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Aims: Familial hypercholesterolemia (FH) is characterized by high low-density lipoprotein (LDL) cholesterol 
levels, xanthomas including Achilles tendon thickening, and premature coronary artery disease (CAD). Carotid 
intima-media thickness (IMT) is a well-established surrogate marker for CAD in FH and Achilles tendon 
thickening is a specific physical finding in patients with FH. The objective of the present study was to identify 
factors associated with carotid IMT and Achilles tendon thickness in FH heterozygotes on lipid-lowering therapy. 
This study also aimed to examine the follow-up changes in carotid IMT and Achilles tendon thickness among 
them in the current real-world FH practice.

Methods: The current study is a subanalysis of the Familial Hypercholesterolemia Expert Forum (FAME) 
Study. The severity of carotid atherosclerosis was assessed with the maximal and mean IMT using 
ultrasonography, and Achilles tendon thickness was measured using X-rays. The present study used 571 patients 
under medical treatment for heterozygous FH who had baseline measurements for maximal IMT (n=511), mean 
IMT (n=459), or Achilles tendon thickness (n=486). The IMT was measured annually, and Achilles tendon 
thickness was evaluated every two years.

Results: Higher LDL cholesterol (LDL-C) level and lower HDL cholesterol (HDL-C) level were associated with 
greater maximal and mean IMT as well as greater Achilles tendon thickness. Achilles tendon thickness tended to 
be greater in patients who had a smoking history than in never-smokers. Maximal IMT and Achilles tendon 
thickness were significantly greater in patients with CAD than in those without. Additionally, lower HDL-C 
level and hypertension were associated with higher values of maximal and mean IMT, suggesting the importance 
of comprehensive risk management including reduced HDL-C and blood pressure control in FH care. In 
longitudinal observations, percentage changes in maximal IMT and mean IMT gradually increased during the 
observation period. In contrast, percentage changes in Achilles tendon thickness became progressively thinner 
throughout the observation period.

Conclusions: We found a positive association between LDL-C levels and severity of carotid atherosclerosis in 
heterozygous FH patients on treatment. This observation suggests the insufficiency of lipid-lowering therapy and 
the presence of therapeutic inertia among clinicians in the real-world FH practice. 

Key words: Familial hypercholesterolemia, Carotid intima-media thickness, Achilles tendon thickness, 
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1. Subjects and Methods

The present study is a subanalysis of the Familial 
Hypercholesterolemia Expert Forum (FAME) Study, a 
multicenter prospective observational study to 
investigate the current real-world lipid-lowering 
therapies for patients with FH. This study was 
registered with UMIN (UMIN000003211). Diagnosis 
of FH, the inclusion, exclusion and discontinuation 
criteria for the study subjects, enrollment period and 
observation period, clinical information such as basic 
characteristics, laboratory parameters, and lipid-
lowering treatment details obtained from patients in 
this study have been reported previously18). 

The present study used 571 patients under 
medical treatment for heterozygous FH who had 
baseline measurements for maximal IMT (n=511), 
mean IMT (n=459), or Achilles tendon thickness 
(n=486). The severity of carotid atherosclerosis was 
assessed with the IMT using ultrasonography as 
previously reported18). The IMT on both sides was 
averaged. The thickness of Achilles tendon on both 
sides was measured using X-rays and was averaged. 
The carotid IMT was measured annually, and Achilles 
tendon thickness was evaluated every two years.

The study protocol was initially reviewed and 
approved by the Institutional Review Board (IRB) of 
Osaka University Hospital, and thereafter by the IRBs 
of the participating institutions. Investigators obtained 
IRB approval and permission from the head of each 
institution before conducting the study. Written 
informed consent was obtained from each FH patient 
who participated in the current study. If patients were 
under 16 years old, a written informed consent was 
taken from their legally authorized representatives. If 
patients were 16 to 19 years old, a written informed 
consent was taken from both patients and their legally 
authorized representatives.

Proportions and means with standard deviation 
(SD) were calculated for categorical variables and for 
continuous variables, respectively, as descriptive 
statistics. Covariates of interest in relation to maximal 
IMT, mean IMT, and Achilles tendon thickness were 
serum LDL-C, HDL-C, triglycerides (TG), remnant 
lipoprotein cholesterol (RLP-C) by direct or 
immunoadsorption method, lipoprotein (a) (Lp(a)), 
relative to front (Rf ) on polyacrylamide gel disc 
e lectrophores is ,  CAD, cerebral  infarct ion, 
hypertension, diabetes mellitus, and smoking status 
(classified into never, past, and current smoking) as 

Introduction

Familial hypercholesterolemia (FH) is characterized 
by high levels of low-density lipoprotein (LDL) 
cholesterol (LDL-C), tendon xanthomas including 
Achilles tendon thickening, and premature coronary 
artery disease (CAD) due to pathogenic mutations in 
the LDL receptor and its related genes1). The 
frequency of heterozygous FH is estimated to be 1 in 
200 to 300 in a Japanese population2). Since there are 
several reports that FH patients account for 5-10% of 
patients with acute coronary syndromes in Japan3, 4) 
prevention of cardiovascular events in FH patients is 
an important public health issue.

