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Original Article

Aim: The 2017 Japan Atherosclerosis Society (JAS) familial hypercholesterolemia (FH) criteria adopt a cut-off 
value of ≥ 9 mm of Achilles tendon thickness (ATT) detected by X-ray as one of the three key items. This 
threshold was determined based on an old data evaluating the ATT of 36 non-FH individuals that was published 
in 1977. Although the specificity of these clinical criteria is extremely high due to a strict threshold, there are a 
significant number of patients with FH whose ATT ＜9 mm. We aimed to determine a cut-off value of ATT 
detected by X-ray to differentiate FH and non-FH based on genetic diagnosis.

Methods: The individuals (male/female=486/501) with full assessments of genetic analyses for FH-genes 
(LDLR and PCSK9), serum lipids, and ATT detected by X-ray at the Kanazawa University Hospital and National 
Cerebral and Cardiovascular Center Research Institute were included in this study. Receiver operating 
characteristic (ROC) analyses were conducted to determine a better cut-off value of ATT that predicts the 
pathogenic mutation of FH.

Results: The ROC analyses revealed that the best cut-off values of ATT are 7.6 mm for male and 7.0 mm for 
female, with the sensitivities/specificities of 0.83/0.83 for male and 0.86/0.85 for female, respectively. If the 
thresholds of ATT of 8.0/7.5 mm and 7.5/7.0 mm were applied to the diagnosis of male/female FH, the 
sensitivities/specificities predicting the pathogenic mutation of FH by the 2017 JAS FH clinical criteria would be 
0.82/0.90 and 0.85/0.88, respectively.

Conclusions: These results suggest that the cut-off value of ATT detected by X-ray is obviously lower than 9.0 
mm, which was adopted by the 2017 JAS FH clinical criteria.

Currently, the prevalence of FH is considered to be 1 
in 300 individuals2, 3). An early diagnosis of FH is 
important to prevent early cardiovascular events and 
death through an appropriate treatment4-6). Despite 
the rigorous efforts to spread awareness of FH7, 8), the 

Introduction

Familial hypercholesterolemia (FH; OMIM 
#143890) is a relatively common genetic disorder that 
is associated with coronary artery disease (CAD)1). 
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Methods

Study Population
The data of 1,529 subjects, on whom genetic 

analyses were conducted for the diagnosis of FH, 
cascade screening, and research purpose at Kanazawa 
University (2006–2016) and National Cerebral and 
Cardiovascular Center Research Institute (2005–
2018), were retrospectively analyzed. The serum LDL 
cholesterol levels were calculated using the Friedewald 
formula if the serum triglyceride levels were ＜400 
mg/dL; otherwise, they were directly determined 
enzymatically. The serum LDL cholesterol levels were 
evaluated prior to the initiation of lipid-lowering 
therapies. Among 1,529 study subjects, 543 were 
excluded from this study due to missing values 
(Fig.1).

Genetic Analysis
The coding regions of LDL receptor (LDLR) and 

proprotein convertase subtilisin/kexin type 9 (PCSK9) 
were sequenced in each institute as previously 
described16, 17). In addition, the multiplex ligation-
dependent probe amplification (MLPA) method for 
large rearrangement mutations was employed using 
the P062B LDLR MLPA Kit (MRC Holland, 
Amsterdam, Netherlands). At first, any variant whose 
minor allele frequency was 5% or greater was filtered 
out. Non-synonymous mutations were defined as 
those with any alteration(s) of the amino acid 
sequence of a protein as usually considered. The 
effects on proteins were determined using the Human 
Genome Variation Society (HGVS) website as 
reference, where we can obtain multiple sources of 
information from a variety of similar sources. The 

