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Abstract

Background: Familial hypercholesterolemia (FH) is predominantly caused by mutations in the 4 FH candidate genes (FHCGs),
namely, low-density lipoprotein receptor (LDLR), apolipoprotein B-100 (APOB-100), proprotein convertase subtilisin/kexin type
9 (PCSK9), and the LDL receptor adaptor protein 1 (LDLRAP1). It is characterized by elevated low-density lipoprotein cholesterol
(LDL-c) levels leading to premature coronary artery disease. FH can be clinically diagnosed using established clinical criteria,
namely, Simon Broome (SB) and Dutch Lipid Clinic Criteria (DLCC), and can be identified using the Familial Hypercholesterolemia
Case Ascertainment Tool (FAMCAT), a primary care screening tool.

Objective: This study aims to (1) compare the detection rate of genetically confirmed FH and diagnostic accuracy between the
FAMCAT, SB, and DLCC in the Malaysian primary care setting; (2) identify the genetic mutation profiles, including novel
variants, in individuals with suspected FH in primary care; (3) explore the experience, concern, and expectation of individuals
with suspected FH who have undergone genetic testing in primary care; and (4) evaluate the clinical utility of a web-based FH
Identification Tool that includes the FAMCAT, SB, and DLCC in the Malaysian primary care setting.
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Methods: This is a mixed methods evaluation study conducted in 11 Ministry of Health primary care clinics located at the
central administrative region of Malaysia. In Work stream 1, the diagnostic accuracy study design is used to compare the detection
rate and diagnostic accuracy of the FAMCAT, SB, and DLCC against molecular diagnosis as the gold standard. In Work stream
2, the targeted next-generation sequencing of the 4 FHCGs is used to identify the genetic mutation profiles among individuals
with suspected FH. In Work stream 3a, a qualitative semistructured interview methodology is used to explore the experience,
concern, and expectation of individuals with suspected FH who have undergone genetic testing. Lastly, in Work stream 3b, a
qualitative real-time observation of primary care physicians using the “think-aloud” methodology is applied to evaluate the clinical
utility of a web-based FH Identification Tool.

Results: The recruitment for Work stream 1, and blood sampling and genetic analysis for Work stream 2 were completed in
February 2023. Data collection for Work stream 3 was completed in March 2023. Data analysis for Work streams 1, 2, 3a, and
3b is projected to be completed by June 2023, with the results of this study anticipated to be published by December 2023.

Conclusions: This study will provide evidence on which clinical diagnostic criterion is the best to detect FH in the Malaysian
primary care setting. The full spectrum of genetic mutations in the FHCGs including novel pathogenic variants will be identified.
Patients’ perspectives while undergoing genetic testing and the primary care physicians experience in utilizing the web-based
tool will be established. These findings will have tremendous impact on the management of patients with FH in primary care and
subsequently reduce their risk of premature coronary artery disease.

International Registered Report Identifier (IRRID): DERR1-10.2196/47911

(JMIR Res Protoc 2023;12:e47911) doi: 10.2196/47911
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Introduction

Familial hypercholesterolemia (FH) is an autosomal dominant
genetic disorder characterized by elevated low-density
lipoprotein cholesterol (LDL-c) that leads to premature
atherosclerotic cardiovascular disease, particularly coronary
artery disease (CAD) [1,2]. Genetic mutations in 3 FH candidate
genes, namely, low-density lipoprotein receptor (LDLR),
apolipoprotein B-100 (APOB-100), and proprotein convertase
subtilisin/kexin type 9 (PCSK9), are responsible for the
autosomal dominant form of FH [2], while other rare mutations
in the LDL receptor adaptor protein 1 (LDLRAP1) gene and
apolipoprotein E (APOE) gene have been reported to be
responsible for the recessive form of FH [3,4]. Mutations in the
ATP-binding cassette subfamily G members 5 and 8 (ABCG5
and ABCG8, respectively) genes have been associated with
sitosterolemia, an autosomal recessive disorder characterized
by increased plant sterol levels [5].

Phenotypically, FH presents in the form of either heterozygous
FH (HeFH) or homozygous FH (HoFH) [1,2]. An estimated
70%-90% of cases are HeFH, while HoFH is less common [6,7].
Individuals with HeFH typically present with LDL-c levels of
more than 4.9 mmol/L, whereas those with HoFH present with
LDL-c levels of more than 13 mmol/L [6,7]. If left untreated,
men with FH have a 50% risk of developing CAD by the age
of 50, and women with FH have a 30% risk of developing CAD
by the age of 60 [8]; however, most individuals with HoFH
experience severe CAD before the age of 20 and generally do
not survive beyond 30 years of age [6]. Early detection of FH
and treatment with lipid-lowering therapies can effectively
prevent premature CAD by extending CAD-free life up to 18
years, compared with untreated individuals [9].

Globally, the prevalence of HeFH ranges from 1 in 200 to 1 in
500 in various populations [10], while the prevalence of HoFH
is estimated to range from 1 in 160,000 to 1 in 300,000 [6]. In
Malaysia, a recent study [11] has estimated that the prevalence
of clinically diagnosed FH was 1 in 100. Based on the current
total population of 32 million people, a staggering 320,000
individuals are estimated to have FH [11]. A majority of these
cases were previously undiagnosed and lipid-lowering
medications were prescribed to 30.5%-54.5% of these
individuals, but none of them achieved the therapeutic LDL-c
target [11]. The under-detection and under-treatment of FH in
the Malaysian population resulted in lost opportunities to prevent
premature CAD [11]. This common autosomal dominant
condition has undeniably contributed to the high prevalence of
premature CAD which accounted for 10%-15% of acute
coronary syndrome in Malaysia [12]. According to a national
report, 23.8% of patients admitted with acute coronary syndrome
were younger than 50 years old [13]. Among patients with
confirmed premature CAD, 45.5% had clinically diagnosed FH
[14]. Therefore, identifying and treating FH early, and
subsequently reducing the incidence of premature CAD is a key
national priority in Malaysia [15].

Improving FH identification in primary care has been recognized
as a cost-effective strategy to reduce premature CAD [16]. In
Malaysia, primary care physicians (PCPs) are ideally positioned
at the forefront of primary care service where they manage
common atherosclerotic cardiovascular disease risk factors such
as hypercholesterolemia, hypertension, obesity, and diabetes
[17]. However, substantial gaps in knowledge regarding FH
have been identified, including knowledge on prevalence,
inheritance, and risk of CAD as well as on awareness of FH
clinical guidelines and diagnostic criteria [18]. These gaps in
knowledge, awareness, and practice regarding FH among PCP
could be a significant contributing factor to the poor detection
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of FH in Malaysia [18]. Efforts are currently being undertaken
to address these gaps through a partnership with the FH Ten
Countries Study to improve awareness of FH among PCP in
Malaysia [10,18].

Currently, individuals with FH tend to be discovered incidentally
in primary care practice. It has been suggested that primary care
should be the key target area to increase identification of new
FH index cases and to initiate cascade screening [19-22].
Researchers in the United Kingdom have shown that early
identification of FH is achievable in primary care [23-26].
However, the 2 established clinical criteria, namely, Simon
Broome (SB) and Dutch Lipid Clinic Criteria (DLCC), are of
limited use for case-finding in primary care [24]. These clinical
diagnostic criteria were originally developed from secondary
care FH registries. Furthermore, these criteria would require a
comprehensive physical examination (tendon xanthoma and
arcus cornealis), recording of family history, and genetic
mutation testing, which are not routinely assessed or
inadequately documented in primary care. As a consequence,
researchers in the United Kingdom have developed a new tool,
the Familial Hypercholesterolemia Case Ascertainment Tool
(FAMCAT), based on a risk prediction algorithm developed
and validated using primary care databases [26].

The FAMCAT has been shown to perform well as an initial
case ascertainment tool to identify FH in the UK primary care
setting when it was tested among 3.7 million British patients
with cholesterol measurements in primary care electronic health
records [25]. Compared with other established diagnostic
criteria, the FAMCAT is 20% more accurate in identifying FH
than SB criteria and 15% more accurate than DLCC [25,26].
Targeted case-finding for FH in the primary care setting has
already been shown to be cost-effective by prioritizing those
with the highest likelihood of having FH for further assessment
and genetic testing in secondary care [27-29]. This measure
would efficiently allocate resources toward those who would
benefit the most [27,29].

The performance of the FAMCAT in the United Kingdom has
been well recognized [23-26]. However, its performance in the
Malaysian primary care setting remains unknown. To improve
identification of patients with FH in the Malaysian primary care,
we developed a web-based FH Identification Tool to collect
key information to identify individuals with suspected FH using
the FAMCAT, DLCC, and SB criteria. Using these criteria,
patients were screened for features of FH. Those who were
suspected to have FH clinically were offered genetic testing.
Genetic testing is not routinely available in Malaysia. However,
it can be offered if resources are available as it is the gold
standard to diagnose FH [30]. We hypothesize that the rate of
detection of genetic mutations using the FAMCAT will be
higher compared with the SB criteria and DLCC score, thus
showing better performance.

