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ABSTRACT

Familial hypercholesterolemia (FH) is a common genetic disorder characterized by a lifelong elevated low-
density lipoprotein cholesterol (LDL-C) level. The relationship between FH and ischemic stroke is still
controversial. We enrolled ischemic stroke patients prospectively in our neurological ward, and divided
them into two groups according to LDL-C levels with a threshold of 130 mg/dl. Targeted sequencing was
performed in all stroke patients for LDLR, APOB, and PCSK9 genes. The fifty-eight high-LDL subjects were
older, prevalence of previous myocardial infarction/stroke history was lower, and the first stroke age was
older compared with values in the sixty-three low-LDL cases. The prevalence of FH in Han-Chinese stroke
patients was 5.0%, and was 10.3% in those with a higher LDL-C level. We identified six carriers, who had
higher percentages of large vessel stroke subtype (66.7% vs. 15.4%) and transient ischemic attack (33.3% vs.
3.8%), previous myocardial infarction/stroke history (50.0% vs. 11.5%), statin use (50.0% vs. 11.5%), and
increased carotid intima-media thickness (IMT) (0.9-1.2mm vs.0.7-9.0mm) compared with the other
hypercholesterolemic patients without pathogenic variants. Ischemic stroke patients carrying FH pathogenic
variants seemed to have a higher risk for large artery stroke and transient ischemic attack. The IMT exam
could be useful to screen for FH in hypercholesterolemic stroke patients.
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INTRODUCTION

Familial hypercholesterolemia (FH) is the most
common monogenic disorder with an autosomal
dominant hereditary pattern, and predisposes carriers to
a lifelong elevated low-density lipoprotein cholesterol
(LDL-C) level. The prevalence of heterozygous FH has
been estimated to be around one in 250 people [1], but it
varies by age and geographic location. The prevalence
of homozygous FH was around one in 200,000
to 300,000, and results in more severe and fatal
atherosclerotic cardiovascular disease (ASCVD) if
untreated [2].

In previous studies, FH was diagnosed clinically or
genetically. The commonly used clinical criteria for FH
are the Dutch Lipid Clinic Network (DLCN) algorithm,
Simon Broome Register Group (SBRG) criteria, and
Make Early Diagnosis to Prevent Early Death
(MEDPED) criteria [3]. Presence of xanthoma or
coronary heart disease (CHD), family history of CHD,
and higher LDL-C level (exceeding 155-189 mg/dl)
were the most common factors. Because only severe
phenotypes were included in the clinical criteria,
diagnosis of less severe FH cases might be missed.
Low-density lipoprotein receptor (LDLR), apolipo-
protein B (APOB), and proprotein convertase
subtilisin/kexin 9 (PCSK9) are the three most common
genes related to FH [4]. LDLR is the key mutant protein
in both Western and Eastern countries, accounting for
80-85% of cases [4-6]. It has more than 3000 variants
in the ClinVar database at present [6, 7]. There is still a
small portion of patients who belong to the other
genotypes, such as LDLRAP1 [4].

Accumulated LDL-C particles could trigger a sequence
of oxidative processes, leading to atherosclerosis and
arterial stenosis [6]. LDL-C is reported to confer both
causal and accumulative risks for ASCVD throughout
life [8]. By disturbing cholesterol metabolism over a
person’s lifespan, FH increases the risk of premature
ASCVD by at least 13- to 22-fold if left untreated [6].
The risk was still increased at least 3 times even with
the same LDL-C level [9]. Previous lipid-lowering
therapy studies showed a consistent result, whereby
decreased LDL-C level lowered the risk of both
ischemic stroke and major cardiovascular events [10].
However, whether FH increases the risk of stroke
remains  controversial. The Copenhagen study
demonstrated for every 1 mmol/L increase of LDL-C
level, the risk ratio of genetic cause was 1.45 for
myocardial infarction, and 1.11 for ischemic stroke in
FH cases [11]. One recent meta-analysis article stated
genetically confirmed heterozygous FH did not seem to
increase ischemic stroke risk, but peripheral arterial
disease did [12]. In these two studies, only small subsets

of FH mutations were considered, leading to selection
bias. Therefore, we could not arbitrarily conclude a
relationship between FH and stroke risk exists.

An Australian study showed the prevalence of clinically
diagnosed FH was elevated to 19.4% in cardiovascular
disease and to 11.5% in cerebrovascular disease,
according to DLCN clinical criteria [13]. These values
were much higher compared with the value of 0.4% in
the general population. This suggests familial
hypercholesterolemia might play an important role in
coronary heart disease and in stroke. A Japanese study
also revealed that FH frequency increased at least 5-fold
in patients with acute coronary diseases compared with
the general population by clinical diagnosis [14].
However, to the best of our knowledge, data on the
prevalence of FH based on genetic evidence in patients
with ischemic stroke is still lacking at present.

High LDL-C level was confirmed to be related to higher
risk of cerebrovascular and cardiovascular diseases.
However, a relationship between FH genes and the risk
of ischemic stroke has yet to be established.
Furthermore, most affected patients showed negative
results for FH. We speculate that the prevalence of FH
is higher in an ischemic stroke population based on
pathological theory. Moreover, we attempted to explore
the relationships between the subtypes of ischemic
stroke and FH genes in our hospital cohort.

RESULTS
Description of the study groups

In total, we recruited 121 ischemic stroke patients, and
divided them into two groups according to their LDL-C
levels collected just after the index stroke event. There
were 58 cases in the high-LDL group (LDL-C = 130
mg/dl), and 63 cases in the low-LDL group (LDL-C <
130 mg/dl).

