TX is multifactorial and 4 variables seem to
play an important role: age, male sex, LDL cholesterol and Lp(a)
concentration. TX are infrequent before the age of 30 years and
their prevalence increases until the age of 50 years and then
stabilizes, suggesting that the triggering factors take time to act
even in predisposed individuals. However, a group of HeFH
individuals seem to be resistant to its development even at
advanced ages. Predisposing and resistance factors do not seem to
be related to the type of mutation responsible for FH or the LDL
cholesterol concentration, as null allele participants also show
wide heterogeneity in the development of TX. Men are more
predisposed to the presence of TX, as occurs in the development of
premature coronary disease, suggesting that the same factors that
influence the development of coronary disease may also favor the
occurrence of TX.!! The association with age, sex and LDL

cholesterol was previously reported in clinically detected TX*
and was confirmed in a meta-analysis.”

Third, independently of classic risk factors, Lp(a) concentration
is associated with the presence of TX in a linear fashion. This is
consistent with the similarity in the pathogenesis between
arteriosclerotic vascular plaques and the development of TX.
Proatherogenic factors of Lp(a) include its proinflammatory role in
transporting oxidized phospholipids and cholesterol inside the
arterial wall and in modulating fibrinolysis. In fact, cultured
monocytes from HeFH with TX have a higher predisposition to
form foam cells in response to oxidized LDL than macrophages
from patients without xanthomas.?®?” Furthermore, a decreased
cholesterol efflux from macrophages to HDL has been reported in
participants with xanthomas than in those without xanthomas.?®
Likewise, SNVs associated with a differential response to
inflammation are associated with the development of TX.2° The
production of TX could be favored by inflammation, as evidenced
by their preferential location in the Achilles tendon, a distal area of
the body subjected to high mechanical load where factors that
favor inflammation such as ischemia or traumatic stress could play
an important role. However, C-reactive protein, a good marker of
systemic inflammation, was not associated with the presence of TX
in our study. Lipoprotein(a) levels remained without sex differ-
ences until age 50 years and were subsequently modestly higher in
women>’; in addition, it seems plausible that Lp(a) requires time to
contribute to the development of TX. Therefore, a disaggregated
analysis by sex is unlikely to fully explain sex variability in TX.

Finally, among all the clinical and analytical variables studied,
only 4 seem to be independently associated with the presence of
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379 consecutive heterozygous familial hypercholesterolemia individuals

with a positive genetic diagnosis included in study population

2 excluded (participants without Lp(a) measurements, or
a personal history of Achilles tendon rupture or surgery)

377 individuals eligible for

Clinical study variables:

¢ Demographic: age, gender

¢ CVRFs: smoking, BMI, hypertension, diabetes, familial
premature ASCVD, HbA1c, CRP

e ASCVD

e FH related: arcus cornealis, statin therapy duration

¢ Lipid parameters: LDLc, HDLc, Lp(a), ApoA-I, ApoB

Ultrasonography study: median
Achilles tendon maximal thickness
measurement

Subcutaneous fat

Achilles tendon

Independent predictors of Achilles tendon maximum thickness by regression analysis:

Log(ATMT) = py+ B,Age + P-Sex + Pzlog(LDLc) + B,log(Lp(a)) + € R?= 0.205

Conclusion. Age, sex, LDL cholesterol and Lp(a) concentration are factors associated with Achilles tendon
thickness in familial hypercholesterolemia participants. Although they do not explain most of the interindividual
variability observed, our study highlights the importance of Lp(a) measurement in clinical practice

Figure 6. Central illustration. Patient selection and determination of independent predictors of Achilles tendon xanthoma thickness using ultrasound in
heterozygous familial hypercholesterolemia. The factors associated with Achilles tendon thickness in familial hypercholesterolemia participants were age, male
sex, LDL cholesterol, and Lp(a) concentration. ApoA-I, apolipoprotein A-I; ApoB, apolipoprotein B; ASCVD, atherosclerotic cardiovascular disease; BMI, body mass
index; CRP, C-reactive protein; CVRFs, cardiovascular risk factors; HbAlc, glycated hemoglobin; HDLc, high-density lipoprotein cholesterol; LDLc, low-density

lipoprotein cholesterol; Lp(a), lipoprotein(a).