Overall, this study aims to enhance detection of individuals with
high probability of FH in the Malaysian primary care setting
who can then be genetically tested and subsequently referred
for further clinical management and cascade screening of family
members in multidisciplinary specialized lipid clinics,
maximizing efficient use of limited resources. The specific

objectives of this study are to (1) compare the detection rate of
genetically confirmed FH and the diagnostic accuracy between
the FAMCAT and the established clinical diagnostic criteria
(SB and DLCC) in the Malaysian primary care setting; (2)
identify the genetic mutation profiles, including novel variants,
in individuals with suspected FH in the Malaysian primary care
setting; (3) explore the experience, concern, and expectation of
individuals with suspected FH who have undergone genetic
testing in the Malaysian primary care setting; and (4) evaluate
the clinical utility of a web-based FH Identification Tool that
includes the FAMCAT, SB, and DLCC in the Malaysian primary
care setting.

Methods

Study Overview
This is a mixed methods evaluation study that used both the
quantitative and qualitative research methods to answer complex
research questions, and to understand the process and to
strengthen the impact evaluation [31]. Methodologically, this
study was divided into Work streams 1, 2, and 3. In Work stream
1, the diagnostic test accuracy study design is used to compare
the detection rate of genetically confirmed FH and
discriminatory accuracy between the FAMCAT, SB, and DLCC
in the Malaysian primary care setting. In Work stream 2, the
targeted next-generation sequencing (NGS) is used to identify
the genetic mutation profiles among individuals with suspected
FH in the Malaysian primary care setting. In Work stream 3a,
a qualitative semistructured interview methodology is used to
explore the experience, concern, and expectation of individuals
with suspected FH who have undergone genetic testing in the
Malaysian primary care setting. Lastly, in Work stream 3b, a
qualitative real-time observation of PCPs using the “think-aloud”
methodology is applied to evaluate the clinical utility of a
web-based FH Identification Tool containing the FAMCAT,
SB, and DLCC in the Malaysian primary care setting.

Work Stream 1: Comparing the Detection Rate and
Diagnostic Accuracy of Genetically Confirmed FH in
the Malaysian Primary Care

Study Design and Setting
This is a diagnostic test accuracy study. The study was
conducted at 11 Ministry of Health (MOH) primary care clinics
located in the urban and suburban areas at the central
administrative region of Malaysia (in the states of Selangor,
Kuala Lumpur, and Putrajaya). These areas were chosen due to
their commutable proximity to the Universiti Teknologi MARA
(UiTM) Lipid Specialist Clinic where patients who are
genetically confirmed to have FH are referred for further
management and cascade screening of their family members.

Site Selection
To be eligible for selection, the clinics must be equipped with
an electronic medical record (EMR) system, have minimum
attendance of 500 patients per day, and be led by a family
medicine specialist (FMS).

In total, there were 21 MOH primary care clinics (15 clinics in
Selangor and 6 clinics in Kuala Lumpur and Putrajaya) that
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fulfilled the aforesaid selection criteria. The FMS leading these
21 clinics were invited for a briefing to introduce the study. Out
of the 21 clinics, 11 clinics were interested in participating and
therefore were included in the study (6 are located in Selangor
and the other 5 are located in Kuala Lumpur and Putrajaya).

The site selection for this study was completed in February
2020. Table 1 shows the demographic characteristics of the

study sites. All the clinics are located in the urban and suburban
areas. The population served ranged from approximately 78,000
to 500,000, with most from the low to middle household income
groups. All the clinics have multidisciplinary team members
consisting of doctors (FMS and medical officers), assistant
medical officers, nurses, dietitians/nutritionists, and pharmacists.

Table 1. Demographic characteristics of the study sites.

Total number of multidisci-
plinary team members, n

Description of populations servedTotal number of popula-
tions served, n

AreaClinic nameNumber

18091,900SuburbanPrecinct 18, Putrajaya1 • Middle to high income

• Majority are civil servants

103511,153UrbanSection 7, Shah Alam2 • Low to middle income
• Majority are working in the private sector

183466,163SuburbanSungai Buloh3 • Low to middle income
• Majority are unemployed and self-em-

ployed

205132,272UrbanJinjang4 • Low to middle income
• Majority are self-employed and unem-

ployed

200150,000UrbanPandamaran5 • Low to middle income
• A mixture of private sector workers and

civil servants

171180,000SuburbanKelana Jaya6 • Low to middle income
• A mixture of private sector workers and

civil servants

10378,693SuburbanTaman Ehsan7 • Low to middle income
• A mixture of private sector workers and

civil servants

150212,164UrbanSelayang Baru8 • Low to middle income
• A mixture of private sector workers and

civil servants

170400,000UrbanTanglin9 • Low to middle income
• A mixture of private sector workers and

civil servants

217105,000UrbanKuala Lumpur10 • Middle income
• A mixture of private sector workers and

civil servants

158180,000SuburbanBatu Muda11 • Low to middle income
• A mixture of private sector workers and

civil servants

Study Population
Patients registered at the 11 MOH primary care clinics were
recruited according to the inclusion and exclusion criteria. This
study included patients aged 18 years or older and who had an
LDL-c level of 4.0 mmol/L or more recorded in their EMR.
Those who were previously diagnosed with FH by genetic
testing, were pregnant, or did not have the mental capacity to
provide informed consent were excluded.

Study Tool and Variables
This study used the FAMCAT web-based FH Identification
Tool, developed by and based at the University of Nottingham,
UK. This web-based tool contains 3 index tests, namely, the
FAMCAT, SB, and DLCC. Figure 1 shows the interface of the
FAMCAT web-based FH Identification Tool. Table 2 shows
the variables needed to identify patients with suspected FH
using the FAMCAT web-based FH Identification Tool.
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The variables entered into the FAMCAT web-based FH
Identification Tool identified patients with suspected FH who
were indicated to have genetic testing based on either one of
the following definitions:

• The FAMCAT algorithm relative risk score >1 (high
probability of FH).

• Clinical diagnosis of “definite” or “possible” FH by SB
criteria.

• DLCC score ≥6 (clinical diagnosis of “definite” or
“probable” FH by DLCC).

The disease of interest is the HeFH and the reference standard
for diagnosis is genetically confirmed HeFH determined by
targeted NGS of pathogenic variants (PVs) in 4 FH candidate
genes (ie, LDLR, APOB-100, PCSK9, and LDLRAP1).

Full details of the genetic testing methods are presented in Work
stream 2. The laboratory staff analyzing the samples and the
specialist interpreting the genetic test results were blinded to
the index tests results.

Figure 1. Interface of the FAMCAT web-based FH Identification Tool.
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Table 2. Clinical diagnostic variables for the FAMCATa, SBb, and DLCCc.

FAMCATDLCCSB criteriaIndex tests

Lipid levels ••• The highest LDL-c ever measuredLDL-c ≥4 mmol/LTotal cholesterol >7.5 mmol/L
• •LDL-cd >4.9 mmol/L The highest total cholesterol ever measured

• Triglycerides during LDL-c measurement
• Age during LDL-c measurement
• Lipid-lowering treatment during LDL-c

measurement

Physical exami-
nation

••• NilTendon xanthomasTendon xanthomas
• Corneal arcus <45 years of age

Personal history ••• Personal history of premature myocardial
infarction (<55 years in men, <60 years in
women)

Personal history of premature

CADe, cerebrovascular accident,
or peripheral vascular disease
(<55 years in men, <60 years in
women)

Nil

• Diagnosis of diabetes
• Diagnosis of chronic kidney disease

Family history ••• Family history of premature myocardial in-
farction (<55 years in men, <60 years in
women)

A first-degree relative with tendon
xanthomas or corneal arcus

Tendon xanthomas in a first- or
second-degree relative

•• A first-degree relative with prema-
ture CAD, cerebrovascular acci-
dent, or peripheral vascular dis-
ease (<55 years in men, <60 years
in women)

Family history of premature my-
ocardial infarction <60 years in a
first-degree relative or <50 years
in a second-degree relative

• Family history of familial hypercholes-
terolemia

• Family history of elevated total
cholesterol >7.5 mmol/L in a first-
or second-degree relative

• A first-degree relative with LDL-
c >95th percentile

• •Family history of elevated total
cholesterol >6.7mmol/L in a child
or siblings ≤16 years old

Children <18 years with LDL-c
>95th percentile

aFAMCAT: Familial Hypercholesterolemia Case Ascertainment Tool.
bSB: Simon Broome.
cDLCC: Dutch Lipid Clinic Criteria.
dLDL-c: low-density lipoprotein cholesterol.
eCAD: coronary artery disease.