diagnostic rates of FH in most countries, except for 
some European countries, are still quite low9). The 
current Japanese Atherosclerosis Society (JAS) FH 
clinical criteria developed in 2017 adopt three major 
clinical components, namely, baseline low-density 
lipoprotein (LDL) cholesterol levels, existence of 
tendon xanthomas, and family history of FH and/or 
premature CAD10). The 2017 JAS FH criteria are 
unique in terms of adopting quantitative threshold of 
Achilles tendon thickness (ATT) (≥ 9 mm detected by 
X-ray), which was determined by mean ATT value 
plus 2 standard deviation (SD) of non-FH 
hypercholesterolemic subjects in 1977 11). Thus, the 
threshold of ATT of the 2017 JAS FH criteria (≥ 9 
mm detected by X-ray) is innately specific to 
differentiate FH subjects from non-FH ones. 
However, there are a significant number of patients 
with FH whose ATT ＜9 mm, especially among 
young FH patients12). The highly specific but less-
sensitive threshold of the ATT criteria may be one of 
the reasons of the poor diagnostic rate of FH in Japan. 
In addition, it has been demonstrated that there is a 
gender difference in ATT, which should be taken into 
account to ensure an accurate diagnosis 13-15). 
Accordingly, we aimed to determine the appropriate 
cut-off value of ATT that predicts the presence of 
pathogenic mutation in FH-genes in the two major 
Japanese FH-care centers (Kanazawa University and 
National Cerebral and Cardiovascular Center Research 
Institute), where the genetic testing of FH has been 
centrally conducted upon requests from institutes all 
over Japan in the past two decades.

Fig.1. CONSORT flow diagram for study inclusion
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Human Gene Mutation Database (HGMD) 
Professional 2019.4 (Qiagen, Hilden, Germany) was 
also referred. Moreover, the American College of 
Medical Genetics and Genomics (ACMG) guideline 
was used as reference if the variants met the criteria of 
pathogenicity of the variants 18). A variant was 
considered to be pathogenic mutation if it fulfilled 
any of the following criteria: 1) protein-truncated 
mutations; 2) registered as pathogenic in Clinvar, or 
HGMD, or met the criteria of the ACMG guideline; 
or 3) fulfilled the CADD score, which integrates 
diverse genome annotations using conservation 
matrices as well as protein-based matrices (~63 
different tools) into a single measure ＞10 19-21).

Ethical Considerations
The study was approved by the ethics committee 

of Kanazawa University (2019-321) and National 
Cerebral and Cardiovascular Center Research Institute 
(M17-056-20). All the procedures were in accordance 
with the ethical standards of the responsible 
committee on human experimentation (institutional 
and national) and with the Helsinki Declaration of 
1975, as revised in 2008. The informed consent for 
genetic analyses was obtained from all the subjects for 
study inclusion.

Diagnostic Flow Chart of Definitive-FH and 
Probable-FH

According to the JAS FH criteria, patients were 
diagnosed as definitive-FH if they fulfilled two or 
more of the clinical criteria. We defined “probable-FH” if 
the patients fulfilled either 1) baseline LDL cholesterol 
≥ 250 mg/dL or 2) baseline LDL cholesterol ranging 
from 160 to 179 mg/dL with tendon xanthomas or 
family history of FH or premature CAD within the 
first-degree relatives (Supplemental Fig.1).

Statistical Analysis
The categorical variables were expressed as 

percentages and compared using Fisher’s exact test or 
the chi-squared test, whichever was appropriate. The 
continuous variables with a normal distribution were 
expressed as means±SD. The variables that were not 
normally distributed were expressed as median and 
interquartile range (IQR). The mean values of 
continuous variables were compared using Student’s 
t-test for independent data, whereas the median values 
were compared using the nonparametric Wilcoxon–
Mann–Whitney rank-sum test; chi-squared test was 
also used for categorical variables, along with Fisher’s 
post hoc test. Receiver operating characteristic (ROC) 
curve analysis was conducted, and the areas under the 
curve (AUCs) were calculated to estimate the presence 
of the pathogenic mutation of FH. Pearson’s 
correlation coefficients were calculated between age 
and ATT. Statistical analysis was conducted using the 
R statistical package (https://www.r-project.org). 
P-values of ＜0.05 were considered statistically 
significant.

Results

Clinical Characteristics
The clinical characteristics of the study subjects 

are presented in Table 1. Their mean age was 48 years, 
and the gender was balanced (male=485, 49.2%). 
The median total cholesterol level was 280 mg/dL 
(IQR, 227–332 mg/dL), and the median LDL 
cholesterol level was 193 mg/dL (IQR, 144–252 mg/
dL). The median ATT was 7.3 mm (IQR 5.85–10.50 
mm). A quarter of the study subjects had histories of 
prior CAD. Pathogenic FH-gene mutations were 
found in 485 study subjects.