Carotid intima-media thickness (IMT) is a well-
established surrogate marker for CAD in both FH5) 
and non-FH patients6). Although carotid IMT itself is 
a non-specific parameter in FH, it has been reported 
that carotid atherosclerosis develops more progressively 
in FH patients than in non-FH patients5, 7). In 
addition, lipid-lowering therapy could delay the 
progression of carotid IMT even in FH patients8-10). 
However, factors associated with the degree of carotid 
IMT in FH patients receiving lipid-lowering therapy 
have not been fully elucidated. Moreover, the 
longitudinal changes in carotid IMT in these patients 
under the real-world lipid-lowering treatment are 
unknown.

Achilles tendon thickening is a specific physical 
finding in patients with FH. Most diagnostic criteria 
for FH such as developed in the Dutch Lipid Clinic 
Network11), the Simon Broome Register Group12) and 
the Japan Atherosclerosis Society13) – include tendon 
xanthomas. In Japan, X-ray radiography has been used 
to measure Achilles tendon thickness13, 14), and 
ultrasonography has also been used as an imaging 
modality for its evaluation15-17). Importantly, Achilles 
tendon thickness is not only one of the diagnostic 
criteria for FH, but has also been reported to be 
associated with the severity of atherosclerosis16). 
However, factors associated with Achilles tendon 
thickness and its longitudinal changes in FH patients 
under lipid-lowering treatment are not clear. 

Therefore, the aim of the current study was to 
identify factors associated with carotid IMT and 
Achilles tendon thickness in FH heterozygotes on 
lipid-lowering therapy. The present study also aimed 
to examine the follow-up changes in carotid IMT and 
Achilles tendon thickness among them. 
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means and 95% confidence intervals of percent changes 
from the baseline according to follow-up years.

Statistical significance was declared if two-sided 
P value was less than 0.05. Statistical analyses and 
graphical presentation were performed by using Stata 
version 13 (StataCorp, College Station, TX).

2. Results

2.1 Baseline Characteristics of Heterozygous FH 
Patients

The clinical characteristics of heterozygous FH 
who had baseline measurements for maximal IMT, 
mean IMT, or Achilles tendon thickness in each sex as 
well as in both sexes combined are summarized in 
Table 1. The mean age at registration of the 571 
patients was 56.1 years in total, 53.8 years in 231 
males and 57.6 years in 340 females. The mean FH 
prevalence period from the diagnosis was nearly 10 
years and mean LDL-C level under treatment was 141 
mg/dL. Ever smokers (current smokers and past 
smokers) accounted for 47.1% in males and 14.0% in 
females. Maximal IMT, mean IMT, and Achilles 

well as sex and age. The cross-sectional associations 
were assessed by using regression analysis. Firstly, the 
associations of sex and age with outcome 
measurements were examined by univariate regression 
analysis. Secondly, the associations with the covariates 
other than sex and age were examined in models each 
including sex, age, and a covariate of interest. Variables 
showing a statistically significant association with 
adjustment for sex and age were finally assessed by the 
multiple regression analysis. In the regression analysis, 
natural logarithm of serum TG, RLP-C, and Lp(a) 
were used because these variables showed an extreme 
skewness to the right side. Variance in the regression 
analysis was always estimated by the robust method 
because preliminary analyses indicated heteroskedastic 
variance: i.e., residuals were not constant over 
predictors ,  e spec ia l ly  with regard to  age 
(Supplementary Fig.1). Relative importance of the 
covariates was assessed in terms with standardized 
regression coefficients, which were regression 
coefficients multiplied by SD of a covariate of interest.

Follow-up changes in maximal IMT, mean IMT, 
and Achilles tendon thickness were examined by using 

Table 1. Baseline Characteristics of the Study Patients

Variable Both sexes Male Female

N＊ Value N＊ Value N＊ Value

Mean (SD)
Age (year) 571 56.1 (15.2) 231 53.8 (15.3) 340 57.6 (15.0)
Heterozygous FH score 571 13.5 (5.2) 231 14.4 (5.5) 340 12.9 (4.8)
Years from FH diagnosis 557 9.9 (8.9) 227 10.0 (9.4) 330 9.8 (8.6)
Height (cm) 557 160 (9) 227 168 (6) 330 155 (6)
Body weight (kg) 561 60 (12) 229 69 (11) 332 54 (8)
Body mass index (kg/m2) 550 23.3 (3.5) 227 24.4 (3.5) 323 22.6 (3.4)
LDL cholesterol (mg/dL) 553 141 (41) 221 134 (39) 332 145 (42)
HDL cholesterol (mg/dL) 569 55 (17) 231 49 (15) 338 59 (17)
Triglycerides (mg/dL) 570 106 (67) 231 110 (66) 339 103 (67)
RLP cholesterol (mg/dL) 322 5.2 (4.3) 133 5.3 (4.2) 189 5.2 (4.4)
Lp(a) (mg/dL) 388 31.3 (34.1) 151 29.7 (27.8) 237 32.4 (37.6)
Rf 158 0.34 (0.04) 65 0.34 (0.04) 93 0.34 (0.05)
Maximal IMT (mm) 511 1.57 (0.85) 202 1.66 (0.87) 309 1.51 (0.83)
Mean IMT (mm) 459 0.89 (0.33) 183 0.95 (0.34) 276 0.85 (0.33)
Achilles tendon thickness (mm) 486 11.4 (4.1) 198 12.3 (4.8) 288 10.8 (3.5)
Number (%)
Coronary artery disease (CAD); 571 133 (23.3) 231 79 (34.2) 340 54 (15.9)
Cerebral infarction 571 18 (3.2) 231 11 (4.8) 340 7 (2.1)
Hypertension 571 176 (30.8) 231 86 (37.2) 340 90 (26.5)
Diabetes mellitus 571 99 (17.3) 231 48 (20.8) 340 51 (15.0)
Smoking 559 223 336