Patients Recruitment and Sampling Method
Patient recruitment was conducted by the research assistants
(RAs) under the supervision of clinician investigators, who were
the FMS. A list of patients with LDL-c levels of 4.0 mmol/L
or more was extracted from the EMR. These patients were then
stratified into 4 groups (≥7.0 mmol/L, 6.0-6.9 mmol/L, 5.0-5.9
mmol/L, and 4.0-4.9 mmol/L). Patients in these 4 groups were
invited to participate via social media messaging service. This
comprised a concise invitation message and a flyer containing
information about the study. Invitations were sent to all patients
in the highest LDL-c groups of 7.0 mmol/L or more and 6.0-6.9
mmol/L. Equal numbers of patients in the other 2 groups (5.0-5.9
mmol/L and 4.0-4.9 mmol/L) were invited to participate. If the
patient did not respond to the invitation message sent via the
social media messaging service, the RA followed up with a
telephone call. Those who agreed to participate were given an
appointment to be screened according to the inclusion and
exclusion criteria at the primary care clinic.

At the primary care clinic, the patients received the study
information sheet and informed consent form. This is available
in either Malay or English language according to patients’
preference. It contains important information pertaining to the
study and included background; purpose; benefit and risk;

information regarding participation, including possibility of
genetic testing (if indicated), study procedure, confidentiality
status, and contact information. The RA gave the information
verbally when the patients required further information or
clarification.

Those who verbally consented to participate were screened for
eligibility according to the inclusion and exclusion criteria.
Screening for the eligibility criteria was conducted by the RA
through structured interviewing of the patients. Those who
fulfilled the eligibility criteria and agreed to participate were
recruited; and written informed consent was obtained by the
RA.

Patients were recruited until the sample size was achieved.
Sample size calculation for this study is described later in this
manuscript.

Data and Sample Collection Procedures
Data collection at the primary care clinics was conducted by
the RA under the supervision of the clinician investigators. Prior
to data collection, a training workshop for the RA and the
clinician investigators was conducted to ensure standardization
of study procedures. The training included physical
examinations to identify tendon xanthomata and corneal arcus,
and taught the participants how to use the FAMCAT web-based
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FH Identification Tool. At the primary care clinic, the RA also
had an on-site hands-on training on how to interview patients,
review the EMR, identify clinical signs of FH, and enter data
into the FAMCAT web-based FH Identification Tool. During
the first 2 months of the study, the clinician investigator directly
observed the RA during the data collection and physical
examination procedures. Further, they were trained on how to
counsel patients for genetic testing.

Data were collected using the data collection form and
standardized questionnaires, both of which have been translated
into the Malay language. Participants were requested to fill in
the sociodemographic data (age, ethnicity, education level,
marital status, household income) and the Family History
Questionnaire [32]. Clinical data (ie, significant medical history,
medication history, and previous lipid profile results [total
cholesterol, triglycerides, and LDL-c]) were retrieved from the
EMR in the presence of the patients. Physical examination to
identify tendon xanthomata and corneal arcus was performed
by the RA, supervised by the clinician investigators. To identify
patients who may need immediate medical attention, the WHO
Rose Angina Questionnaire [33] and Edinburgh Claudication
Questionnaire [34] were administered.

All of the variables that were collected on paper were double
entered by the RA into a Microsoft Excel spreadsheet and the
FAMCAT web-based FH Identification Tool to identify patients
with suspected FH who were indicated for genetic testing. The
criteria for genetic testing have previously been described in
the “Study Tool and Variables” section.

Patients with suspected FH who were indicated to have genetic
testing were given another set of patient information sheet and
informed consent form in either Malay or English language. It
contains important information pertaining to genetic testing.
Participants were counseled regarding their risk of having FH,
the pattern of inheritance, the genetic testing procedure,
confirmation of diagnosis after the genetic testing, further
management, and the need for cascade screening of family
members once they are genetically diagnosed. Written informed
consent was obtained from those who agreed to participate.
Approximately 4 mL of venous blood sample was collected
from each participant into an ethylenediaminetetraacetic acid
(EDTA) tube. These samples were kept in a
temperature-controlled container and were delivered to the
Institute of Pathology, Laboratory and Forensic Medicine
(I-PPerForM) Genetic Laboratory within 3 hours.

Sample Size Calculation
A previous study, in a UK population, found the detection rate
for genetically confirmed FH using the FAMCAT to be 28%
[35]. Therefore, a sample size of 310 will allow for a single

proportion of 28% to be estimated with a 95% confidence level
within a 5% margin (ie, from 23% to 33%).

Study Outcomes and Process Measures

Primary Outcomes

• Comparison of detection rate of genetically confirmed FH
between the FAMCAT, SB, and DLCC.

Secondary Outcomes

• Sensitivity and specificity;
• Area under the curve;
• Positive and negative predictive values;
• Diagnostic odd ratio.

Process Measures

• Number of patients who are screened through the EMR and
invited to participate.

• Number and proportion of patients who disagree to
participate or do not respond (out of those invited).

• Number and proportion of patients who agree to participate
and are given appointment to be seen at the primary care
clinic (out of those invited).

• Number and proportion of patients who withdraw after
being given an appointment (out of those given an
appointment).

• Number and proportion of patients who are assessed for
eligibility according to the inclusion/exclusion criteria at
the primary care clinic (out of those given an appointment).

• Number and proportion of patients who are excluded due
to noneligibility (out of those who are assessed at the clinic).

• Number and proportion of patients who are eligible,
recruited, and for whom written informed consent was
obtained (out of those who are assessed at the clinic).

• Number and proportion of patients with complete diagnostic
variables data entered into the web-based FH Identification
Tool (out of those who are eligible and recruited).

• Number and proportion of patients who fulfilled the genetic
testing criteria (out of those who are eligible and recruited).

• Number and proportion of patients who give consent and
have blood sample taken for genetic analysis (out of those
who fulfilled the genetic testing criteria).

• Number and proportion of patients who are identified to
have PV in any of the 4 FH candidate genes (out of those
who have blood sample taken for genetic analysis).

• Number and proportion of patients who agree to be referred
to the lipid specialist for further care (out of those who have
PV in any of the 4 FH candidate genes).

Figure 2 shows the flowchart of participants screening and
recruitment at the primary care clinics.
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Figure 2. Flowchart of the participants screening and recruitment.

Statistical Analysis Plan
The demographics and clinical characteristics of the participants
included in the study will be reported using descriptive
measures, where frequencies (with percentages) will be used
for categorical outcomes and either means (with SDs) or
medians (with IQRs) will be used for continuous outcomes.
Measures of diagnostic accuracy (detection rate, sensitivity,
specificity, positive and negative predictive values, area under
the curve, and diagnostic odds ratio) for each of the 3 index
tests will be reported with their corresponding 95% CIs, with
genetic testing as the reference standard. The diagnostic
accuracy of the FAMCAT compared with SB and DLCC will
be conducted using paired analyses by constructing a joint
classification table and estimating the relative diagnostic odds
ratio and relative likelihood ratios, with corresponding 95%
CIs. Stratified analyses will be conducted to assess the impact
of ethnicity (genotyping profile) and sensitivity analyses will
be conducted excluding people with hypothyroidism. Process
outcome measures will be reported as frequencies (with
percentages).

Work Stream 2: Identifying Genetic Mutation Profiles
of Individuals With Suspected FH

Study Design and Setting
Targeted NGS of the 4 FH candidate genes (FHCGs), namely,
LDLR, APOB-100, PCSK9, and LDLRAP1, and 2
hypercholesterolemia-associated genes (HCAGs), namely,
ABCG5 and ABCG8. The study is performed at the I-PPerForM
Genetic Laboratory located in UiTM Sungai Buloh Campus,
Selangor, Malaysia.

Sample Collection
The EDTA tubes containing venous blood samples were
delivered in a temperature-controlled container from the primary
care clinics to the I-PPerForM Genetic Laboratory within 3
hours. Once received, the whole blood was stored in a freezer
at –20°C before further analysis.