Based on LDL-C values clinically, high-LDL stroke
patients were older, had a lower prevalence of previous
CVAJ/CAD history, and the first stroke age was higher
than in the low-LDL cases (Table 1). The two groups
had similar percentages of hypertension, Peripheral
Arterial Occlusive Disease (PAOD), Diabetes mellitus
(DM), and smoking habit, as well as similar body mass
index (BMI) levels, HbA1C values, and stroke severity
(TOAST classification). Among the 58 cases in the
high-LDL group, 6 carried pathogenic variants of FH
which were all missense. Among the 63 cases in the
low-LDL group, two variants of LDLR (rs777188764
and rs750474121) were identified in three patients as
the “likely pathogenic variants”. Both of them were
only discussed in a few case reports, with different
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Table 1. Characteristics of
hypercholesterolemia.

ischemic stroke patients with and without clinical

LDL<130 (n=63) LDL>130 (n=58) P value

Gender 0.078

Female 15 (23.8%) 23 (39.7%)

Male 48 (76.2%) 35 (60.3%)
Age 55.0 (50.0-60.0) 62.5 (53.8-70.0)  <0.001**
LDL-C level 96.0 (81.0-115.0) 146.0 (138.3-164.3) <0.001**
Body weight 70.1 (62.5-80.7) 66.9 (59.6-74.8) 0.161
BMI 25.6 (23.2-29.3) 25.1 (23.2-28.2) 0.750
TOAST classification:

Large artery atherosclerosis 15 (23.8%) 12 (20.7%) 0.847

Small vessel occlusion 16 (25.4%) 20 (34.5%) 0.372

Cardiogenic 12 (19.0%) 8 (13.8%) 0.594

Unknown 10 (15.9%) 14 (24.1%) 0.362

TIA 10 (15.9%) 4 (6.9%) 0.209
Statin use (before stroke) 18 (28.6%) 9 (15.5%) 0.132
PAOD 4 (7.1%) 9 (18.0%) 0.160
Hypertension 39 (61.9%) 39 (67.2%) 0.673
DM 27 (42.9%) 21 (36.2%) 0.575
Fibrinogen (mg/dL) 311.7 (272.4-377.3) 300.4 (258.3-340.4) 0.235
D-dimer (mg/L FEU) 0.3 (0.2-0.4) 0.4 (0.2-0.7) 0.120
HbA1C 6.0 (5.7-7.4) 6.1 (5.8-6.9) 0.891
Intimal thickness (the thickest side, mm) 0.8 (0.6-0.9) 0.8 (0.7-0.9) 0.109
NIHSS (admission) 3 (1-6) 3 (1-4) 0.667
NIHSS (discharge) 1 (0-4) 1 (0-3) 0.912
MRS (admission) 2 (1-4) 2 (1-3) 0.171
MRS (discharge) 1 (1-3) 1 (1-2) 0.256
Hospitalization (days) 8.0 (5.8-11.0) 7.0 (5.0-9.0) 0.323
Smoking 24 (38.1%) 10 (21.7%) 0.107
Previous CVA or CAD history 23 (36.5%) 9 (15.5%) 0.016*
First stroke age 55.0 (49.0-60.0) 62.5 (53.0-69.8)  <0.001**

Chi-square test or TMann-Whitney U test, Median (IQR). *p<0.05, **p<0.01.

BMI, body mass index; TIA, transient ischemic attack; CAD, coronary artery disease; PAOD, Peripheral
Arterial Occlusive Disease; DM, Diabetes mellitus; HbA1C, glycated hemoglobin or Glycohemoglobin;
IMT, intima-media thickness; NIHSS, NIH Stroke Scale; mRS, modified Rankin scale; CVA, cerebrovascular

accident.

results. Therefore, these two variants were defined as
“potentially pathogenic” based on the ClinVar database.
The demographic characteristics of these three patients
are described in the Supplementary Table 1. Therefore,
the prevalence of heterozygous FH was 10.3% (6/58) in
ischemic stroke patients with a clinically higher LDL-C
level, and was 5.0% (6/121) in all of our ischemic
stroke patients.

Pathological variants of FH
There were six pathogenic variants identified in 6

stroke  patients with  higher LDL-C level
(Supplementary Table 2), and all resulted in a

missense mutation. The located functional domains
were depicted in Figure 1. Three of them were LDLR
variants: ¢.268G>A, ¢.1867A>G, and c.986G>A. The
other three were the APOB variants: ¢.10580G>A,
€.10579C>T, and c¢.3524A>C. Only one variant,
€.1867A>G, was relatively frequent in the database of
Taiwan’s biobank, with a minor allele frequency of
around 0.3%. The other variants were relatively rare
in Taiwan’s population, with a minor allele frequency
equal to or less than 0.1%. No pathogenic variants of
PCSK9 were identified in any subject. Among six
patients, one carried two pathogenic variants located
on APOB and LDLR genes. There were two cases
carrying the same mutation of LDLR.
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Hypercholesterolemia with and without FH
pathogenic variants

We compared the genetically diagnosed familial
hypercholesterolemia cases with those having only
clinical hypercholesterolemia without pathogenic
variants. Stroke patients carrying the pathogenic
variants demonstrated higher percentages of large artery
atherosclerosis stroke subtype and transient ischemic
attack (TIA), statin use before the index stroke, and
previous history of cardiovascular or cerebrovascular
diseases, as well as increased carotid intima-media
thickness (IMT) (Table 2).

Double heterozygote

The characteristics of FH subjects are presented
individually (Table 3). A wide-spectrum distribution of
LDL-C level and onset age of cerebrovascular disease
was found. All patients had increased carotid IMT,
exceeding the generally accepted value of 0.8 mm [15].

The only patient with double heterozygote of
pathogenic LDLR/APOB variants (case F) showed more
severe disease course and thickest IMT. He had a
myocardial infarction at 70 years old, and recurrent
stroke events at 77 years old. Compared with the other
cases carrying pathogenic variants, he had the worst
clinical status. He was diagnosed with vascular
dementia before the age of 70, and his general health
condition was considered to be approaching bedridden
status at around the same time.

DISCUSSION

This is the first study to explore the prevalence of
familial hypercholesterolemia in Han-Chinese ischemic
stroke and TIA patients using the NGS technique. We
identified the prevalence of genetically diagnosed FH,
and evaluated the clinical characteristics in clinically
and genetically hypercholesterolemic stroke patients in
comparison with other ischemic stroke patients.