TX, and together they only explain around 20% of the variation in
Achilles tendon size. This percentage is even lower in those
participants with the most voluminous TX and therefore, in these
patients, the uncertainty is even greater and indicates that we are
still far from being able to explain the differences in the presence of
TX in HeFH.

Limitations

Our study has several limitations. First, it is a cross-sectional
study that includes some young participants and it is unknown
whether they will develop TX in the future. Second, most of the
participants were on on lipid-lowering treatment at the time of the
study, some for long periods. Although the duration of statin use
was not associated with the size of TX, we cannot definitively rule
out its potential impact on our results. Nevertheless, statins do not
substantially modify the concentration of Lp(a), suggesting that
they may not play a significant role in the association found with
this lipoprotein.

CONCLUSIONS

TX, a characteristic sign of FH, exhibit heterogeneity in their
presentation with a tendency toward bimodal presence in both
sexes and a large positive skew. The variables associated with their
thickness were age, male sex, LDL cholesterol, and Lp(a)
concentration; however, these variables do not explain most of
the interindividual variability observed. Our study highlights the
importance of these 4 variables, including Lp(a) measurement, in
the clinical practice in patients with FH.
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WHAT IS KNOWN ABOUT THE TOPIC?

- Tendon xanthomas are an important diagnostic criterion
for familial hypercholesterolemia in current guidelines.
Xanthomas and atherosclerotic plaques share many
compositional characteristics, suggesting related patho-
genic mechanisms.

- Common cardiovascular risk factors, including hyper-
tension, diabetes, smoking, LDL cholesterol, as well as
FH-specific factors such as the type of mutation causing
FH, partially explain the CHD differences among HeFH;
however, they poorly explain the variability in the
presence of TX in FH participants.

- Lipoprotein(a) is a well-known independent risk factor
for atherosclerotic cardiovascular disease not only in the
general population but also in HeFH, contributing to a
proatherogenic and proinflammatory condition.

WHAT DOES THIS STUDY ADD?

- The distribution of the ATMT is a continuous variable but
has a bimodal pattern. In a small proportion of
participants, ATMT exhibited significantly larger values,
particularly in those with ASCVD, corresponding to
thicker Achilles tendons.

- An association between age, sex and LDL cholesterol
with clinically detected TX was previously reported and
confirmed in a meta-analysis. In our study, we found
that Lp(a) was also independently associated with
sonographically detected ATMT.

- Despite these findings, the variability in tendon xantho-
mas is not completely explained by these four variables,
leaving up to 80% unexplained.

ACKNOWLEDGEMENTS

We wish to particularly acknowledge the patients and the
Biobank of the Aragon Health System (PT17/0015/0039) integrated
in the Spanish National Biobanks Network for their collaboration.

REFERENCES

1. Goldstein JL, Hobbs HH, Brown MS. Familial Hypercholesterolemia. In: Valle DL,
Antonarakis S, Ballabio A, Beaudet AL, Mitchell GA, eds. In: The Online Metabolic and
Molecular Bases of Inherited Disease. 8" ed. New York: McGraw-Hill Education;
2019:2863-2913.

2. Civeira F. International Panel on Management of Familial Hypercholesterolemia
Guidelines for the diagnosis and management of heterozygous familial hypercho-
lesterolemia. Atherosclerosis. 2004;173:55-68.

3. Nordestgaard BG, Chapman MJ, Humphries SE, et al. Familial hypercholesterolae-
mia is underdiagnosed and undertreated in the general population: guidance for
clinicians to prevent coronary heart disease: Consensus Statement of the European
Atherosclerosis Society. Eur Heart J. 2013;34:3478-3490.

4. Civeira F, Castillo S, Alonso R, et al. Tendon xanthomas in familial hypercholester-
olemia are associated with cardiovascular risk independently of the low-density
lipoprotein receptor gene mutation. Arterioscler Thromb Vasc Biol. 2005;25:1960-
1965.

5. Descamps OS, Leysen X, Van Leuven F, Heller FR. The use of Achilles tendon
ultrasonography for the diagnosis of familial hypercholesterolemia. Atherosclerosis.
2001;157:514-518.