DNA Extraction
The DNA extraction was conducted by an RA who was blinded
to the index tests results (FAMCAT, SB, and DLCC) using
standardized method [36]. The frozen blood samples were
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thawed at room temperature before being subjected to DNA
extraction using MasterPure DNA Purification Kit for Blood
Version II (Lucigen Corporation). A total of 200 µL whole blood
and red cell lysis solution (600 µL) were pipetted and mixed in
a microcentrifuge tube. The mixture was incubated at room
temperature for 5 minutes and then briefly vortexed. After
centrifuging for 25 seconds, the supernatant was removed,
leaving approximately 25 µL of pellet (white blood cells). The
white blood cells were resuspended in 300 µL tissue and cell
lysis solution by pipetting. RNase A (1 µL) was added and
thoroughly mixed. The samples were then incubated for 30
minutes at 37°C. The samples were placed on ice for 3-5
minutes, followed by addition of the MasterPure Complete
protein precipitation reagent (175 µL) into the lysed sample.
The mixture was vigorously vortexed for 10 seconds. The debris
was pelleted by centrifugation for 10 minutes at 10,000g or
more in a microcentrifuge. The supernatant was transferred to
a clean centrifuge tube and the pellet was discarded. Isopropanol
(500 µL) was added to the recovered supernatant. The DNA
was pelleted by centrifugation at 4°C for 10 minutes in a
microcentrifuge. The isopropanol was carefully removed,
without dislodging the DNA pellet. The DNA pellet was rinsed
2 times with 70% ethanol (EtOH; Fisher Scientific), without
dislodging the pellet. All the residual EtOH was removed.
Approximately 3-9 μg of DNA was acquired, which was then
resuspended in 35 µL of Tris-EDTA (TE) buffer (Sigma). The
DNA was then quantitated. The extracted DNA was stored in
a –20°C freezer to preserve its integrity.

Quantification and Quality Control

QuickDrop Quantification

The concentration and purity of samples were determined using
the SpectraMax QuickDrop Micro-Volume Spectrophotometer
(Molecular Devices). TE buffer (1 µL) was then used as the
blank and 1 µL sample was pipetted onto the sample port. The
reading for the concentration (ng/µL) and purity were recorded.
Samples with concentration of 20 ng/µL or more and purity of
A260/A280=1.70-2.00 were subjected to electrophoresis that
was performed to clarify the intactness of DNA.

Qubit Quantification

The Qubit dsDNA HS (High Sensitivity) Assay Kit (Thermo
Fisher Scientific) was used to further assess DNA quality.
Samples with concentration of 50 ng/µL or more based on the
QuickDrop readings were diluted to 18-30 ng/µL in case the
reading was underestimated before proceeding to Qubit
quantification.

The Qubit working solution was prepared by diluting the Qubit
dsDNA HS Reagent in the Qubit dsDNA HS Buffer with a ratio
of 1:200. The Qubit dsDNA HS assay requires 2 standards for
calibration. The standards were prepared by mixing 190 μL
Qubit working solution and 10 μL of each Qubit standard. The
solution was then mixed by vortexing for 2-3 seconds. For
sample preparation, 2 μL of the sample was added to 198 μL of
the Qubit working solution. The solution was then mixed by
vortexing for 2-3 seconds. The tubes were allowed to incubate
at room temperature for 2 minutes before being read by the
fluorometer. The actual concentration of DNA was obtained by

calculating the readings from Qubit and times with the number
of dilutions.

Ethanol Purification

One part of sodium acetate solution (3.0 M; pH 5.2; Sigma) and
2 parts of cold absolute EtOH were added to 10 parts of the
DNA sample volume. The mixture was vortexed for 10 seconds
and kept in a –70°C freezer for 20 minutes. The mixture was
then transferred into a column tube and centrifuged for 10
minutes, at 14,000g in 4°C. The supernatant was carefully
discarded without moving the DNA pellet, which was later
washed with 500 µL of 70% EtOH, followed by centrifugation
for another 10 minutes, at 14,000g in 4°C. The supernatant was
discarded and the washed pellets were air dried. The pellets
were resuspended in 40 µL elution buffer (EB) buffer and
requantified using QuickDrop, followed by agarose gel
electrophoresis and Qubit fluorometer reading.

Next-Generation Sequencing

Custom Targeted Gene Sequencing

The NGS [37] was run using an AmpliSeq Custom DNA panel
(Illumina), which was designed using the Illumina DesignStudio
Sequencing Assay Designer. The targeted NGS employed the
amplicon sequencing method, where PCR primers were used
to amplify the sequences of interest. Samples used for amplicon
sequencing were transformed into libraries and enriched via
PCR amplification individually and barcoded by ligating the
indexes into the amplicons. The libraries were then pooled and
analyzed using a bench-top sequencer. The panel in this study
was designed to identify the 4 FHCGs, namely, LDLR,
APOB-100, PCSK9, and LDLRAP1, and the HCAGs, namely,
ABCG5 and ABCG8, with an overall gene coverage of 98.61%
[38-40].

Quantification and Dilution of DNA

The samples were diluted to an intermediate concentration of
about 20-50 ng/µL using low TE followed by requantification
using the Qubit fluorometer. The samples were then further
diluted into the desired final concentration of 3.5 ng/µL using
low TE.

Amplification of DNA Targets

For each sample, 7 µL of 5× AmpliSeq HiFi Mix and 10.5 µL
DNA samples (3.5 ng/µL) were combined in a fresh 1.5-mL
microcentrifuge tube to bring the total volume of the master
mix to 17.5 µL. About 5 µL of the master mix was transferred
into a 96-well PCR plate. Because of the complexity of the
panel design, each sample was separated into 3 different wells
and separately added with different 5 µL of 2× AmpliSeq
Custom DNA Panel Pool (the primer pool). In total, each well
contained 5 µL sample master mix and 5 µL primer pool for a
total of 10 µL per well. The plate was properly sealed and briefly
centrifuged. The plate was placed in a preprogrammed thermal
cycler and run with the following settings: preheat lid option,
105°C; reaction volume, 10 µL; 99°C, 2 minutes; 19 cycles of
–99°C for 15 minutes and –60°C for 4 minutes; and 10°C for
up to 24 hours.
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Partial Digestion of Amplicons

After PCR, the 3 separated products amplified from the same
sample were then combined into 1 well, making the total volume
per sample as 30 µL. Then, 3 µL of the FuPa reagent was added
to each combined sample. The plate was sealed, briefly vortexed
at 1600 rpm for 1 minute, followed by centrifugation at 280g
for 1 minute. The plate was placed in the thermal cycler and
run with the following settings: preheat lid, 105°C; reaction
volume, 33 µL; 50°C for 10 minutes; 55°C for 10 minutes; 62°C
for 10 minutes; and 10°C for up to 1 hour.

Ligate Indexes

Switch solution (6 µL), AmpliSeq CD indexes (3 µL), and finally
DNA ligase (3 µL) were added sequentially into each well
containing the digested amplicons (33 µL) to a total volume of
45 µL for each sample. The plate was then sealed, vortexed,
centrifuged, and placed into the thermal cycler and run with the
following settings: preheat lid, 105°C; reaction volume, 45 µL;
22°C for 30 minutes; 68°C for 5 minutes; 72°C for 5 minutes;
and 10°C for up to 24 hours.

Cleanup Library

A total of 45 µL of AMPure XP beads were added to each
library. The plate was then sealed, vortexed, centrifuged, and
incubated at room temperature for 5 minutes. The plate was
then placed on a magnetic stand until the mixture became clear
(approximately 2 minutes). While still on the magnetic stand,
the plate was unsealed, and the supernatant was carefully
pipetted out from each well. The beads were washed by adding
150 µL freshly prepared 70% EtOH to each well, followed by
incubation at room temperature until the solution became clear
(approximately 30 seconds). Without disturbing the pellets, the
supernatant was again discarded from each well. The washing
step was repeated once again. The plate was sealed, briefly
centrifuged, and placed on the magnetic stand in the same
position as before. The plate was unsealed and all residual EtOH
was removed from each well.

Amplify Library

In a fresh 1.5 μL microcentrifuge tube, 1125 µL of 1× Lib Amp
Mix was combined with 125 µL of 10× Library Amp Primers
for a total of 1250 µL amplification master mix. The master mix
was vortexed and centrifuged briefly. The plate was removed
from the magnetic stand and 50 µL of the master mix was added
to each well and the plate was sealed again, vortexed,
centrifuged, and placed into the thermal cycler and run with the
following settings: preheat lid, 105°C; reaction volume, 50 µL;
98°C for 2 minutes; 7 cycles of 98°C for 15 seconds and 64°C
for 1 minute; and 10°C for up to 24 hours.