Never 407 (72.8) 118 (52.9) 289 (86.0)
Past 104 (18.6) 76 (34.1) 28 (8.3)
Current 48 (8.6) 29 (13.0) 19 (5.7)

＊Denominators were not uniform because of missing information.
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0.119) for Achilles tendon thickness (P=0.002).

2.3 Multiple Regression Analyses on Maximal IMT 
and Mean IMT, and Achilles Tendon Thickness in 
Heterozygous FH Patients at Baseline

Table 3 presents the results from the multiple 
regression analyses on maximal IMT and mean IMT, 
and Achilles tendon thickness. The covariates of study 
were LDL-C, HDL-C, CAD, hypertensin and ever-
smoking as well as sex and age. Hypertension was 
unrelated to Achilles tendon thickness in the above 
analysis, but included in the model for a comparative 
purpose. All of the covariates except for sex and 
smoking were significantly associated with both 
maximal and mean IMT; LDL-C, CAD, and 
hypertension were positively related to the IMT 
measurements, and HDL-C was negatively related to 
the IMT measurements. LDL-C, HDL-C, and CAD 
were also important covariates of Achilles tendon 
thickness. Ever-smoking was positively associated with 
Achilles tendon thickness, but marginally failed to 
reach the statistical significance (P=0.0548).

Fig.1 shows maximal and mean IMT and 
Achilles tendon thickness according to LDL-C (Fig.1, 
A-C) and HDL-C levels (Fig.1, D-F). Adjusted 
means of IMT and Achilles tendon thickness derived 
from the final multiple regression model were depicted 
over a range of 50–250 mg/dL of LDL-C and over a 
range of 20–100 mg/dL of HDL-C. Positive 
associations with LDL-C and negative associations 
with HDL-C were clearly visible. The associations 
were stronger but less stable for mean IMT than for 
maximal IMT.

Fig.2 shows the adjusted means of maximal and 
mean IMT and Achilles tendon thickness according to 
CAD (A-C) and hypertension (D-F) status. Maximal 
IMT was significantly greater in patients with 
prevalent CAD than those without, but the difference 
in mean IMT between the two groups was much less 
(P=0.051). Patients with CAD had approximately 2 
mm greater Achilles tendon thickness than those 
without. Hypertension was associated with higher 
values of maximal IMT, but the difference between 
patients with hypertension and those without was 
almost negligible for mean IMT and null for Achilles 
tendon thickness.

The multiple regression analyses were repeated 
after exclusion of patients with probucol use (Table 4). 
As noted above, the inverse association of HDL-C 
with maximal IMT was almost nullified, and the 
association between HDL-C and mean IMT was 
much weakened although the association remained 
statistically significant. The associations with the 
covariates other than HDL-C with maximal and mean 

tendon thickness differed by sex and markedly varied 
with age. Men had higher values than women with 
respect to maximal IMT (mean difference 0.15 mm, 
P=0.05), mean IMT (mean difference 0.10 mm, 
P=0.002), and Achilles tendon thickness (mean 
difference 1.67 mm, P＜10－3. The mean changes per 
10-year increase in age were 0.28 mm (P＜10－29) for 
maximal IMT, 0.11 mm (P＜10－29) for mean IMT, 
and 0.56 mm (P＜10－4). Hypertension and diabetes 
mellitus were observed in 30.8% and 17.3%, 
respectively. CAD was twice more frequent in men 
(34.2%) than in women (15.9%). 

2.2 Factors Associated with Maximal IMT and 
Mean IMT, and Achilles Tendon Thickness in 
Heterozygous FH Patients at Baseline

Table 2 summarizes the associations of the 
covariates  under study with the outcome 
measurements after adjustment for sex and age. 
LDL-C was significantly associated with increased 
levels of maximal and mean IMT and Achilles tendon 
thickness. Inverse associations of HDL-C were highly 
significant for all of the three outcome measurements. 
TG, RLPC, Lp(a), Rf were not related to maximal 
IMT, mean IMT, or Achilles tendon thickness with 
exceptions of a negative association between TG and 
mean IMT (P=0.02) and a positive association 
between Rf and Achilles tendon thickness (P=0.04). 
CAD was significantly positively associated with each 
of the outcome variables. Hypertension was also 
significantly associated with maximal and mean IMT, 
but not with Achilles tendon thickness. Body mass 
index and diabetes mellitus as well as cerebral 
infarction were unrelated to maximal and mean IMT 
and Achilles tendon thickness.