Table 1. Clinical characteristics

All Male Female
P-value

(N=986) (N=485) (N=501)

Age (years) 48±17 48±16 48±17 NS
Male (%) 485 (49.2 %)
Smoking (%) 348 (35.2 %) 297 (61.2 %) 51 (10.2 %) ＜0.05
Total cholesterol (mg/dL) 280 [227-332] 263 [217-319] 293 [237-346] ＜0.05
Triglyceride (mg/dL) 114 [77-175] 134 [90-198] 99 [69-149] ＜0.05
HDL cholesterol (mg/dL) 51 [42-62] 45 [37-54] 57 [48-68] ＜0.05
LDL cholesterol (mg/dL) 193 [144-252] 184 [134-240] 203 [153-264] ＜0.05
Family history of FH  (%) 301 (30.5 %) 123 (25.4 %) 178 (35.5 %) ＜0.05
ATT (mm) 7.30 [5.85-10.50] 7.40 [6.05-10.40] 7.20 [5.60-10.50] ＜0.05
FH mutation (%) 485 (49.2 %) 220 (45.4 %) 265 (52.9 %) ＜0.05
History of prior CAD (%) 230 (23.3 %) 158 (32.6 %) 72 (14.4 %) ＜0.05
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The Best Cut-Off Value Predicting the Presence of 
the Pathogenic Mutation of FH

First, we conducted an ROC analysis using all of 
the study subjects; the analysis revealed that the best 
cut-off value of ATT is 7.6 mm (Fig.2). The 
sensitivity, specificity, positive predictive value, and 
negative predictive value were 0.802, 0.863, 0.857, 
and 0.81, respectively. Second, we conducted ROC 
analysis to divide the men and women. The best cut-
off value of ATT for men was 7.6 mm (Fig.3). The 
sensitivity, specificity, positive predictive value, and 
negative predictive value for men were 0.826, 0.825, 
0.806, and 0.844, respectively. Similarly, the best cut-
off value of ATT for women was 7.0 mm (Fig.4). The 
sensitivity, specificity, positive predictive value, and 
negative predictive value for women were 0.864, 
0.848, 0.87, and 0.841, respectively. If the study 
subjects were divided into two groups (＜30 years and 
≥ 30 years), the best cut-off values of ATT among 
males ≥ 30 years, females ≥ 30 years, males ＜30 years, 
and females ＜30 years were 8.0, 7.5, 6.9, and 6.2 
mm, respectively (Supplemental Table 1).

The Proposed Best Cut-Off Value of ATT
The 2017 JAS FH criteria use three major 

elements for the clinical diagnosis of FH, namely, 1) 
LDL cholesterol ≥ 180 mg/dL, 2) tendon xanthomas 
(tendon xanthoma on the back of the hands, elbows, 
knees, etc., or Achilles tendon hypertrophy evaluated 
by X-ray ≥ 9 mm) or xanthoma tuberosum, and 3) 

family history of FH or premature CAD within the 
patient’s first-degree relatives. If the threshold of ATT 
would be revised from ≥ 9 mm to 7.5 mm (men) and 
7.0 mm (women), then the sensitivity, specificity, 
positive predictive value, and negative predictive value 
would be 0.845, 0.876, 0.869, and 0.854, respectively 

Fig.2. Receiver operating characteristic (ROC) curve analysis 
(men and women)

ROC curve analysis was conducted to determine the best cut-off 
value of ATT that predicts the presence of the pathogenic mutation 
of FH.

Fig.3. Receiver operating characteristic (ROC) curve analysis 
(men only)

ROC curve analysis was conducted to determine the best cut-off 
value of ATT that predicts the presence of the pathogenic mutation 
of FH.

Fig.4. Receiver operating characteristic (ROC) curve analysis 
(women only)

ROC curve analysis was conducted to determine the best cut-off 
value of ATT that predicts the presence of the pathogenic mutation 
of FH.



Tada et al.

820

(Table 2). Conversely, if the threshold would be 
increased by 0.5 mm for both genders (8.0 mm for 
men and 7.5 mm for women), then the sensitivity, 
specificity, positive predictive value, and negative 
predictive value would be 0.819, 0.892, 0.88, and 
0.836, respectively (Table 2).