Second Cleanup

About 25 µL of AMPure XP beads were added to each well
containing approximately 50 µL library and the plate was sealed
again. The library was vortexed, centrifuged briefly, and
incubated at room temperature for 5 minutes. The plate was
placed on the magnetic stand for another 5 minutes until the
liquid is clear and the plate was unsealed. The entire supernatant
that contains the desired amplicon library (approximately 75
µL) was transferred to a new plate and 60 µL of AMPure XP
beads were added to each well in the new plate. The plate was

briefly vortexed, centrifuged, and incubated at room
temperature. After 5 minutes, the plate was placed on the
magnetic stand for another 5 minutes until the liquid cleared.
The plate was unsealed. Without disturbing the beads, the
supernatant was discarded from each well. The beads were
washed by adding 150 µL freshly prepared 70% EtOH to each
well, followed by incubation at room temperature until the
solution became clear (approximately 30 seconds). Without
disturbing the pellets, the supernatant was discarded from each
well. The washing step was repeated once again. All residual
EtOH was pipetted out, and the plate was air dried on the
magnetic stand for 5 minutes. Low TE (30 µL) was added to
each well and mixed well. The plate was sealed again, vortexed,
and centrifuged briefly to disperse the beads. It was then placed
on the magnetic stand until the liquid cleared and then unsealed.
About 27 μL supernatant that contains the amplicon library was
transferred to a new plate.

Libraries Checking

Each library was subjected to Qubit quantification to ensure the
concentrations were approximately 1-10 ng/µL.

Bioanalyzer Reading

Each sample was diluted to 0.5-1.0 ng/µL before the bioanalyzer
step. Size distribution of the library was checked using the
Agilent High Sensitivity DNA Kit (Agilent Technologies).
Nearly 15 mL of high-sensitivity DNA dye concentrate was
added to a vial containing high-sensitivity DNA gel matrix. The
mixture was vortexed and transferred to a spin filter, and
subsequently centrifuged to obtain the elution. The gel-dye mix
elution was allowed to equilibrate to room temperature for 30
minutes before use. A high-sensitivity DNA chip was put on
the chip priming station. About 9 μL of the gel-dye mix was
pipetted into the loading well on the chip. A priming plunger
was used to push the gel-dye mix to the entire sample wells on
the chip. About 5 μL marker was pipetted into each sample well
and a ladder well. Nearly 1 μL high-sensitivity DNA ladder was
also pipetted in the ladder well. Then, 1 μL sample was also
pipetted into each sample well. The chip was vortexed for 1
minute at 2400 rpm, and then run in the Agilent 2100
Bioanalyzer instrument (Agilent Technologies) within 5 minutes
after its preparation. Each library size was recorded in a
Microsoft Excel sheet and the average library size measured
was determined. The molarity of the library was calculated using
the following formula [41]:

Molarity (nM) = [(ng/μL) × 106]/[660 (g/mol) ×
average library size (bp)]

Dilution of the Library to the Starting Concentration

Samples (about 5 μL) were pipetted into separate
microcentrifuge tubes. EB-0.1% Tween 20 mix was pipetted
into each sample tube, where the volume varies so the final
molarity of each sample was 4 nM. Next, 5 µL of each library
was pooled into a single microcentrifuge tube. The library pool
was subjected to Qubit to confirm the 4 nM concentration.

Sequencing

The Illumina iSeq 100 is a benchtop high-throughput sequencer,

measuring 1 ft3 in size. This sequencer is useful for sequencing
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small genome, transcriptome, long amplicon, and targeted
resequencing applications, generating up to 1.2 Gb data per run.

The cartridge was first thawed overnight in a water bath
(20-25°C) in its foil bag. When the cartridge is ready, 4 nM
library pool was diluted to 50 pM loading concentration using
EB. About 10 nM of PhiX (control library) was diluted to 50
pM using EB. Then, 2 µL of PhiX (50 pM) was added to 98 µL
library pool (50 pM), making the final pool volume as 100 µL.

The cover of the loading reservoir on the thawed cartridge was
first teared using a pipette tip. Then, 20 µL final pooled library
was pipetted into the bottom of the reservoir. Flow cell was
inserted into the cartridge. Then, the cartridge-flow cell
assembly was inserted into the iSeq 100 tray. Run was initiated
using instrument control software. The total runtime was up to
17.5 hours.

Bioinformatics Analysis
The iSeq100 run monitoring was executed using BaseSpace
Sequence Hub (Illumina) cloud-based software, where GRCh37
hg19 human reference assembly [42] was used to map genomic
sequences. Variant calls and differential expression results for
amplicon panels were produced using BaseSpace Sequence Hub
and Local Run Manager (on-board).

The variant call format (VCF) files were extracted and
downloaded from BaseSpace Sequence Hub. Variants with
minor allele frequency of 0.05 or less, based on either the
gnomAD or 1000 Genome database, were considered as rare
gene mutations.

Variant Call Format Analysis
The VCF files were outsourced (BioEasy Sdn Bhd) for data
cleaning and bioinformatics interpretation [43]. Gene filtering
for LDLR, APOB-100, PCSK9, LDLRAP1, ABCG5, and ABCG8
was conducted by coordination using the BED format file
downloaded from the UCSC Genome Browser, and each VCF
format file was subjected to gene filtering using BCFtools. The
overlapping list of variants was merged into 1 single list of
variants consisting of 1 sample per column using BCFtools.
Consistent gene annotation was performed using the SnpEff
and Genome Analysis Toolkit/GATK. The cumulative allele
frequency and the global minor allele frequency (GMAF) values
were annotated using BCFtools. REVEL scores for hg19 were
prepared for annotation using BCFtools. The SIFT annotation
was performed using the SIFT4G annotator program, while
PolyPhen-2 annotation was prepared using BCFtools. Variants
with no GMAF values and GMAF ≤5% were separated into
different files.

Pathogenicity Interpretations
The cleaned and combined VCF files were further analyzed for
variant pathogenicity using modified American College of
Medical Genetics and Genomics guidelines [44,45]. The
American College of Medical Genetics and Genomics guidelines
classify variant pathogenicity based on the type of mutation and
other clinical evidence such as medical history, population
frequency, in silico prediction, functional study, and segregation
data. Additional reliable sources of references were identified
using ClinVar [46] and Leiden Open-source Variation Database

[47] websites. The variants were ultimately classified into
“pathogenic” (PV), “likely pathogenic,” “benign variant,” or
“variant of unknown significance.” The RA, Genetic Laboratory
staff, and the lipid specialists who were involved in analyzing
and interpreting the genetic results were blinded to the index
tests results (FAMCAT, SB, and DLCC) and the relevant
variables collected in Work stream 1.

Delivery of the Genetic Results
The genetic analysis results for individual patients will be
delivered by the clinician investigators. Patients who are
genetically confirmed to have FH will be counseled regarding
the nature of the genetic mutations, mode of inheritance, the
need for pharmacological management, and cascade screening
of first- and second-degree relatives. The importance of
adherence to lifestyle modification and pharmacotherapy will
also be emphasized. Lipid-lowering treatment for each patient
will be reviewed and uptitrated to achieve an LDL-c target of
<1.8 mmol/L [48,49]. Patients will also be supported
psychosocially on how to adapt with the condition. They will
be referred to the UiTM lipid specialists for further management
and cascade screening of family members.

Work Stream 3a: Exploring the Experience, Concern,
and Expectation of Individuals With Suspected FH

Study Design, Setting, Population, and Method
This is a nested qualitative study performed in MOH primary
care clinics. The study population included patients with
suspected FH who have undergone genetic testing.
Semistructured interviews and thematic analysis of data are
performed.

Sampling Method
Patients with suspected FH who have received their genetic
analysis results are purposefully sampled to reflect their social,
ethnic, and educational diversity, and range of results including
those who are genetically confirmed to have FH and those with
negative results. Written informed consent is obtained from the
participants.

Data Generation
Semistructured in-depth interviews are conducted face-to-face
or virtually using the online platform Google Meet (Google
LLC/Alphabet Inc.) by an RA, supervised by a Malaysian lead
qualitative co-investigator (SAR) who is an expert in qualitative
study methods. A topic guide developed for the interview
(Multimedia Appendix 1) is used to help explore patients’
experience and concern of being identified with suspected FH,
of undergoing FH genetic testing, and understand their
experience of receiving the results and undergoing follow-up
assessment and referral processes [50]. The interviews are
conducted for up to 45 minutes, and they are audio- and
video-recorded. Recruitment and data generation will continue
until saturation of themes. This is expected to be achieved by
interviewing approximately 10-15 patients [51,52].

Data Analysis
Data from the interviews will be transcribed verbatim and
translated into English. Data will be organized using NVivo
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qualitative software (QSR International) [53], and analyzed
thematically by JK, SAR, and LC. Coding and development of
analysis will involve a minimum of 2 qualitative researchers
(SAR and LC).

Work Stream 3b: Evaluating Clinical Utility of the
Web-Based FH Identification Tool in Malaysian
Primary Care

Study Design, Setting, Population, and Method
This is a nested qualitative study conducted in MOH primary
care clinics. The study population included PCPs working at
the MOH Primary Care Clinics. The “think-aloud” interview
method [54] is applied.