Prevalence of FH in ischemic stroke

In this study, we found the prevalence of heterozygous
FH was at least 5.0% in all ischemic stroke and TIA
patients. The prevalence further increased to 10.3% in
those with an LDL-C level of 130 mg/dl and higher on
the scene when stroke occurred. This result was more
than 10 times higher than that in the general population
according to data reported in previous epidemiological
studies, from 0.3% based on the DLCN criteria to 0.46%
with genetic confirmation [16]. In conclusion, the higher
FH prevalence in stroke patients suggests that FH might
be an important risk factor for ischemic stroke.

The diagnostic methods for FH vary in previous studies.
Most used clinical criteria, and some used genetic
confirmation. Furthermore, the methods of genetic tests
also differed. Some used SNP array [11], in which only
the genetic hotspots were identified. Others sequenced
the specific genes [17], which might be more precise for
identifying each variant. In our study, we used the
NGS-based method to sequence the three target genes.
Therefore, we could more accurately define the cases
carrying FH genes, even in patients whose LDL-C level
had been lowered by medication. The resultant
hypercholesterolemia would not be masked by other
causes, such as age and lifestyle. Therefore, we were
able to more precisely determine the clinical
characteristics that only arose as a result of genetic
factors.

From a clinical perspective, an Austrian study showed
the overall prevalence of potential FH (including
probable/definite and possible FH) was 11.5% in stroke
and TIA populations according to DLCN criteria [18],
and increased to 19.4% in coronary heart disease [13].
With respect to genetics, the only study to be conducted
on an ethnic Chinese population included a premature
ASCVD group, which showed that the prevalence of
genetically diagnosed FH was 4.4% (10 in 225 patients)
[19]. The prevalence of genetically verified FH was
lower than that of clinically diagnosed FH. This suggests
other etiologies also result in hypercholesterolemia
besides genes. However, subjects with genetic hyper-
cholesterolemia have a relatively higher atherosclerotic
risk than cases without [9], which was also reflected in
the higher IMT values in our study.

To our knowledge, there are no data on the prevalence
of genetically confirmed FH in ischemic stroke patients
at present. Our result revealed there was one FH carrier
for every 20 ischemic stroke cases, which was similar to
the result for ASCVD in a study conducted in China
[19]. The FH prevalence was even higher, that one
carrier was identified for every 10 stroke cases with
hypercholesterolemia. To date, although most recent
studies focused on the effect of FH on cardiovascular
events, our study demonstrated FH still confers a risk of
ischemic stroke, a phenomenon that has been ignored.
Therefore, due to the apparent high prevalence of FH,
screening for FH to provide early identification and
ischemic stroke prevention is warranted.

FH and large artery atherosclerosis

Our result showed large vessel atherosclerosis stroke
was the major stroke subtype in FH, compared with
other hypercholesterolemia cases without FH carriers.
Our data suggests that large vessel atherosclerosis is the
most important subtype in FH-related ischemic stroke.
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Table 2. Characteristics of ischemic stroke patients with clinically diagnosed hypercholesterolemia,
with and without genetically verified familial hypercholesterolemia (FH).

Without FH (n=52) With FH (n=6) P value

Gender 0.072

Female 23 (44.2%) 0 (0.0%)

Male 29 (55.8%) 6 (100%)
Age 63.0 (55.0-69.0) 57.5 (48.8-74) 0.498
LDL level (mg/dL) 146.0 (136.0-159.5) 161.0  (150.5-179.0) 0.107
Body weight (kg) 66.7 (59.0-74.5) 73.5 (63.8-88.8) 0.198
BMI 25.1 (23.0-27.8) 25.6 (23.2-31.3) 0.537
TOAST classification:

Large artery atherosclerosis 8 (15.4%) 4 (66.7%) 0.014*

Small vessel occlusion 20 (38.5%) 0 (0.0%) 0.084

Cardiogenic 8 (15.4%) 0 (0.0%) 0.581

Unknown 14 (26.9%) 0 (0.0%) 0.319

TIA 2 (3.8%) 2 (33.3%) 0.049*
Statin use (before stroke) 6 (11.5%) 3 (50.0%) 0.042*
PAOD 7 (15.2%) 2 (50.0%) 0.144
Hypertension 34 (65.4%) 5 (83.3%) 0.653
DM 18 (34.6%) 3 (50.09%) 0.657
Fibrinogen (mg/dL) 300.1 (258.2-332.6) 329.5  (264.4-452.5) 0.298
D-dimer (mg/L FEU) 0.4 (0.2-0.6) 0.3 (0.2-2.9) 0.948
HbA1C 6.2 (5.8-6.9) 5.9 (5.4-7.9) 0.466
Intimal thickness (the thickest side, mm) 0.8 (0.7-0.9) 0.9 (0.9-1.2) 0.024*
First event age (CVA or CAD) 63.0 (53.5-68.5) 56.5 (43.5-70.5) 0.399
Smoking 8 (19.5%) 2 (40.0%) 0.295
Previous CVA or CAD history 6 (11.5%) 3 (50.0%) 0.042*
First stroke age 63.0 (136.8-68.5) 57.5 (48.8-73.3) 0.548

Chi-square test or Fisher's exact test. tMann-Whitney U

test, Median (IQR). *p<0.05, **p<0.01.

Table 3. Characteristics and genetic information of individual FH cases.

Age of

statin use

. . . TOAST L
Patient Gender index BMI Age of first .Age of Gene Position LDL at the index before index DAST IMT  mRS (initial—
number stroke/TIA first CAD stroke (mg/dl) classification ~ (mm) 1 year)
stroke stroke
A male 39 27.0 39 NA LDLR chr19:11213417 176 No 1 0.86 4—1
B male 52 30.9 52 NA APOB  chr2:21229160 154 No 1 0.99 4—0
C male 61 242 61 NA APOB  chr2:21229161 166 No TIA 0.87 0—0
D male 73 26 12 75  LDLR chrl9:11230789 140 Atorvastatin 1 115 32
(20mg)
Atorvastatin
E male 54 328 54 45 LDLR chr19:11221373 156 (10mg) TIA 0.86 0—0
APOB  chr2:21238117 i
F male 77 234 77 70 188 Atorvastatin 1 115 555
LDLR chr19:11230789 (10mg)

FH, familial hypercholesterolemia; BMI, body mass index; TIA, transient ischemic attack; CAD, coronary artery disease; IMT,
intima-media thickness; mRS, modified Rankin scale; NA, not available (no event); chr, chromosome.