Diagnostic Accuracy Predicting “Probable”-FH
We additionally evaluated the diagnostic accuracy 

predicting “probable”-FH if patients fulfilled either of 
the following criteria: 1) baseline LDL cholesterol ≥ 
250 mg/dL or 2) baseline LDL cholesterol ranging 
from 160 to 179 mg/dL with tendon xanthomas or 
family history of FH or premature CAD within the 
first-degree relatives (Supplemental Fig.1). If the 
threshold of ATT would be lowered from ≥ 9 mm for 
both genders to 7.5 mm for men and 7.0 mm for 
women, then the sensitivity, specificity, positive 
predictive value, and negative predictive value would 
be 0.957, 0.812, 0.832, and 0.951, respectively (Table 
3). Moreover, if the threshold of ATT would be 
lowered from ≥ 9 mm for both genders to 8.0 mm for 
men and 7.5 mm for women, then the sensitivity, 
specificity, positive predictive value, and negative 
predictive value would 0.957, 0.83, 0.845, and 0.952, 
respectively (Table 3). In addition, the predictive 
values by each element are presented in Supplemental 
Table 2.

Correlation between Age and ATT
Among patients with FH-mutation, a significant 

correlation between age and ATT (Pearson’s r=0.31, p 
＜0.05, Fig.5) was observed but none among patients 
without FH-mutation (Pearson’s r=0.05, p=NS, 
Fig.5). In addition, we calculated the regression 
equations for ATT against age using a linear model 
among patients with FH-mutation. We found that the 
equations for both genders, male, and female were 
Y=7.7542＋0.0885X, Y=8.3655＋0.0876X, and 
Y=7.2055＋0.0902X, respectively. Moreover, we 
observed a stronger correlation between age×LDL 

cholesterol and ATT compared with that in the simple 
comparison between age and ATT, suggesting that the 
accumulation effect of exposure to LDL cholesterol is 
one of the major causes of ATT (Pearson’s r=0.46, p 
＜0.05, Fig.6).

Table 3. Diagnostic accuracy predicting “probable” FH

Thresholds Sensitivity Specificity Positive predictive value Negative predictive value

ATT ≥ 8.0/7.5 (mm) 0.957 0.83 0.845 0.952
ATT ≥ 7.5/7.0 (mm) 0.957 0.812 0.832 0.951

Table 2. Diagnostic accuracy predicting “definitive” FH

Thresholds Sensitivity Specificity Positive predictive value Negative predictive value

ATT ≥ 8.0/7.5 (mm) 0.819 0.892 0.88 0.836
ATT ≥ 7.5/7.0 (mm) 0.845 0.876 0.869 0.854

Fig.5. Correlation between age and ATT

X-axis represents age. Y-axis represents ATT. Green triangles 
indicate patients with FH-mutation. Red circles indicate patients 
without FH-mutation.
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Discussion

Recent studies have repeatedly demonstrated that 
FH is common among the general population 
worldwide2, 3). Importantly, the life expectancy of FH 
without accurate diagnosis and effective lipid-lowering 
therapy is limited by CAD. However, FH is still 
underdiagnosed in Japan, partially due to the 
excessively specific cut-off value of ATT10). In the 
current study, we aimed to determine a more 
appropriate cut-off value of ATT to clinically diagnose 
FH in Japan. As a result, the current cut-off value of 
ATT (9 mm) was found to be highly specific but 
poorly sensitive. Thus, the threshold of ATT seems to 
be lowered to increase the sensitivity. Moreover, the 
current threshold of ATT evaluated by X-ray (≥ 9 mm 
for both genders) does not account for gender 
difference. In this regard, there are several studies 
using ultrasound suggesting that the threshold of ATT 
to diagnose FH among males was higher than that 
among females 13-15). In this study, we have 
demonstrated that the threshold of ATT evaluated by 
X-ray among males should also be higher than that 

among females. Moreover, we found that ATT was 
significantly associated with age among patients with 
FH-mutation. The age-dependent ATT cut-off values 
may improve the sensitivity and specificity for the 
diagnosis of FH. However, it is difficult to use the 
above equation for the diagnosis of FH as the 
development of ATT may not be linear with age. 
Furthermore, the intercepts of both equations are 
apparently larger than those observed among pediatric 
FH patients. If the study subjects were divided into 
two groups (＜30 years and ≥ 30 years), the best cut-
off values of ATT for older individuals were greater 
than those for younger individuals. Although the 
number of the study subjects ＜30 years is not 
sufficient to make conclusive results, the ATT 
threshold of 8.0 mm for male and 7.5 mm for female 
may be fine at least for older individuals (≥ 30 years). 
Meanwhile, our data showed that the development of 
ATT appears to be different between genders; thus, it 
would be reasonable to determine a different threshold 
of ATT for each gender.