Sampling Method
PCPs are purposefully sampled to reflect their varied lengths
of clinical experience, and range of use of the FAMCAT
web-based FH Identification Tool in practice. Written informed
consent is obtained from the participants.

Data Generation
Interviews are conducted using the “think-aloud” method [54]
in which participants are required to talk aloud while using the
FAMCAT web-based FH Identification Tool. A user manual
and task scenarios (Multimedia Appendix 2; also see [26,55,56])
have been created to assist clinicians in performing clinical
tasks simulation using the web-based tool. The clinical scenarios
are standardized for all participants, regardless of their level of
clinical experience. The task scenarios are reviewed by the
research team members, including experienced and practicing
PCPs, to ensure that the content, format, and presentation are
representative of real clinical use and addressed the major
functional components of the application.

The “think-aloud” interview method generates direct data on
participants’ ongoing thought processes during task
performance. The underlying assumption of “think aloud” is
based on human cognition where it is postulated that only
information capable of being verbalized in situ is being actively
processed in the working memory and so is taken as an active
representation of task performance [54]. The output of this
process is called a verbal protocol, which is then transcribed
and systematically analyzed to develop a model of the persons’
task behavior.

Video-based observational data are collected to record the
participants’ interaction with the interface and functionality of
the FAMCAT web-based FH Identification Tool. These data
are time-locked for analysis to the verbal protocols. Following
the end of the task simulations, participants complete a short
questionnaire to capture a subjective measure of their user
satisfaction with the interface and functionality of the FAMCAT
web-based FH Identification Tool. Recruitment and data
generation will continue until saturation of themes and this is
expected to be achieved by interviewing approximately 10-15
participants [51,52].

Data Analysis
Each verbal protocol will be transcribed and coded using a
predefined coding scheme following the categories of interest.

Similarly, the audio-video–recorded simulation will provide a
range of images on all of the tasks including time to completion,
types of clinical knowledge, resources accessed, participants’
statements, and the tasks associated therewith. Two qualitative
researchers will independently map the statements made by
participants and the video observations, identifying both
“positive” and “negative” mental heuristics; the former
demonstrating potential features that are acceptable to the needs
of participants, and the latter to determine whether there are any
possible refinements that might be made to the FH Identification
Tool.

Ethics Approval
This study protocol was approved by the respective research
ethics committees in Malaysia, namely, the UiTM Research
Ethics Committee [(REC/03/2020) (FB/48)] and the Medical
Research Ethics Committee of the Ministry of Health Malaysia
[NMRR-20-272-52797 (IIR)].

Results

The recruitment for Work stream 1 and blood sampling and
genetic analysis for Work stream 2 were completed in February
2023. The data collection for Work stream 3a and 3b was
completed in March 2023. Data analysis for Work streams 1,
2, 3a, and 3b is projected to be completed by June 2023, with
the results of this study anticipated to be published by December
2023.

Discussion

Expected Findings
To the best of our knowledge, this is the first study to assess
the diagnostic accuracy of different clinical diagnostic criteria
(SB, DLCC, and FAMCAT) in identifying FH in the Malaysian
primary care setting, with molecular diagnosis targeting the 4
FHCGs (LDLR, APOB-100, PCSK9, and LDLRAP1) as the gold
standard. The findings will also include molecular analysis of
the 2 HCAGs (ABCG5 and ABCG8). The full spectrum of
genetic mutations in these 6 genes including novel PVs will be
identified. This study also included nested qualitative research
exploring the experience, concern, and expectation of patients
with suspected FH who have undergone genetic testing and also
real-time observation of PCPs using the “think-aloud” method
to evaluate the clinical utility of the FAMCAT web-based FH
Identification Tool in the Malaysian primary care setting. In a
nutshell, it is a comprehensive mixed methods study that uses
both quantitative and qualitative research methods to answer
complex research questions, understand the process, and
strengthen the impact evaluation [31].

A previous diagnostic accuracy study that included 755
individuals with an LDL-c level of 4.0 mmol/L or more from
secondary care clinics and community health screenings in
Malaysia showed that the SB criteria appeared to be the most
useful in identifying FH compared with the Japanese FH
Management Criteria and the US Make Early Diagnosis to
Prevent Early Deaths criteria, when assessed against the DLCC
as the gold standard [57]. However, unlike this study, genetic
testing was not performed in the previous study.
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Recent studies have shown that NGS is the method of choice
[58,59] and is cost-effective in the genetic diagnosis of FH in
primary care [60-62]. The targeted NGS method [37] that is
being used in this study is robust and efficient in terms of speed,
read length, and throughput, designed to identify the 4 FHCGs
and the 2 HCAGs, giving an overall gene coverage of 98.61%
[38-40].

The nested qualitative research exploring the patients’
perspectives while undergoing genetic testing and the PCPs
experience in utilizing the web-based tool will add tremendous
value in developing a clinical care pathway that is
patient-centered [63]. A recent qualitative study [64] showed
that the main benefit of genetic diagnosis from the patients’
perspective lies in its ability to provide accurate information to
their younger family members to undergo screening, and
subsequently receive timely management to reduce their risk
of having premature CAD. In the United Kingdom, patients and
practitioners reported a positive experience when genetic testing
was introduced with electronic case-finding for FH in primary
care [63].

Implications on Clinical Practice
The findings from this study will be shared through scientific
publications, conference presentations, and through a resource
impact report with the key stakeholders. The resource impact
report will include a patient-centered clinical care pathway that
will be implemented by the stakeholders in primary care. FH
management training modules for primary care providers will
also be developed and delivered through online webinars or
face-to-face workshops, to enhance their knowledge and skills
in managing FH. Dissemination of knowledge regarding FH
and its genetic causes will also be made available to the general
public through public health campaigns using various mass
media channels and social media platforms. All of these
imperative measures will accelerate early FH identification in
the Malaysian primary care setting and subsequently reduce the
risk of premature CAD.

Limitations
This study has several limitations. First, the selection of sites
was limited to the clinics located in the urban and suburban
conurbations that can access genetic testing facility at the
I-PPerForM Genetic Laboratory. Future research should include

a wider selection of clinics including those in the rural parts of
Malaysia. Second, only those clinics with EMR were invited
to participate as the screening for patients with elevated LDL-c
levels was conducted through the EMR. This could potentially
cause selection and recruitment bias. To minimize this bias,
purposive sampling was conducted by targeting those with the
highest LDL-c levels, with study invitations sent to all patients
in the highest LDL-c groups of 7.0 mmol/L or more and 6.0-6.9
mmol/L, while an equal number of patients were invited from
the lower LDL-c groups of 5.0-5.9 mmol/L and 4.0-4.9 mmol/L.

Third, this study will provide insights into the nature of
mutations in the 6 targeted genes, but it does not include
functional studies to validate the pathogenicity of the potential
PV, which is warranted in future studies. The polygenic
hypercholesterolemia genes were also not included as they are
not within the scope of this study. Therefore, future studies are
warranted to evaluate the impact of polygenic
hypercholesterolemia genes on patients with clinically suspected
FH without any PV. Additionally, the targeted NGS method
used in this study was not able to detect large gene
rearrangements, which may account for a small proportion of
PV in patients with FH [65,66].

Fourth, the molecular analysis was performed only in index
cases. Cascade screening of family members will be conducted
and they will be clinically diagnosed with SB or DLCC.
Unfortunately, we are not able to offer genetic testing to the
family members due to financial constraints and this is also
beyond the scope of this study.

Conclusions
This comprehensive mixed methods study will provide objective
evidence on which clinical diagnostic criterion is the best to
detect FH in the Malaysian primary care setting against
molecular diagnosis as the gold standard. The full spectrum of
genetic mutations in the 6 targeted genes including novel PVs
will be identified. Patients’ perspectives while undergoing
genetic testing and the PCPs experience in utilizing the
web-based tool will be established in this study. These findings
will have a tremendous impact in advancing the scientific
knowledge and skills on the clinical and genetic diagnosis of
patients with FH in primary care and subsequently reduce their
risk of premature CAD.