When past and current smoking were combined 
as ever-smoking, maximal IMT was statistically 
significantly greater in ever-smokers as compared with 
never-smokers (mean difference 0.164 mm, SE 0.079, 
P=0.04) while mean IMT was not significantly higher 
in ever-smokers (mean difference 0.045 mm, SE 
0.031, P=0.15). Achilles tendon thickness was 1.154 
mm (SE 0.482 mm) greater in ever-smokers than in 
never-smokers (P=0.02).

Probucol is known to decrease HDL-C and may 
have affected the associations with HDL-C. Probucol 
was used by 109 of the 571 study patients. When the 
patients using probucol were excluded, the 
associations of HDL-C with maximal and mean IMT 
were substantially attenuated while the association 
between HDL-C and Achilles tendon thickness was 
almost the same. The regression coefficients were 
−0.045 (SE 0.027) for maximal IMT (P=0.10), −0.029 
(SE 0.009) for mean IMT (P=0.001), and −0.372 (SE 
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Table 2.  Regression analyses on maximal and mean intima-media thickness (IMT) of the carotid arteries and Achilles tendon 
thickness (mm) in relation to lipid and clinical parameters at baseline

Parameter Unit in change or 
comparison

n Regression 
coefficient＊

Robust SE P-value Standardized 
regression 

coefficient†

Maximal IMT (mm)
LDL cholesterol Per 10 mg/dL 495 0.015 0.007 0.04 0.072
HDL cholesterol Per 10 mg/dL 510 -0.098 0.024 ＜10－4 -0.200
HDL cholesterol‡ Per 10 mg/dL 412 -0.045 0.027 0.10 -0.090
Triglycerides Per ln (mg/dL) 511 -0.059 0.060 0.32 -0.037
RLP-C Per ln (mg/dL) 304 0.037 0.052 0.48 0.028
Lp(a) Per ln (mg/dL) 359 0.035 0.038 0.36 0.037
Rf Per 0.10 151 0.074 0.146 0.61 0.043
Body mass index Per kg/m2 491 -0.011 0.009 0.18 -0.049
CAD (+) vs. (−) 115/396 0.345 0.093 ＜10－3 0.170
Cerebral infarction (+) vs. (−) 17/494 0.263 0.185 0.16 0.056
Hypertension (+) vs. (−) 153/358 0.250 0.083 0.003 0.135
Diabetes mellitus (+) vs. (−) 91/420 0.123 0.093 0.19 0.055
Smoking Past vs. never 95/363 0.134 0.091 0.14 0.062

Current vs. never 41/363 0.226 0.121 0.06 0.074
Mean IMT (mm)
LDL cholesterol Per 10 mg/dL 444 0.009 0.003 0.002 0.114
HDL cholesterol Per 10 mg/dL 458 -0.040 0.008 ＜10－6 -0.212
HDL cholesterol‡ Per 10 mg/dL 370 -0.029 0.009 0.001 -0.156
Triglycerides Per ln (mg/dL) 459 -0.056 0.023 0.02 -0.090
RLP-C Per ln (mg/dL) 271 -0.005 0.020 0.82 -0.010
Lp(a) Per ln (mg/dL) 324 0.020 0.017 0.24 0.056
Rf Per 0.10 128 0.052 0.053 0.32 0.073
Body mass index Per kg/m2 445 0.002 0.003 0.54 0.021
CAD (+) vs. (−) 102/357 0.125 0.039 0.001 0.155
Cerebral infarction (+) vs. (−) 14/445 0.078 0.072 0.28 0.040
Hypertension (+) vs. (−) 135/324 0.076 0.035 0.03 0.103
Diabetes mellitus (+) vs. (−) 79/380 0.017 0.037 0.65 0.019
Smoking Past vs. never 89/325 0.048 0.038 0.20 0.059

Current vs. never 37/325 0.037 0.045 0.41 0.031
Achilles tendon thickness (mm)
LDL cholesterol Per 10 mg/dL 470 0.134 0.046 0.004 0.139
HDL cholesterol Per 10 mg/dL 484 -0.386 0.101 ＜10－3 -0.163
HDL cholesterol‡ Per 10 mg/dL 388 -0.372 0.119 0.002 -0.145
Triglycerides Per ln (mg/dL) 485 -0.223 0.429 0.60 -0.028
RLP-C Per ln (mg/dL) 296 -0.137 0.394 0.73 -0.021
Lp(a) Per ln (mg/dL) 347 0.262 0.222 0.24 0.060
Rf per 0.10 142 2.233 1.067 0.04 0.236
Body mass index Per kg/m2 466 -0.015 0.050 0.76 -0.013
CAD (+) vs. (−) 112/374 1.893 0.498 ＜10－3 0.193
Cerebral infarction (+) vs. (−) 14/472 0.222 0.949 0.81 0.009
Hypertension (+) vs. (−) 153/333 0.310 0.451 0.49 0.035
Diabetes mellitus (+) vs. (−) 86/400 0.682 0.554 0.22 0.063
Smoking Past vs. never 95/342 1.306 0.551 0.02 0.127