In contrast two other large studies conducted recently,
the Norwegian register study [20] and the Copenhagen
general population study [11], showed a negative result,
indicating that FH did not have a causal relationship

with any type of ischemic stroke. Another meta-analysis
found the overall effect of heterozygous FH increased
the risk of all kinds of ischemic stroke (p = 0.003).
However, when the effect of genetically confirmed FH
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alone was analyzed, there was no significant association
(p= 0.47) [12]. This might be because ischemic stroke
was considered as one part, rather than as one of the
subtypes, as in the present study.

Furthermore, another meta-analysis showed each
mmol/L (39 mg/dL) decrease of LDL-C level lowered
the relative risk of stroke by 21.1%. Intensive LDL-

lowering therapy reduced fetal and non-fetal stroke
events by 13% [10]. This suggests LDL still seems to be
an important culprit in ischemic stroke. From the
perspective of LDL-C pathophysiology, oxidized LDL-
C triggers an inflammation cascade on the vessel wall,
which facilitates plaque formation and atherosclerosis,
leading to arterial stenosis [8]. The key process is
atherosclerosis. Ischemic stroke comprises 5 subtypes
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Figure 1. Lollipop plot to highlight our mutation patterns of LDLR (A) and APOB (B).
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according to TOAST classification [21], including
large-artery atherosclerosis (LAA), cardioembolic,
small vessel disease (SVD), undetermined, and others.
Each subtype has a different etiology and pathogenesis,
requiring different kinds of treatment [22]. Among the
five subtypes of ischemic stroke, only the LAA subtype
is mostly associated with the atherosclerotic process.
LAA accounts for 25-60% of ischemic stroke [22, 23].
The other four etiologies are less strongly associated
with LDL-related pathophysiology. When all stroke
subtypes were combined in the analysis, the effect of
LDL-related atherosclerosis was diluted.

In contrast, atherosclerosis is the main patho-
physiological cause of coronary heart disease [24].
Therefore, both the Norwegian and Copenhagen studies
found that an elevated risk of ischemic stroke was only
found when FH cases had prior coronary heart disease.
This result indirectly reflects the fact that our FH stroke
patients had a higher percentage of previous stroke and
ischemic heart disease events. Therefore, the generalized
atherosclerosis-related risks would be increased in FH
carriers. Consequently, it should be expected that FH
carriers would not necessarily have an increased
prevalence of all types of ischemic stroke. This supports
our finding that aside from TIA, the most frequent
ischemic stroke subtype in FH carriers was LAA.

Carotid intima-media thickness (IMT) in FH

We found each FH carrier had an increased carotid IMT
according to their age reference in our study. IMT is
considered to be a marker of subclinical atherosclerosis,
and is associated with common risk factors of stroke [25].
Increased IMT was reported to be related to elevated risk
of all stroke types [26], and risk of the LAA type was
relatively higher than that of the SVD subtype [25].
Increased IMT was reported in FH children as early as 8
years of age compared with their unaffected siblings [27].
In addition, calcium scores of coronary arteries measured
by computed tomography was reported to be related to
the patients’ IMT values. Rafal et al. also found the
proximal carotid IMT values were better correlated with
FH-related hypercholesteremia than with other etiologies
[28]. Our study demonstrated a similar result: IMT was
significantly increased in FH cases compared to non-FH
cases under similar hyperlipidemic status. Therefore, we
speculate that the application of carotid sonography to
monitor IMT values may be useful for FH screening in
clinical practice, even though it is not a clinically
diagnostic criterion for FH.

Double heterozygotes FH

Double heterozygotes for two different FH pathogenic
genes had been reported [29], but the phenotypes and

their severity have not been well described. In another
case report, a subject had the phenotype severity of the
double heterozygote ranking between homozygote and
simple heterozygote [30]. In our study, the most severe
FH case had the most elevated IMT, highest LDL level
even under statin use, and highest mRS score compared
with the other heterozygous FH cases. He had double
heterozygote FH, carrying the LDLR/APOB pathogenic
variants. We speculate that the number of pathogenic
variants have a cumulative effect on their phenotype
severity, leading to more morbidity in later life.
Therefore, earlier and more aggressive intervention in
double heterozygote FH is recommended. Moreover,
further larger studies to identify the phenotypic
spectrum of heterozygotes of FH are needed.

Limitations

There were still some limitations in this study. First, the
sample size was limited. Only 121 stroke patients were
enrolled, and our FH stroke patients were all male.
Second, we only sequenced the three most common
genes related to FH in this study. Based on data
presented in a previous report, around 5% of FH cases
would not have been detected by our genetic panel
[4, 31]. Third, we did not explore cognitive outcome
after ischemic stroke in this study. In addition to LDL-
C, ischemia itself might also trigger serial inflammatory
processes in the brain [32]. Further cognitive evaluation
in FH patients should also be considered in future
research.

CONCLUSIONS

The prevalence of heterozygous FH in Han-Chinese
stroke patients was 5.0%, and was as high as 10.3% in
those with the LDL-C of 130 mg/dl and higher. Stroke
patients carrying FH pathogenic variants seemed to
have a higher risk for large vessel stroke and TIA,
which could be attributable to atherosclerotic patho-
genesis. Moreover, the IMT exam could be a valuable
tool to screen for FH in stroke patients with a high
LDL-C level in order to identify at-risk individuals and
apply early intervention.