Acknowledgments
This study is funded by the Newton-Ungku Omar Fund (NUOF): The UK-Malaysia Joint-Partnership Call on Non-Communicable
Diseases—Reducing Premature Coronary Artery Disease by Early Identification of Familial Hypercholesterolemia, Grant
references 100-TNCPI/GOV 16/6/2 (002/2020)-02 and MR/T017384/1. ASR and NQ are co-corresponding authors, with ASR
representing the Principal Investigator for Malaysia and NQ representing the Principal Investigator for the UK. We thank the
Director General of Health, Malaysia for his permission to publish this article. The authors also like to express gratitude to Dr
Stephen Weng for providing the expertise for the statistical analysis plan during the initial stage of this study and Dr Nazrila
Hairizan Nasir for her assistance in providing access to the MOH primary care clinics. Our gratitude also goes to all the site
investigators: Dr Rozita Zakaria, Dr Hazira Hanum Mohd Yusof, Dr Nurzaitil Aswani Zainuddin, Dr Mohd Khairi Mohd Noor,
Dr Fauziah Ahmad, Dr Nor Azlina Siddik, Dr Siti Khamsiah Abd Shukor, Dr Noor Harzana Harrun, Dr Baizury Bashah, Dr Azira
Baharuddin, Dr Nagammai Thiagarajan, Dr Rosnah Mat Isa, Dr Nik Mazlina Mohammad, Dr Nor Faizah Ghazali, Dr Valarmathi
Masilamani, and Dr Lee Yeow Siong. Our special thanks also go to all the research assistants who have worked on this project,
the nurses at the MOH primary care clinics, and all the staff at the I-PPerForM Genetic Laboratory for their assistance rendered
in data collection and performing the genetic analysis.

JMIR Res Protoc 2023 | vol. 12 | e47911 | p. 13https://www.researchprotocols.org/2023/1/e47911
(page number not for citation purposes)

Ramli et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Data Availability
Raw data are kept at the Institute of Pathology, Laboratory and Forensic Medicine (I-PPerForM), Universiti Teknologi MARA,
Selangor, Malaysia and encrypted data are kept at the University of Nottingham, United Kingdom in secured databases. Unidentified
data will be shared by the corresponding authors upon request after all the results of this study have been published; and the data
are subjected to the data protection regulations of Malaysia and the United Kingdom.

Authors' Contributions
This study was conceptualized and designed by ASR, NQ, HAH, JK, and HN. The funding for the study was acquired by ASR
and NQ. ASR is the Principal Investigator for Malaysia and NQ is the Principal Investigator for the United Kingdom. ASR, NQ,
HAH, and HN contributed to the project administration. The data were curated by AK and JDK, with supervision provided by
ASR, SAR, MSMY, NB, SFBS, and AFAA. NSS conducted the genetic analysis supervised by HN, AAK, YAC, NAMK, and
SHSAK. LC and SAR lead the qualitative study. RKA will conduct the formal analysis of the quantitative data. ASR, NQ, HAH,
LC, LS, RKA, YAC, AAK, and JLB drafted the manuscript. All authors contributed to the critical revision and editing of the
manuscript and have read the final version of this manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Topic guide to explore the experience, concerns and expectations of individuals with suspected Familial Hypercholesterolaemia.
[PDF File (Adobe PDF File), 174 KB-Multimedia Appendix 1]

Multimedia Appendix 2
The FAMCAT Web-Based Familial Hypercholesterolaemia Identification Tool user manual and task scenarios for primary care
physicians.
[PDF File (Adobe PDF File), 1020 KB-Multimedia Appendix 2]

Multimedia Appendix 3
MRC UK peer-review reports and grant offer letter.
[PDF File (Adobe PDF File), 498 KB-Multimedia Appendix 3]

References

1. Najam O, Ray KK. Familial Hypercholesterolemia: a Review of the Natural History, Diagnosis, and Management. Cardiol
Ther 2015 Jun;4(1):25-38 [FREE Full text] [doi: 10.1007/s40119-015-0037-z] [Medline: 25769531]

2. Henderson R, O'Kane M, McGilligan V, Watterson S. The genetics and screening of familial hypercholesterolaemia. J
Biomed Sci 2016 Apr 16;23:39 [FREE Full text] [doi: 10.1186/s12929-016-0256-1] [Medline: 27084339]

3. Asselbergs F, Guo Y, van Iperen EPA, Sivapalaratnam S, Tragante V, Lanktree M, LifeLines Cohort Study, et al. Large-scale
gene-centric meta-analysis across 32 studies identifies multiple lipid loci. Am J Hum Genet 2012 Nov 02;91(5):823-838
[FREE Full text] [doi: 10.1016/j.ajhg.2012.08.032] [Medline: 23063622]

4. Garcia CK, Wilund K, Arca M, Zuliani G, Fellin R, Maioli M, et al. Autosomal recessive hypercholesterolemia caused by
mutations in a putative LDL receptor adaptor protein. Science 2001;292(5520):1394-1398 [doi: 10.1126/science.1060458]
[Medline: 11326085]

5. Yoo E. Sitosterolemia: a review and update of pathophysiology, clinical spectrum, diagnosis, and management. Ann Pediatr
Endocrinol Metab 2016 Mar;21(1):7-14 [FREE Full text] [doi: 10.6065/apem.2016.21.1.7] [Medline: 27104173]

6. Cuchel M, Bruckert E, Ginsberg HN, Raal FJ, Santos RD, Hegele RA, European Atherosclerosis Society Consensus Panel
on Familial Hypercholesterolaemia. Homozygous familial hypercholesterolaemia: new insights and guidance for clinicians
to improve detection and clinical management. A position paper from the Consensus Panel on Familial Hypercholesterolaemia
of the European Atherosclerosis Society. Eur Heart J 2014 Aug 21;35(32):2146-2157 [FREE Full text] [doi:
10.1093/eurheartj/ehu274] [Medline: 25053660]

7. McGowan MP, Hosseini Dehkordi SH, Moriarty PM, Duell PB. Diagnosis and Treatment of Heterozygous Familial
Hypercholesterolemia. JAHA 2019 Dec 17;8(24):e013225 [doi: 10.1161/jaha.119.013225]

8. Slack J. Risks of ischaemic heart-disease in familial hyperlipoproteinaemic states. Lancet 1969 Dec 27;2(7635):1380-1382
[doi: 10.1016/s0140-6736(69)90930-1] [Medline: 4188273]

9. Wiegman A, Gidding SS, Watts GF, Chapman MJ, Ginsberg HN, Cuchel M, European Atherosclerosis Society Consensus
Panel. Familial hypercholesterolaemia in children and adolescents: gaining decades of life by optimizing detection and
treatment. Eur Heart J 2015 Sep 21;36(36):2425-2437 [FREE Full text] [doi: 10.1093/eurheartj/ehv157] [Medline: 26009596]

JMIR Res Protoc 2023 | vol. 12 | e47911 | p. 14https://www.researchprotocols.org/2023/1/e47911
(page number not for citation purposes)

Ramli et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=resprot_v12i1e47911_app1.pdf&filename=a8b8840011aa02ee224e40366231b0e5.pdf
https://jmir.org/api/download?alt_name=resprot_v12i1e47911_app1.pdf&filename=a8b8840011aa02ee224e40366231b0e5.pdf
https://jmir.org/api/download?alt_name=resprot_v12i1e47911_app2.pdf&filename=2fd352443ec785af6279d18af0141c55.pdf
https://jmir.org/api/download?alt_name=resprot_v12i1e47911_app2.pdf&filename=2fd352443ec785af6279d18af0141c55.pdf
https://jmir.org/api/download?alt_name=resprot_v12i1e47911_app3.pdf&filename=def1dd3250635810e4c0b3ca0c524c05.pdf
https://jmir.org/api/download?alt_name=resprot_v12i1e47911_app3.pdf&filename=def1dd3250635810e4c0b3ca0c524c05.pdf
https://europepmc.org/abstract/MED/25769531
http://dx.doi.org/10.1007/s40119-015-0037-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25769531&dopt=Abstract
https://jbiomedsci.biomedcentral.com/articles/10.1186/s12929-016-0256-1
http://dx.doi.org/10.1186/s12929-016-0256-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27084339&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0002-9297(12)00474-0
http://dx.doi.org/10.1016/j.ajhg.2012.08.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23063622&dopt=Abstract
http://dx.doi.org/10.1126/science.1060458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11326085&dopt=Abstract
https://europepmc.org/abstract/MED/27104173
http://dx.doi.org/10.6065/apem.2016.21.1.7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27104173&dopt=Abstract
https://air.unimi.it/handle/2434/252522
http://dx.doi.org/10.1093/eurheartj/ehu274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25053660&dopt=Abstract
http://dx.doi.org/10.1161/jaha.119.013225
http://dx.doi.org/10.1016/s0140-6736(69)90930-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4188273&dopt=Abstract
https://europepmc.org/abstract/MED/26009596
http://dx.doi.org/10.1093/eurheartj/ehv157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26009596&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


10. EAS Familial Hypercholesterolaemia Studies Collaboration, Vallejo-Vaz AJ, De Marco M, Stevens CAT, Akram A,
Freiberger T, EAS Familial Hypercholesterolaemia Studies Collaboration (FHSC) Investigators. Overview of the current
status of familial hypercholesterolaemia care in over 60 countries - The EAS Familial Hypercholesterolaemia Studies
Collaboration (FHSC). Atherosclerosis 2018 Oct;277:234-255 [FREE Full text] [doi: 10.1016/j.atherosclerosis.2018.08.051]
[Medline: 30270054]