Current vs. never 38/342 0.827 0.773 0.29 0.055

＊Adjusted for sex and age. †Regression coefficient divided by standard deviation of the parameter of study.
‡Excluding probucol users.
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Fig.1. Maximal and mean IMT and Achilles tendon thickness according to LDL-C (A-C) and HDL-C (D-F) levels

Solid lines represent predicted means in the multiple regression analyses, shaded areas showing 95% confidence intervals.
IMT; intima-media thickness, LDL-C; low-density lipoprotein cholesterol, ATT; Achilles tendon thickness, and HDL-C; high-density 
lipoprotein cholesterol

Table 3.  Multiple regression analyses on maximal and mean intima-media thickness (IMT) and Achilles tendon thickening 
in relation to lipid and clinical parameters at baseline

Parameter Unit in change Regression 
coefficient

Robust SE P-value Standardized 
regression coefficient＊

Maximal IMT (n=483)
Sex Male vs. female 0.063 0.075 0.40 0.036
Age Per 10 years 0.238 0.024 ＜10－19 0.429
LDL cholesterol Per 10 mg/dL 0.018 0.007 0.01 0.085
HDL cholesterol Per 10 mg/dL -0.075 0.025 0.003 -0.156
CAD (+) vs. (−) 0.256 0.092 0.006 0.127
Hypertension (+) vs. (−) 0.170 0.079 0.03 0.092
Ever-smoking (+) vs. (−) 0.098 0.078 0.21 0.052
Mean IMT (n=436)
Sex Male vs. female 0.096 0.031 0.002 0.141
Age Per 10 years 0.108 0.010 ＜10－23 0.479
LDL cholesterol Per 10 mg/dL 0.009 0.003 0.003 0.114
HDL cholesterol Per 10 mg/dL -0.031 0.008 ＜10－4 -0.168
CAD (+) vs. (−) 0.075 0.038 0.051 0.094
Hypertension (+) vs. (−) 0.058 0.034 0.09 0.080
Ever-smoking (+) vs. (−) 0.023 0.031 0.47 0.030
Achilles tendon thickness (n=459)
Sex Male vs. female 0.484 0.434 0.27 0.059
Age Per 10 years 0.474 0.137 0.001 0.183
LDL cholesterol Per 10 mg/dL 0.120 0.043 0.005 0.122
HDL cholesterol Per 10 mg/dL -0.269 0.100 0.007 -0.120
CAD (+) vs. (−) 1.893 0.516 ＜10－3 0.200
Hypertension (+) vs. (−) 0.015 0.444 0.97 0.002
Ever-smoking (+) vs. (−) 0.912 0.474 0.055 0.102

＊Regression coefficient divided by standard deviation of the parameter of study.
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Fig.2. Maximal and mean IMT and Achilles tendon thickness according to prevalent CAD (A-C) and hypertension (HT) (D-F)

Presented are adjusted means (shaded bars) and 95% confidence intervals (vertical bars) derived from the multiple regression analyses.  

Table 4.  Multiple regression analyses on maximal and mean intima-media thickness (IMT) and Achilles tendon thickening 
in relation to lipid and clinical parameters at baseline after exclusion of probucol users probucol users

Parameter Unit in change Regression 
coefficient

Robust SE P-value Standardized 
regression coefficient＊

Maximal IMT (n=391)
Sex Male vs. female 0.099 0.085 0.25 0.062
Age Per 10 years 0.217 0.026 ＜10－14 0.430
LDL cholesterol Per 10 mg/dL 0.019 0.008 0.02 0.103
HDL cholesterol Per 10 mg/dL -0.012 0.028 0.68 -0.024
CAD (+) vs. (−) 0.249 0.102 0.01 0.130
Hypertension (+) vs. (−) 0.205 0.084 0.02 0.119
Ever-smoking (+) vs. (−) 0.152 0.088 0.09 0.085
Mean IMT (n=352)
Sex Male vs. female 0.070 0.034 0.04 0.113
Age Per 10 years 0.095 0.010 ＜10－19 0.479
LDL cholesterol Per 10 mg/dL 0.007 0.003 0.03 0.095
HDL cholesterol Per 10 mg/dL -0.017 0.008 0.04 -0.094
CAD (+) vs. (−) 0.097 0.040 0.01 0.131
Hypertension (+) vs. (−) 0.096 0.035 0.007 0.145
Ever-smoking (+) vs. (−) 0.027 0.033 0.41 0.040
Achilles tendon thickness (n=367)
Sex Male vs. female 0.508 0.483 0.29 0.063
Age Per 10 years 0.454 0.148 0.002 0.184
LDL cholesterol Per 10 mg/dL 0.118 0.045 0.01 0.127
HDL cholesterol Per 10 mg/dL -0.270 0.117 0.02 -0.112
CAD (+) vs. (−) 1.774 0.591 0.003 0.184
Hypertension (+) vs. (−) -0.320 0.487 0.51 -0.038
Ever-smoking (+) vs. (−) 1.182 0.534 0.03 0.133