MATERIALS AND METHODS
Participants

We enrolled ischemic stroke patients prospectively
from the neurological ward or outpatient clinics of
Taichung Veterans General Hospital from December
2018 to November 2019. Patients’ clinical
characteristics were identified to classify the stroke
subtype based on TOAST criteria. The LDL-C level
was checked for this index stroke and the stroke
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severity using scores of the National Institute of Health
Stroke Scale (NIHSS) and the Modified Rankin Scale,
MRS (MRS). We excluded patients who refused to
provide informed consent. Moreover, the clinical
characteristics of the patients were recorded, including
metabolic information and LDL-C levels. The carotid
intima-media thickness (IMT) values were recorded
from the thickest side.

First, we divided the patients into two groups according
to an LDL-C level, which the threshold value was set at
130 mg/dl. Then, the genetic study was performed in
both groups to identify the FH cases genetically.

This study was approved by the Ethics Committees of
Taichung Veterans General Hospital (SE17355B).

Genetic analysis

Genomic DNA was extracted using the QlAamp DNA
Blood Mini Kit (QIAGEN, Germany) according to
the manufacturer’s instructions. Next generation
sequencing (NGS) was used to sequence the three target
genes: LDLR, APOB, and PCSK9. The probes/primers
specific for these genes were designed. Then, we used
polymerase chain reaction (PCR) to amplify the
candidate DNA fragments by QlAseq Targeted DNA
Panels (QIAGEN) and sequenced them using the
lllumina system. The overall analysis pipeline for
somatic mutations is depicted in the Supplementary
Figure 1. The Fastq files were uploaded to QIAGEN
CLC Genomics Workbench (QIAGEN, Hilden,
Germany) for read trimming, read alignment, and
variant calling. The output VCF files were then
uploaded to Base Space Variant Interpreter (Illumina)
for annotations. Variants with a minimum coverage of
10 reads and Taiwan Biobank (TWB) allele frequency <
0.01 were kept.

The pathogenic or potentially pathogenic variants were
determined by NCBI-ClinVar database (https://www.
ncbi.nlm.nih.gov/pmc/). If the mutation was not found
in these databases, the Scale-Invariant Feature
Transform (SIFT) and Polymorphism Phenotyping v2
(Polyphen-2) (Harvard, Boston, MA, USA) were used
to analyze conservation of the amino acid caused by the
mutation; if the mutation was highly conserved among
different species (SIFT score < 0.05 or Polyphen-2
score > 0.15), it was predicted to be a damaged
mutation.

Statistical analyses

SPSS version 20.0 (IBM, Armonk, NY, USA) was used
for all statistical analyses. The Kolmogorov-Smirnov
test was used to confirm that the characteristics of these

groups did not present a normal distribution. A p value
of less than 0.05 was defined as statistically significant.

AUTHOR CONTRIBUTIONS

Work conception and study design: Hsin Tung, Tzu-
Hung Hsiao; Data acquisition and collection: Hsin
Tung, Po-Lin Chen, Chen-Chin Wu; Conducting NGS:
Tsai-Jung Lu, Pei-Pei Jhan; Genomic data analysis:
Hsueh-Ju Lin; Clinical data analysis: Jun-Peng Chen;
Interpretation of data: Hsin Tung, Yi-Ming Chen,
Yung-Yang Lin, Tzu-Hung Hsiao; Drafting the work:
Hsin Tung, Tzu-Hung Hsiao; Revising the work for
valuable intellectual content: Yung-Yang Lin, Tzu-
Hung Hsiao; Final approval of the version: Yung-Yang
Lin, Tzu-Hung Hsiao.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of interest.

FUNDING

This work was financially supported in part by the Yen
Tjing Ling medical foundation (project CI-107-21) and
National Health Research Institutes (project NHRI-
109BCCO-MF-202013-01). The data analysis was
conducted with the assistance of the Biostatistics Task
Force of Taichung Veterans General Hospital,
Taichung, Taiwan.

REFERENCES

1. Akioyamen LE, Genest J, Shan SD, Reel RL, Albaum JM,
Chu A, Tu JV. Estimating the prevalence of
heterozygous familial hypercholesterolaemia: a
systematic review and meta-analysis. BMJ Open. 2017;
7:016461.
https://doi.org/10.1136/bmjopen-2017-016461
PMID:28864697

2. Sjouke B, Hovingh GK, Kastelein JJ, Stefanutti C.
Homozygous autosomal dominant
hypercholesterolaemia: prevalence, diagnosis, and
current and future treatment perspectives. Curr Opin
Lipidol. 2015; 26:200-09.
https://doi.org/10.1097/MOL.0000000000000179
PMID:25950706

3. Singh S, Bittner V. Familial hypercholesterolemia--
epidemiology, diagnosis, and screening. Curr
Atheroscler Rep. 2015; 17:482.
https://doi.org/10.1007/s11883-014-0482-5
PMID:25612857

4. Sturm AC, Knowles JW, Gidding SS, Ahmad ZS, Ahmed
CD, Ballantyne CM, Baum SJ, Bourbon M, Carrié A,

WWW.aging-us.com 19346

AGING


https://www.ncbi.nlm.nih.gov/pmc/
https://www.ncbi.nlm.nih.gov/pmc/
https://doi.org/10.1136/bmjopen-2017-016461
https://pubmed.ncbi.nlm.nih.gov/28864697
https://doi.org/10.1097/MOL.0000000000000179
https://pubmed.ncbi.nlm.nih.gov/25950706
https://doi.org/10.1007/s11883-014-0482-5
https://pubmed.ncbi.nlm.nih.gov/25612857

10.

11.