Because FH is an autosomal genetic disorder, 
gene diagnosis is definitively essential22-24). However, 
there are several major hurdles that are currently under 
debate. First, it is sometimes quite difficult to 
determine the pathogenicity of the mutations. For this 
concern, there are many reliable publications 
containing the list of pathogenic mutations of FH21, 25). 
In addition, we can defer the determination of the 
pathogenicity of the variants as VUS (variant of 
unknown significance) if the pathogenicity of the 
variants is unclear. These strategies are already 
acceptable in many other genetic disorders. Second, 
there is some criticism with regard to the 
determination of genetic backgrounds of the patients. 
However, the judgment of whether or not to take 
genetic testing is entrusted to the patients. Third, 
there is still a portion of FH patients without 
FH-mutation. In this regard, we need to keep in mind 
that genetic testing is important for the diagnosis of 
genetic disorders, whereas a negative result in genetic 
testing does not necessarily mean that they are free 
from the disorders.

In our institute, genetic analysis for FH has long 
been conducted not only for individuals suspected to 
have FH but also for those clinically diagnosed with 
FH. In addition, intensive cascade screening, where 
the patients’ relatives are screened regardless of their 
LDL cholesterol levels, has been performed, making it 
possible to assess the threshold of ATT that predicts 
FH-mutation by recruiting individuals whose LDL 
cholesterol levels are relatively low.

The current study has several limitations. First, 
the study was conducted within only two institutes. 

Fig.6. Correlation between age×LDL cholesterol and ATT

X-axis represents age×LDL cholesterol. Y-axis represents ATT. 
Green triangles indicate patients with FH-mutation. Red circles 
indicate patients without FH-mutation.
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However, Kanazawa University and National Cerebral 
and Cardiovascular Center Research Institute are the 
top two FH-care centers in Japan, and most of the 
evidence in this field in Japan has been established by 
these two centers. Furthermore, most of the genetic 
testings of FH in Japan have been conducted upon 
requests from institutes all over Japan at these two 
centers in the past two decades. Thus, this study 
covers the largest database in Japanese FH. Second, we 
did not conduct functional analyses in this study to 
validate the pathogenicity of the genetic mutations. 
Third, there is at least a portion of individuals who are 
known/unknown FH-mutation positive FH, but we 
could not identify the pathogenic mutations. Fourth, 
we could not conduct genetic analyses and assessments 
of ATT in individuals with FH or those suspected to 
have FH from all over Japan. Moreover, we could not 
include all the relatives of the patients with FH or 
suspected to have FH despite our vigorous effort 
exerted toward cascade screening. This may leave 
room for some bias.

In conclusion, the cut-off value of ATT detected 
by X-ray is obviously lower than 9.0 mm, which was 
adopted by the 2017 JAS FH clinical criteria.
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Supplemental Table 1. Best cut off point of ATT and their predictive values divided by gender, and age

Condition The best cut off point 
of ATT (mm)

Sensitivity Specificity Positive predictive value Negative predictive 
value

Male ≥ 30 years 8.0 0.844 0.865 0.810 0.890
Female ≥ 30 years 7.5 0.867 0.904 0.890 0.883
Male ＜30 years 6.9 0.852 0.810 0.920 0.680
Female ＜30 years 6.2 0.870 0.824 0.952 0.609

Supplemental Table 2. Diagnostic accuracy predicting “probable” FH by each component

Condition Sensitivity Specificity Positive 
predictive value

Negative 
predictive value

Baseline LDL cholestero l ≥ 160 mg/dl with tendon xanthomas or 
family history of FH or premature CAD within the first-degree 
relatives [ATT ≥ 8.0/7.5 (mm)]

0.798 0.962 0.953 0.831

Baseline LDL cho lestero l ≥ 160 mg/dl with tendon xanthomas or 
family history of FH or premature CAD within the first-degree 
relatives [ATT ≥ 7.5/7.0 (mm)]

0.942 0.944 0.942 0.944

Supplemental Fig.1. Diagnostic flow chart of definitive-FH and probable-FH
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