6. Tsouli SG, Kiortsis DN, Argyropoulou MI, Mikhailidis DP, Elisaf MS. Pathogenesis,
detection and treatment of Achilles tendon xanthomas. Eur | Clin Invest.
2005;35:236-244.

7. Borén J, Chapman M]J, Krauss RM, et al. Low-density lipoproteins cause atheroscle-
rotic cardiovascular disease: pathophysiological, genetic, and therapeutic insights:
a consensus statement from the European Atherosclerosis Society Consensus
Panel. Eur Heart J. 2020;41:2313-2330.

8. Oosterveer DM, Versmissen ], Yazdanpanah M, Hamza TH, Sijbrands EJG. Differ-
ences in characteristics and risk of cardiovascular disease in familial hypercholes-
terolemia patients with and without tendon xanthomas: a systematic review and
meta-analysis. Atherosclerosis. 2009;207:311-317.

9. Hopkins PN, Stephenson S, Wu LL, Riley WA, Xin Y, Hunt SC. Evaluation of coronary
risk factors in patients with heterozygous familial hypercholesterolemia. Am J
Cardiol. 2001;87:547-553.

10. Ogura M, Harada-Shiba M, Masuda D, et al. Factors Associated with Carotid
Atherosclerosis and Achilles Tendon Thickness in Japanese Patients with Familial
Hypercholesterolemia: A Subanalysis of the Familial Hypercholesterolemia Expert
Forum (FAME) Study. J Atheroscler Thromb. 2022;29:906-922.

11. Neil HA, Huxley W, Hawkins RRMM, et al. Comparison of the risk of fatal coronary
heart disease in treated xanthomatous and non-xanthomatous heterozygous
familial hypercholesterolaemia: a prospective registry study. Atherosclerosis.
2003;170:73-78.

12. Akioyamen LE, Genest ], Chu A, Inibhunu H, Ko DT, Tu JV. Risk factors for
cardiovascular disease in heterozygous familial hypercholesterolemia: A system-
atic review and meta-analysis. J Clin Lipidol. 2019;13:15-30.

13. Reyes-Soffer G, Ginsberg HN, Berglund L, et al. Lipoprotein(a): A Genetically
Determined Causal, and Prevalent Risk Factor for Atherosclerotic Cardiovascular
Disease: A Scientific Statement From the American Heart Association. Arterioscler
Thromb Vasc Biol. 2021;41:00-00.

14. Alonso R, Andres E, Mata N, et al. Lipoprotein(a) Levels in Familial Hypercholes-
terolemia. ] Am Coll Cardiol. 2014;63:1982-1989.

15. Marco-Benedi V, Cenarro A, Laclaustra M, et al. Lipoprotein(a) in hereditary
hypercholesterolemia: Influence of the genetic cause, defective gene and type
of mutation. Atherosclerosis. 2022;349:211-218.

16. Tsouli SG, Kiortsis DN, Lourida ES, et al. Autoantibody titers against OXLDL are
correlated with Achilles tendon thickness in patients with familial hypercholes-
terolemia. J Lipid Res. 2006;47:2208-2214.

17. Junyent M, Gilabert R, Zambon D, et al. The use of Achilles tendon sonography to
distinguish familial hypercholesterolemia from other genetic dyslipidemias. Arter-
ioscler Thromb Vasc Biol. 2005;25:2203-2208.

18. Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the
treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in
adults: a report of the American College of Cardiology/American Heart Association
Task Force on Practice Guidelines. ] Am Coll Cardiol. 2014;63:2889-2934.

19. Solanas-Barca M, de Castro-Ords I, Mateo-Gallego R, et al. Apolipoprotein E gene
mutations in participants with mixed hyperlipidemia and a clinical diagnosis of
familial combined hyperlipidemia. Atherosclerosis. 2012;222:449-455.

20. Palacios L, Grandoso L, Cuevas N, et al. Molecular characterization of familial
hypercholesterolemia in Spain. Atherosclerosis. 2012;221:137-142.

21. Amor-Salamanca A, Castillo S, Gonzalez-Vioque E, et al. Genetically Confirmed
Familial Hypercholesterolemia in Patients With Acute Coronary Syndrome. ] Am
Coll Cardiol. 2017;70:1732-1740.

22. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology.
Genet Med. 2015;17:405-424.


http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0155
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0155
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0155
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0155
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0155
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0160
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0160
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0160
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0165
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0165
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0165
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0165
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0170
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0170
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0170
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0170
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0175
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0175
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0175
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0180
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0180
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0180
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0185
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0185
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0185
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0185
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0190
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0190
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0190
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0190
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0195
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0195
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0195
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0200
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0200
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0200
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0200
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0205
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0205
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0205
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0205
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0210
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0210
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0210
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0215
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0215
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0215
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0215
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0220
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0220
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0225
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0225
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0225
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0230
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0230
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0230
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0235
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0235
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0235
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0240
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0240
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0240
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0240
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0245
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0245
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0245
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0250
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0250
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0255
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0255
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0255
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0260
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0260
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0260
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0260

470

23.

24,

25.

26.

27.

P. Corredoira et al./Rev Esp Cardiol. 2024;77(6):462-470

Ose L. Miiller-Harbitz’ sykdom-familiaer hyperkolesterolemi [Miiller-Harbitz dis-
ease-familial hypercholesterolemia]. Tidsskr Nor Laegeforen. 2002;122:924-925.
Bureau NJ, Roederer G. Sonography of Achilles tendon xanthomas in patients with
heterozygous familial hypercholesterolemia. AJR Am ] Roentgenol. 1998;171:745-
749.

Bude RO, Nesbitt SD, Adler RS, Rubenfire M. Sonographic detection of xanthomas in
normal-sized Achilles’ tendons of individuals with heterozygous familial hyper-
cholesterolemia. AJR Am ] Roentgenol. 1998;170:621-625.

Artieda M, Cenarro A, Junquera C, et al. Tendon xanthomas in familial hypercho-
lesterolemia are associated with a differential inflammatory response of macro-
phages to oxidized LDL. FEBS Lett. 2005;579:4503-4512.

Martin-Fuentes P, Civeira F, Solanas-Barca M, Garcia-Otin AL, Jarauta E, Cenarro A.
Overexpression of the CXCL3 gene in response to oxidized low-density lipoprotein

28.

29.

30.

is associated with the presence of tendon xanthomas in familial hypercholester-
olemia. Int | Biochem Cell Biol. 2009;87:493-498.

Adorni MP, Biolo M, Zimetti F, et al. HDL Cholesterol Efflux and Serum Cholesterol
Loading Capacity Alterations Associate to Macrophage Cholesterol Accumulation
in FH Patients with Achilles Tendon Xanthoma. Int J Mol Sci. 2022;23:8255.
Oosterveer DM, Versmissen ], Yazdanpanah M, Defesche ]C, Kastelein JJ, Sijbrands
EJ. The risk of tendon xanthomas in familial hypercholesterolaemia is influenced
by variation in genes of the reverse cholesterol transport pathway and the low-
density lipoprotein oxidation pathway. Eur Heart J. 2010;31:1007-1012.

Simony SB, Mortensen MB, Langsted A, Afzal S, Kamstrup PR, Nordestgaard BG. Sex
differences of lipoprotein(a) levels and associated risk of morbidity and mortality
by age: The Copenhagen General Population Study. Atherosclerosis. 2022;355:76-
82.


http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0265
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0265
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0270
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0270
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0270
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0275
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0275
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0275
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0280
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0280
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0280
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0285
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0285
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0285
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0285
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0290
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0290
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0290
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0295
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0295
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0295
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0295
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0300
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0300
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0300
http://refhub.elsevier.com/S1885-5857(24)00013-6/sbref0300

	Factors associated with the presence of tendon xanthomas in familial hypercholesterolemia
	INTRODUCTION
	METHODS
	Measurements of tendon xanthomas
	Clinical and laboratory parameters

	RESULTS
	Characteristics of studied participants
	Regression models for ATMT as outcome variable

	DISCUSSION
	Limitations

	CONCLUSIONS
	FUNDING
	ETHICAL CONSIDERATIONS
	STATEMENT ON THE USE OF ARTIFICIAL INTELLIGENCE
	AUTHORS’ CONTRIBUTIONS
	CONFLICTS OF INTEREST
	WHAT IS KNOWN ABOUT THE TOPIC?
	WHAT DOES THIS STUDY ADD?

	Acknowledgements
	References