Cuchel M, de Ferranti SD, Defesche JC, Freiberger T, et
al, and Convened by the Familial Hypercholesterolemia
Foundation. Clinical Genetic Testing for Familial
Hypercholesterolemia: JACC Scientific Expert Panel. J
Am Coll Cardiol. 2018; 72:662-80.
https://doi.org/10.1016/j.jacc.2018.05.044
PMID:30071997

Peng J, Wu X, Wang S, Zhang S, Wang X, Liu Z, Hong J,
Ye P, Lin J. Familial hypercholesterolemia in China half
a century: A review of published literature. Atheroscler
Suppl. 2019; 36:12-18.
https://doi.org/10.1016/j.atherosclerosissup.2019.01.0
03 PMID:30876527

Benito-Vicente A, Uribe KB, Jebari S, Galicia-Garcia U,
Ostolaza H, Martin C. Familial Hypercholesterolemia:
The Most Frequent Cholesterol Metabolism Disorder
Caused Disease. Int J Mol Sci. 2018; 19:3426.
https://doi.org/10.3390/ijms19113426
PMID:30388787

Etxebarria A, Benito-Vicente A, Palacios L, Stef M,
Cenarro A, Civeira F, Ostolaza H, Martin C. Functional
characterization and classification of frequent low-
density lipoprotein receptor variants. Hum Mutat.
2015; 36:129-41.

https://doi.org/10.1002/humu.22721 PMID:25378237

Ference BA, Ginsberg HN, Graham I, Ray KK, Packard
CJ, Bruckert E, Hegele RA, Krauss RM, Raal FJ,
Schunkert H, Watts GF, Borén J, Fazio S, et al. Low-
density lipoproteins cause atherosclerotic
cardiovascular disease. 1. Evidence from genetic,
epidemiologic, and clinical studies. A consensus
statement from the European Atherosclerosis Society
Consensus Panel. Eur Heart J. 2017; 38:2459-72.
https://doi.org/10.1093/eurheartj/ehx144
PMID:28444290

Khera AV, Won HH, Peloso GM, Lawson KS, Bartz TM,
Deng X, van Leeuwen EM, Natarajan P, Emdin CA, Bick
AG, Morrison AC, Brody JA, Gupta N, et al. Diagnostic
Yield and Clinical Utility of Sequencing Familial
Hypercholesterolemia Genes in Patients With Severe
Hypercholesterolemia. J Am Coll Cardiol. 2016;
67:2578-89.
https://doi.org/10.1016/j.jacc.2016.03.520
PMID:27050191

Amarenco P, Labreuche J. Lipid management in the
prevention of stroke: review and updated meta-
analysis of statins for stroke prevention. Lancet Neurol.
2009; 8:453-63.
https://doi.org/10.1016/S1474-4422(09)70058-4
PMID:19375663

Beheshti S, Madsen CM, Varbo A, Benn M,
Nordestgaard BG. Relationship of Familial Hyper-
cholesterolemia and High Low-Density Lipoprotein

12.

13.

14.

15.

16.

17.

18.

Cholesterol to Ischemic Stroke: Copenhagen General
Population Study. Circulation. 2018; 138:578-89.
https://doi.org/10.1161/CIRCULATIONAHA.118.03347
0 PMID:29593013

Akioyamen LE, Tu JV, Genest J, Ko DT, Coutin AJ, Shan
SD, Chu A. Risk of Ischemic Stroke and Peripheral
Arterial Disease in Heterozygous Familial
Hypercholesterolemia: A Meta-Analysis. Angiology.
2019; 70:726-36.
https://doi.org/10.1177/0003319719835433
PMID:30871330

Nanchen D, Gencer B, Auer R, Raber L, Stefanini GG,
Klingenberg R, Schmied CM, Cornuz J, Muller O, Vogt P,
Juni P, Matter CM, Windecker S, et al. Prevalence and
management of familial hypercholesterolaemia in
patients with acute coronary syndromes. Eur Heart J.
2015; 36:2438-45.
https://doi.org/10.1093/eurheartj/ehv289
PMID:26142466

Harada-Shiba M, Ako J, Arai H, Hirayama A, Murakami
Y, Nohara A, Ozaki A, Uno K, Nakamura M. Prevalence
of familial hypercholesterolemia in patients with acute
coronary syndrome in Japan: Results of the EXPLORE-J
study. Atherosclerosis. 2018; 277:362—-68.
https://doi.org/10.1016/j.atherosclerosis.2018.06.856
PMID:30270072

Sillesen H. Carotid intima-media thickness and/or
carotid plaque: what is relevant? Eur J Vasc Endovasc
Surg. 2014; 48:115-17.
https://doi.org/10.1016/j.ejvs.2014.04.026
PMID:24909979

Benn M, Watts GF, Tybjerg-Hansen A,
Nordestgaard BG. Mutations causative of familial
hypercholesterolaemia: screening of 98 098
individuals from the Copenhagen General
Population Study estimated a prevalence of 1 in
217. Eur Heart J. 2016; 37:1384-94.
https://doi.org/10.1093/eurheartj/ehw028
PMID:26908947

Pérez de Isla L, Alonso R, Mata N, Saltijeral A, Muiiz O,
Rubio-Marin P, Diaz-Diaz JL, Fuentes F, de Andrés R,
Zambon D, Galiana J, Piedecausa M, Aguado R, et al,
and SAFEHEART Investigators. Coronary Heart Disease,
Peripheral Arterial Disease, and Stroke in Familial
Hypercholesterolaemia: Insights From the SAFEHEART
Registry (Spanish Familial Hypercholesterolaemia
Cohort Study). Arterioscler Thromb Vasc Biol. 2016;
36:2004-10.
https://doi.org/10.1161/ATVBAHA.116.307514
PMID:27444203

Toell T, Mayer L, Pechlaner R, Krebs S, Willeit K, Lang C,
Boehme C, Prantl B, Knoflach M, Ferrari J, Fuchs P,
Prokop W, Griesmacher A, et al. Familial