＊Regression coefficient divided by standard deviation of the parameter of study.
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atherosclerosis7, 20). Actually, it has been reported that 
lipid-lowering treatment with statins suppresses the 
progression of carotid atherosclerosis in Japanese 
non-FH patients21, 22). Therefore, early diagnosis and 
strict lipid management are important for the 
treatment of FH. However, several studies, including 
our original report of the FAME Study18), have 
demonstrated inadequate control of LDL-C in FH 
patients23-25). It is true that many FH patients do not 
reach their target LDL-C levels even with aggressive 
lipid-lowering therapy. We still need to discuss and 
resolve clinical inertia in FH care.

Another interesting finding in the current study 
was that HDL-C levels under lipid-lowering treatment 
were negatively associated with both IMT and Achilles 
tendon thickness (Tables 3 and 4). However, it 
should be noted that probucol affected the 
associations of HDL-C with maximal and mean IMT. 
In the analyses excluding patients taking probucol, the 
negative association between HDL-C level and 
maximal IMT almost disappeared (Table 4). While 
probucol markedly lowers HDL-C levels, probucol 
tends to be prescribed to patients with more severe 
atherosclerotic lesions as it is expected to regress 
atherosclerosis26, 27) as well as skin and Achilles tendon 
xanthomas28). It was considered that the association 
between HDL-C and IMT may have been more 
pronounced in the analysis including patients taking 
probucol probably because probucol was also used in 
high-risk patients in this study. In fact, HDL-C was 
18 mg/dL lower in probucol users than in nonusers 
after adjustment for sex and age (P＜10−27). Probucol 
users had 0.44 mm greater maximal IMT (P＜10−5) 
and 0.18 mm greater mean IMT (P＜10−5) in terms 
of sex-and age-adjusted mean while there was no 
material association between probucol use and Achilles 
tendon thickness (P=0.41).

The inverse association between plasma HDL-C 
levels and IMT has been reported in previous 
studies29, 30), and the results of the present study 
support them. Since this negative association has been 
reported even in populations without high LDL-C 
levels31), there may be a mechanism independent of 
the effect of high LDL-C levels on IMT. Similarly, the 
negative association between plasma HDL-C levels 
and Achilles tendon thickness is consistent with a 
previous report30). Oosterveer et al. reported that gene 
variants of reverse cholesterol transport pathway as 
well as LDL oxidation pathway were associated with 
the presence of xanthomas in FH patients32). In the 
future, it may be necessary to clarify which of the 
functions of HDL particles, such as reverse cholesterol 
transport, antioxidant capacity and anti-inflammatory 
effects, are responsible for the attenuation of Achilles 

IMT did not change after exclusion of probucol users. 
The results on Achilles tendon thickness were almost 
the same as those observed for the whole patients. The 
association between smoking and Achilles tendon 
thickness was again statistically significant.

2.4 Changes in Maximal and Mean IMT and 
Achilles Tendon Thickness during Follow-up

Percentage changes in maximal and mean IMT 
gradually increased with advancing years in follow-up. 
Increases from the baseline in maximal IMT at 4 years 
and in mean IMT at 2, 3, and 4 years were statistically 
significant. On the contrary, percentage changes in 
Achilles tendon thickness progressively decreased with 
years (Supplementary Fig.2).

Multiple regression analyses were performed 
regarding changes in maximal and mean IMT and 
Achilles tendon thickness at 2 and 4 years of follow-up 
in relation to sex, age, changes of LDL-C and HDL-C 
from baseline, CAD, hypertension, and ever-smoking 
(Supplementary Tables 1 and 2). No measurable 
associations were found with respect to the covariates 
under study except for sex (for maximal IMT at 2 
years) and age (for mean IMT at 4 years).

Discussion

This is the first study to determine the factors 
associated with the severity of carotid atherosclerosis 
as well as Achilles tendon thickness and to investigate 
the longitudinal changes in these indices in the real-
world FH practice. Besides our original report of the 
FAME study18), another prospective observational 
study has reported data on lipid levels, medication 
use, and cardiovascular events, but not carotid IMT 
nor Achilles tendon thickness, at baseline and last 
follow-up in 339 Canadian heterozygous FH 
patients19). In Japan, Achilles tendon thickness has 
been quantified using X-ray. Therefore, one of the 
strengths of our study is that we were able to use 
Achilles tendon thickness as an objective parameter to 
clarify the relationship with atherosclerosis and its risk 
factors, as well as the changes over time. 