WWW.aging-us.com

19347

AGING


https://doi.org/10.1016/j.jacc.2018.05.044
https://pubmed.ncbi.nlm.nih.gov/30071997
https://doi.org/10.1016/j.atherosclerosissup.2019.01.003
https://doi.org/10.1016/j.atherosclerosissup.2019.01.003
https://pubmed.ncbi.nlm.nih.gov/30876527
https://doi.org/10.3390/ijms19113426
https://pubmed.ncbi.nlm.nih.gov/30388787
https://doi.org/10.1002/humu.22721
https://pubmed.ncbi.nlm.nih.gov/25378237
https://doi.org/10.1093/eurheartj/ehx144
https://pubmed.ncbi.nlm.nih.gov/28444290
https://doi.org/10.1016/j.jacc.2016.03.520
https://pubmed.ncbi.nlm.nih.gov/27050191
https://doi.org/10.1016/S1474-4422(09)70058-4
https://pubmed.ncbi.nlm.nih.gov/19375663
https://doi.org/10.1161/CIRCULATIONAHA.118.033470
https://doi.org/10.1161/CIRCULATIONAHA.118.033470
https://pubmed.ncbi.nlm.nih.gov/29593013
https://doi.org/10.1177/0003319719835433
https://pubmed.ncbi.nlm.nih.gov/30871330
https://doi.org/10.1093/eurheartj/ehv289
https://pubmed.ncbi.nlm.nih.gov/26142466
https://doi.org/10.1016/j.atherosclerosis.2018.06.856
https://pubmed.ncbi.nlm.nih.gov/30270072
https://doi.org/10.1016/j.ejvs.2014.04.026
https://pubmed.ncbi.nlm.nih.gov/24909979
https://doi.org/10.1093/eurheartj/ehw028
https://pubmed.ncbi.nlm.nih.gov/26908947
https://doi.org/10.1161/ATVBAHA.116.307514
https://pubmed.ncbi.nlm.nih.gov/27444203

19.

20.

21.

22.

23.

24,

25.

26.

hypercholesterolaemia in patients with ischaemic
stroke or transient ischaemic attack. Eur J Neurol.
2018; 25:260-67.

https://doi.org/10.1111/ene.13485 PMID:29053901

Cui Y, Li S, Zhang F, Song J, Lee C, Wu M, Chen H.
Prevalence of familial hypercholesterolemia in patients
with premature myocardial infarction. Clin Cardiol.
2019; 42:385-90.

https://doi.org/10.1002/clc.23154

PMID:30637778

Hovland A, Mundal LJ, Igland J, Veiergd MB, Holven
KB, Bogsrud MP, Tell GS, Leren TP, Retterstgl K. Risk
of Ischemic Stroke and Total Cerebrovascular
Disease in Familial Hypercholesterolemia. Stroke.
2019; 50:172-74.
https://doi.org/10.1161/STROKEAHA.118.023456
PMID:30580708

Adams HP Jr, Bendixen BH, Kappelle LJ, Biller J, Love
BB, Gordon DL, Marsh EE 3rd. Classification of subtype
of acute ischemic stroke. Definitions for use in a
multicenter clinical trial. TOAST. Trial of Org 10172 in
Acute Stroke Treatment. Stroke. 1993; 24:35-41.
https://doi.org/10.1161/01.str.24.1.35

PMID:7678184

Harris S, Sungkar S, Rasyid A, Kurniawan M, Mesiano T,
Hidayat R. TOAST Subtypes of Ischemic Stroke and Its
Risk Factors: A Hospital-Based Study at Cipto
Mangunkusumo Hospital, Indonesia. Stroke Res Treat.
2018; 2018:9589831.
https://doi.org/10.1155/2018/9589831
PMID:30534355

Rennert RC, Wali AR, Steinberg JA, Santiago-Dieppa
DR, Olson SE, Pannell JS, Khalessi AA. Epidemiology,
Natural History, and Clinical Presentation of Large
Vessel Ischemic Stroke. Neurosurgery. 2019; 85:54-S8.
https://doi.org/10.1093/neuros/nyz042
PMID:31197329

Golia E, Limongelli G, Natale F, Fimiani F, Maddaloni V,
Pariggiano |, Bianchi R, Crisci M, D’Acierno L, Giordano
R, Di Palma G, Conte M, Golino P, et al. Inflammation
and cardiovascular disease: from pathogenesis to
therapeutic target. Curr Atheroscler Rep. 2014; 16:435.
https://doi.org/10.1007/s11883-014-0435-z
PMID:25037581

Kumar P, Sharma R, Misra S, Kumar A, Nath M, Nair P,
Vibha D, Srivastava AK, Prasad K. CIMT as a risk factor
for stroke subtype: A systematic review. Eur J Clin
Invest. 2020; 50:e13348.
https://doi.org/10.1111/eci.13348

PMID:32671819

Ohira T, Shahar E, Iso H, Chambless LE, Rosamond WD,
Sharrett AR, Folsom AR. Carotid artery wall thickness

27.

28.

29.

30.

31

32.

and risk of stroke subtypes: the atherosclerosis risk in
communities study. Stroke. 2011; 42:397-403.
https://doi.org/10.1161/STROKEAHA.110.592261
PMID:21164133

Kusters DM, Wiegman A, Kastelein JJ, Hutten BA.
Carotid intima-media thickness in children with familial
hypercholesterolemia. Circ Res. 2014; 114:307-10.
https://doi.org/10.1161/CIRCRESAHA.114.301430
PMID:24192652

Gataska R, Kulawiak-Gatgska D, Chmara M, Chlebus K,
Mickiewicz A, Rynkiewicz A, Wasag B, Studniarek M,
Fijatkowski M, Gruchata M. Carotid intima-media
thickness (IMT) in patients with severe familial and
non-familial hypercholesterolemia: The effect of
measurement site on the IMT correlation with
traditional cardiovascular risk factors and calcium
scores. Cardiol J. 2021; 28:271-78.
https://doi.org/10.5603/CJ.a2020.0032
PMID:32207844

Pirillo A, Garlaschelli K, Arca M, Averna M, Bertolini S,
Calandra S, Tarugi P, Catapano AL, and LIPIGEN Group.
Spectrum of mutations in Italian patients with familial
hypercholesterolemia: New results from the LIPIGEN
study. Atheroscler Suppl. 2017; 29:17-24.
https://doi.org/10.1016/j.atherosclerosissup.2017.07.0
02 PMID:28965616

Taylor A, Bayly G, Patel K, Yarram L, Williams M,
Hamilton-Shield J, Humphries SE, Norbury G. A double
heterozygote for familial hypercholesterolaemia and
familial defective apolipoprotein B-100. Ann Clin
Biochem. 2010; 47:487-90.
https://doi.org/10.1258/acb.2010.010089
PMID:20736250

lacocca MA, Hegele RA. Recent advances in genetic
testing for familial hypercholesterolemia. Expert Rev
Mol Diagn. 2017; 17:641-51.
https://doi.org/10.1080/14737159.2017.1332997
PMID:28524730

Slevin M, Matou S, Zeinolabediny Y, Corpas R, Weston
R, Liu D, Boras E, Di Napoli M, Petcu E, Sarroca S, Popa-
Wagner A, Love S, Font MA, et al. Monomeric C-
reactive protein--a key molecule driving development
of Alzheimer’s disease associated with brain
ischaemia? Sci Rep. 2015; 5:13281.
https://doi.org/10.1038/srep13281 PMID:26335098

WWW.aging-us.com

19348

AGING


https://doi.org/10.1111/ene.13485
https://pubmed.ncbi.nlm.nih.gov/29053901
https://doi.org/10.1002/clc.23154
https://pubmed.ncbi.nlm.nih.gov/30637778
https://doi.org/10.1161/STROKEAHA.118.023456
https://pubmed.ncbi.nlm.nih.gov/30580708
https://doi.org/10.1161/01.str.24.1.35
https://pubmed.ncbi.nlm.nih.gov/7678184
https://doi.org/10.1155/2018/9589831
https://pubmed.ncbi.nlm.nih.gov/30534355
https://doi.org/10.1093/neuros/nyz042
https://pubmed.ncbi.nlm.nih.gov/31197329
https://doi.org/10.1007/s11883-014-0435-z
https://pubmed.ncbi.nlm.nih.gov/25037581
https://doi.org/10.1111/eci.13348
https://pubmed.ncbi.nlm.nih.gov/32671819
https://doi.org/10.1161/STROKEAHA.110.592261
https://pubmed.ncbi.nlm.nih.gov/21164133
https://doi.org/10.1161/CIRCRESAHA.114.301430
https://pubmed.ncbi.nlm.nih.gov/24192652
https://doi.org/10.5603/CJ.a2020.0032
https://pubmed.ncbi.nlm.nih.gov/32207844
https://doi.org/10.1016/j.atherosclerosissup.2017.07.002
https://doi.org/10.1016/j.atherosclerosissup.2017.07.002
https://pubmed.ncbi.nlm.nih.gov/28965616
https://doi.org/10.1258/acb.2010.010089
https://pubmed.ncbi.nlm.nih.gov/20736250
https://doi.org/10.1080/14737159.2017.1332997
https://pubmed.ncbi.nlm.nih.gov/28524730
https://doi.org/10.1038/srep13281
https://pubmed.ncbi.nlm.nih.gov/26335098

SUPPLEMENTARY MATERIALS

Supplementary Figure
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Supplementary Figure 1. Flow chart of next-generation sequencing procedure for three familial hypercholesterolemia genes
(LDLR, APOB, PCSK-9).
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Supplementary Tables

Supplementary Table 1. The detailed characteristics of the cases with likely
pathogenic variants of FH, who were in the low-LDL group.

Pathological variant carrier G H |
Gender M M M
BMI 19 21.4 24.7
Age of first stroke/TIA 56 51 60
Age of first CAD 56 51 60
Age of this index stroke 56 55 60
Gene LDLR LDLR LDLR
Position chr19:11227550  chr19:11227550  chr19:11213441
rs number rs777188764 rs777188764 rs750474121
Mutation type missense missense missense
LDL level at the index stroke 103 45 122
Statin use before index stroke No Yes No
TOAST classification cardiogenic cardiogenic cardiogenic
IMT (mm) 0.52 0.82 0.75
IMT limits based on age 0.72 0.8 0.8
NIHSS (admission—> discharge) 6->0 10->10 76
MRS (initial> 1 year) 2->1 433 4->4
DM 0 1 0
Hypertension 0 1 0
Tendon xanthomas 0 0 0
Eyelid xanthelasmas 0 0 0
Vascular dementia No No No

BMI, body mass index; TIA, transient ischemic attack; CAD, coronary artery disease; IMT,
intima-media thickness; NIHSS, NIH Stroke Scale; mRS, modified Rankin scale.
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Supplementary Table 2. The detailed characteristics of the FH carriers, who were all in the high-LDL group.

Pathological variant

carrier A B c D E F

Gender M M M M M M

BMI 27 30.9 24.2 22.6 32.8 234

Age of first stroke/TIA 39 52 61 72 54 77

Age of first CAD not occur not occur not occur 75 45 70

Age of this index stroke 39 52 61 73 54 77

Gene LDLR APOB APOB LDLR LDLR APOB

Position chr19:11213417 chr2:21229160 chr2:21229161 chr19:11230789 chr19:11221373 chr2:21238117,
chr19:11230789

rs number 1749038326 rs5742904  rsl44467873  rs555292896 1761954844 rs1307980669,

rs555292896

Mutation type missense missense missense missense missense missense

LDL levelat the Index 176 154 166 140 156 188

ssttf;;(r; use before index No No No Atorvastatin(20mg) Atorvastatin (20mg) Atorvastatin (10mg)

TOAST dlassification e aerescieods T atherosclerods TIA atherbslerodis

IMT (mm) 0.86 0.99 0.87 1.15 0.86 1.15

;'S’LT limits based on 0.72 0.8 0.8 0.8 0.8 0.8

NIHSS (admission = 64 553 150 251 050 65

discharge)

mRS (initial=> 1 year) 4->1 4->0 0->0 3>2 0->0 5->5

DM 0 1 0 1 0 1

Hypertension 1 1 1 0 1 1

Tendon xanthomas 0 0 0 0 0 0

Eyelid xanthelasmas 0 0 0 0 0 0

Vascular dementia No No No No No Yes

BMI, body mass index; TIA, transient ischemic attack; CAD, coronary artery disease; IMT, intima-media thickness; NIHSS, NIH
Stroke Scale; mRS, modified Rankin scale.
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