It is noteworthy that LDL-C levels under lipid-
lowering treatment were positively associated with 
both IMT and Achilles tendon thickness in multiple 
regression analyses (Tables 3 and 4). These findings 
suggest that strict control of LDL-C levels is 
important even though the analyses were not adjusted 
for the effects of untreated LDL-C levels and 
untreated duration. In addition, the progression of 
carotid atherosclerosis in FH has been reported to be 
faster than that in non-FH, and LDL-C accumulation 
levels may be related to the severity of carotid 
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with hypertension and those without was almost 
negligible for mean IMT (Tables 3 and 4). A large 
prospective follow-up study in Japan reported that 
maximal IMT was associated with the incidence of 
stroke41). Since hypertension is the greatest risk factor 
for stroke, it is presumed that there is a strong 
association between hypertension and maximal IMT 
even in FH patients. These findings suggest the 
importance of comprehensive risk management 
including blood pressure control in the treatment of 
FH patients. Diabetes mellitus was not associated with 
carotid IMT in this study. It seems that dyslipidemia 
and hypertension are more important factors for carotid 
atherosclerosis than hyperglycemia in FH patients.

There have been few reports regarding the 
longitudinal changes of IMT and Achilles tendon 
thickness in patients with heterozygous FH. The 
percent changes in maximal IMT and mean IMT 
gradually increased during the observation period. In 
contrast, the percent change in the thickness of 
Achilles tendon became progressively thinner 
throughout the observation period (Supplementary 
Fig.2) as reported in previous studies10, 42). We 
speculate that this difference is due to the fact that age 
and lipid levels are the only factors that contribute to 
Achilles tendon thickness, while other risk factors for 
atherosclerosis, such as blood pressure, are also 
involved in the development of carotid atherosclerosis. 
In addition, the LDL-C levels at 2 years and at 4 years 
did not change from the value at baseline as our 
original report of the FAME study reported18). In the 
current study, means of LDL-C at 2 and 4 years of 
follow-up were both 133 mg/dL (SD 41 mg/dL). 
Since aggressive lipid-lowering therapy has been 
reported to regress carotid atherosclerosis42), we believe 
that the control of LDL-C levels may still be 
inadequate in the real-world FH practices. 
Furthermore, it is assumed that there are differences in 
the mechanisms of lipid efflux or regression between 
the Achilles tendon xanthoma and carotid 
atherosclerotic plaque.

There are several limitations in the present study. 
The diagnosis of FH was based on the scoring system 
of the Annual Report of the Research Committee on 
Primary Hyperlipidemia of the Ministry of Health 
and Welfare of Japan reported by Harada-Shiba et 
al.43). Therefore, there may be differences in FH 
diagnosis and clinical indices when compared to the 
guidelines we currently use13). Additionally, the 
measurement of carotid IMT was performed manually 
in each participating institution based on the 
guidelines published by the Japan Academy of 
Neurosonology in 2006 44). Therefore, variations due 
to differences in measurement devices and examiners, 

tendon thickening in FH patients. A previous study 
reported the association between cholesterol efflux 
capacity and atherosclerotic cardiovascular diseases in 
patients with FH30).

It is interesting to note that Achilles tendon 
thickness was higher in the group of patients with a 
history of smoking (Tables 3 and 4). A previous 
cross-sectional study has also reported that smoking 
history is associated with increased Achilles tendon 
thickness16). Artieda et al.33) reported that tendon 
xanthoma formation was associated with higher 
intracellular lipid content, and a stronger 
inflammatory response of macrophages to oxidized 
LDL. Additionally, oxidatively modified LDL epitopes 
are immunochemically detected intracellularly in 
macrophages of tendon xanthomas from FH 
patients34). Accordingly, we speculate that oxidatively 
modified LDL35) and decreased HDL functionalities36) 
caused by smoking play significant roles in the 
formation of Achilles tendon xanthomas. Based upon 
our data, it goes without saying that smoking cessation 
is extremely important in FH practice. Whether 
smoking cessation suppresses the growth of Achilles 
tendon xanthomas or not is an issue for future studies.

Maximal IMT was significantly greater in 
patients with CAD than in those without, but the 
difference in mean IMT was not significant (Tables 3 
and 4). In patients with type 2 diabetes, maximal 
IMT has been reported to be more important in 
relation to the presence of CAD compared to mean 
IMT37, 38). The results of the present study show that 
maximal IMT is also more strongly associated with 
CAD than mean IMT in FH patients. Furthermore, 
Achilles tendon was significantly thicker in patients 
with CAD than in those without (Tables 3 and 4). 
Achilles tendon thickness seemed to be more strongly 
related to preexisting CAD than carotid IMT as 
indicated by standardized regression coefficients. A 
previous study has also reported that ultrasonographic 
Achilles tendon thickness was associated with carotid 
IMT and previous history of CAD in FH patients, 
but not in non-FH patients16). Achilles tendon 
thickness was at most modestly correlated with 
maximal IMT (r=0.30) and mean IMT (r=0.31) 
while the IMT parameters were strongly correlated 
with each other (r=0.64). Achilles tendon thickness 
may have a mechanistic implication different from the 
IMT parameters in atherosclerosis. Since it has been 
reported that FH patients with xanthomas have a 
higher cardiovascular risk than those without39, 40), 
there may be a common mechanism for coronary 
atherosclerosis and xanthoma formation. 

Hypertension was associated with higher values 
of maximal IMT, but the difference between patients 
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A B C

Supplementary Fig.1.  Residuals from predicted values versus age for maximal (A) and mean (B) IMT and Achilles tendon 
thickness (C) in each regression with age

A B C

Supplementary Fig.2.  The percentage changes of maximal (A) and mean (B) IMT and Achilles tendon thickness (C) according to 
follow-up years

Number of patients were: 511 at baseline, 347 at 1 year, 327 at 2 years, 264 at 3 years, and 185 at 4 years for maximal IMT; 459 at baseline, 
321 at 1 year, 299 at 2 years, 241 at 3 years, and 170 at 4 years for mean IMT; and 486 at baseline, 199 at 2 years, and 71 at 4 years for 
Achilles tendon thickness.
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Supplementary Table 1.  Multiple regression analyses on changes in maximal and mean intima-media thickness (IMT) 
and Achilles tendon thickness at 2 years of follow-up in relation to lipid and clinical parameters

Parameter Unit in change Regression 
coefficient

Robust SE P-value Standardized 
regression 

coefficient＊

Maximal IMT (n=306)
Sex Male vs. female 0.192 0.080 0.02 0.153
Age Per 10 years 0.001 0.032 0.98 0.002
LDL cholesterol† Per 10 mg/dL -0.011 0.010 0.26 -0.058
HDL cholesterol† Per 10 mg/dL 0.009 0.033 0.78 0.013
CAD (+) vs. (−) -0.143 0.099 0.15 -0.100
Hypertension (+) vs. (−) 0.001 0.088 0.99 0.001
Ever-smoking (+) vs. (−) 0.001 0.091 0.99 0.001
Mean IMT (n=281)
Sex Male vs. female -0.002 0.044 0.96 -0.004
Age Per 10 years 0.009 0.014 0.52 0.044
LDL cholesterol† Per 10 mg/dL -0.003 0.005 0.57 -0.034
HDL cholesterol† Per 10 mg/dL -0.017 0.014 0.23 -0.048
CAD (+) vs. (−) 0.011 0.049 0.83 0.015
Hypertension (+) vs. (−) 0.017 0.045 0.71 0.027
Ever-smoking (+) vs. (−) -0.015 0.045 0.73 -0.024
Achilles tendon thickness (n=187)
Sex Male vs. female 0.118 0.299 0.69 0.034
Age Per 10 years 0.035 0.100 0.72 0.029
LDL cholesterol† Per 10 mg/dL 0.036 0.040 0.37 0.070
HDL cholesterol† Per 10 mg/dL 0.166 0.125 0.19 0.078
CAD (+) vs. (−) 0.238 0.406 0.56 0.062
Hypertension (+) vs. (−) 0.372 0.332 0.26 0.100
Ever-smoking (+) vs. (−) 0.061 0.322 0.85 0.016

＊Regression coefficient divided by standard deviation of the parameter of study.
†Change from baseline at 2 years of follow-up.
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Supplementary Table 2.  Multiple regression analyses on changes in maximal and mean intima-media thickness (IMT) 
and Achilles tendon thickness at 4 years of follow-up in relation to lipid and clinical parameters

Parameter Unit in change Regression 
coefficient

Robust SE P-value Standardized 
regression 

coefficient＊

Maximal IMT (n=174)
Sex Male vs. female 0.193 0.113 0.09 0.140
Age Per 10 years 0.034 0.042 0.42 0.070
LDL cholesterol† Per 10 mg/dL -0.035 0.020 0.08 -0.155
HDL cholesterol† Per 10 mg/dL -0.048 0.047 0.30 -0.064
CAD (+) vs. (−) -0.164 0.144 0.26 -0.110
Hypertension (+) vs. (−) 0.066 0.135 0.63 0.045
Ever-smoking (+) vs. (−) -0.110 0.125 0.38 -0.075
Mean IMT (n=161)
Sex Male vs. female 0.017 0.076 0.83 0.024
Age Per 10 years 0.049 0.020 0.02 0.200
LDL cholesterol† Per 10 mg/dL -0.007 0.010 0.47 -0.063
HDL cholesterol† Per 10 mg/dL 0.008 0.025 0.74 0.021
CAD (+) vs. (−) -0.006 0.083 0.94 -0.008
Hypertension (+) vs. (−) 0.143 0.084 0.09 0.195
Ever-smoking (+) vs. (−) -0.052 0.071 0.47 -0.072
Achilles tendon thickness (n=64)
Sex Male vs. female -0.286 0.404 0.48 -0.091
Age Per 10 years -0.116 0.196 0.56 -0.094
LDL cholesterol† Per 10 mg/dL 0.019 0.088 0.83 0.030
HDL cholesterol† Per 10 mg/dL 0.047 0.220 0.83 0.029
CAD (+) vs. (−) 0.293 0.556 0.60 0.088
Hypertension (+) vs. (−) 0.414 0.555 0.46 0.109
Ever-smoking (+) vs. (−) 0.391 0.468 0.41 0.112

＊Regression coefficient divided by standard deviation of the parameter of study.
†Change from baseline at 4 years of follow-up.
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