11. Chua YA, Razman AZ, Ramli AS, Mohd Kasim NA, Nawawi H. Familial Hypercholesterolaemia in the Malaysian
Community: Prevalence, Under-Detection and Under-Treatment. J Atheroscler Thromb 2021 Oct 01;28(10):1095-1107
[FREE Full text] [doi: 10.5551/jat.57026] [Medline: 33455995]

12. Shah SA, Jing L, Khalid MS, Najid F, Haniff IS, Ghazi AM. Prevalence and risk factors of premature coronary artery
disease: A comparative cross-sectional study between two time frames in Malaysia. Malaysian Journal of Public Health
Medicine 2015;15(3):157-166 [FREE Full text]

13. Wan Azman WA. Annual Report of the NCVD-ACS Registry 2014-2015. National Cardiovascular Disease Database
(NCVD). Kuala Lumpur, Malaysia: National Heart Association of Malaysia (NHAM) and the Ministry of Health Malaysia;
2017. URL: https://www.malaysianheart.org/?p=ncvd&a=1250 [accessed 2020-01-01]

14. Nazli SA, Chua YA, Mohd Kasim NA, Ismail Z, Md Radzi AB, Ibrahim KS, et al. Familial hypercholesterolaemia and
coronary risk factors among patients with angiogram-proven premature coronary artery disease in an Asian cohort. PLoS
One 2022;17(9):e0273896 [doi: 10.1371/journal.pone.0273896] [Medline: 36054188]

15. Ministry of Health Malaysia. National Strategic Plan for Non-Communicable Disease (NSP-NCD) 2016-2025. Ministry
of Health. Ministry of Health, Putrajaya, Malaysia: Non-Communicable Disease (NCD) Section, Disease Control Division;
2016. URL: https://www.moh.gov.my/moh/resources/Penerbitan/Rujukan/NCD/National%20Strategic%20Plan/
FINAL_NSPNCD.pdf [accessed 2020-01-01]

16. Nordestgaard BG, Chapman MJ, Humphries SE, Ginsberg HN, Masana L, Descamps OS, European Atherosclerosis Society
Consensus Panel. Familial hypercholesterolaemia is underdiagnosed and undertreated in the general population: guidance
for clinicians to prevent coronary heart disease: consensus statement of the European Atherosclerosis Society. Eur Heart J
2013 Dec;34(45):3478-390a [FREE Full text] [doi: 10.1093/eurheartj/eht273] [Medline: 23956253]

17. Ramli AS, Taher SW. Managing chronic diseases in the malaysian primary health care - a need for change. Malays Fam
Physician 2008;3(1):7-13 [FREE Full text] [Medline: 25606105]

18. Azraii AB, Ramli AS, Ismail Z, Abdul-Razak S, Mohd-Kasim NA, Ali N, et al. Knowledge, awareness and practice regarding
familial hypercholesterolaemia among primary care physicians in Malaysia: The importance of professional training.
Atherosclerosis 2018 Oct;277:508-516 [doi: 10.1016/j.atherosclerosis.2018.08.018] [Medline: 30270092]

19. Brett T, Qureshi N, Gidding S, Watts GF. Screening for familial hypercholesterolaemia in primary care: Time for general
practice to play its part. Atherosclerosis 2018 Oct;277:399-406 [doi: 10.1016/j.atherosclerosis.2018.08.019] [Medline:
30270077]

20. Gidding SS, Champagne MA, de Ferranti SD, Defesche J, Ito MK, Knowles JW, American Heart Association Atherosclerosis‚
Hypertension‚Obesity in Young Committee of Council on Cardiovascular Disease in Young‚ Council on CardiovascularStroke
Nursing‚ Council on Functional GenomicsTranslational Biology‚Council on LifestyleCardiometabolic Health. The Agenda
for Familial Hypercholesterolemia: A Scientific Statement From the American Heart Association. Circulation 2015 Dec
01;132(22):2167-2192 [doi: 10.1161/CIR.0000000000000297] [Medline: 26510694]

21. Reiner Z. Management of patients with familial hypercholesterolaemia. Nat Rev Cardiol 2015 Oct;12(10):565-575 [doi:
10.1038/nrcardio.2015.92] [Medline: 26076948]

22. Vallejo-Vaz AJ, Kondapally Seshasai SR, Cole D, Hovingh GK, Kastelein JJ, Mata P, et al. Familial hypercholesterolaemia:
A global call to arms. Atherosclerosis 2015 Nov;243(1):257-259 [FREE Full text] [doi: 10.1016/j.atherosclerosis.2015.09.021]
[Medline: 26408930]

23. Qureshi N, Humphries SE, Seed M, Rowlands P, Minhas R, NICE Guideline Development Group. Identification and
management of familial hypercholesterolaemia: what does it mean to primary care? Br J Gen Pract 2009 Oct;59(567):773-776
[FREE Full text] [doi: 10.3399/bjgp09X472674] [Medline: 19765358]

24. Qureshi N, Weng S, Tranter J, El-Kadiki A, Kai J. Feasibility of improving identification of familial hypercholesterolaemia
in general practice: intervention development study. BMJ Open 2016 May 26;6(5):e011734 [FREE Full text] [doi:
10.1136/bmjopen-2016-011734] [Medline: 27231005]

25. Weng S, Kai J, Akyea R, Qureshi N. Detection of familial hypercholesterolaemia: external validation of the FAMCAT
clinical case-finding algorithm to identify patients in primary care. Lancet Public Health 2019 May;4(5):e256-e264 [FREE
Full text] [doi: 10.1016/S2468-2667(19)30061-1] [Medline: 31054643]

26. Weng SF, Kai J, Andrew Neil H, Humphries SE, Qureshi N. Improving identification of familial hypercholesterolaemia
in primary care: derivation and validation of the familial hypercholesterolaemia case ascertainment tool (FAMCAT).
Atherosclerosis 2015 Feb;238(2):336-343 [FREE Full text] [doi: 10.1016/j.atherosclerosis.2014.12.034] [Medline: 25555265]

27. Crosland P, Maconachie R, Buckner S, McGuire H, Humphries SE, Qureshi N. Cost-utility analysis of searching electronic
health records and cascade testing to identify and diagnose familial hypercholesterolaemia in England and Wales.
Atherosclerosis 2018 Aug;275:80-87 [FREE Full text] [doi: 10.1016/j.atherosclerosis.2018.05.021] [Medline: 29879685]

JMIR Res Protoc 2023 | vol. 12 | e47911 | p. 15https://www.researchprotocols.org/2023/1/e47911
(page number not for citation purposes)

Ramli et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://hdl.handle.net/10044/1/63290
http://dx.doi.org/10.1016/j.atherosclerosis.2018.08.051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30270054&dopt=Abstract
https://dx.doi.org/10.5551/jat.57026
http://dx.doi.org/10.5551/jat.57026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33455995&dopt=Abstract
https://myjurnal.mohe.gov.my/public/article-view.php?id=90146
https://www.malaysianheart.org/?p=ncvd&a=1250
http://dx.doi.org/10.1371/journal.pone.0273896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36054188&dopt=Abstract
https://www.moh.gov.my/moh/resources/Penerbitan/Rujukan/NCD/National%20Strategic%20Plan/FINAL_NSPNCD.pdf
https://www.moh.gov.my/moh/resources/Penerbitan/Rujukan/NCD/National%20Strategic%20Plan/FINAL_NSPNCD.pdf
https://europepmc.org/abstract/MED/23956253
http://dx.doi.org/10.1093/eurheartj/eht273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23956253&dopt=Abstract
https://europepmc.org/abstract/MED/25606105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25606105&dopt=Abstract
http://dx.doi.org/10.1016/j.atherosclerosis.2018.08.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30270092&dopt=Abstract
http://dx.doi.org/10.1016/j.atherosclerosis.2018.08.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30270077&dopt=Abstract
http://dx.doi.org/10.1161/CIR.0000000000000297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26510694&dopt=Abstract
http://dx.doi.org/10.1038/nrcardio.2015.92
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26076948&dopt=Abstract
https://research-repository.uwa.edu.au/en/publications/familial-hypercholesterolaemia-a-global-call-to-arms
http://dx.doi.org/10.1016/j.atherosclerosis.2015.09.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26408930&dopt=Abstract
https://bjgp.org/lookup/pmidlookup?view=long&pmid=19765358
http://dx.doi.org/10.3399/bjgp09X472674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19765358&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=27231005
http://dx.doi.org/10.1136/bmjopen-2016-011734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27231005&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(19)30061-1
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(19)30061-1
http://dx.doi.org/10.1016/S2468-2667(19)30061-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31054643&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0021-9150(14)01656-6
http://dx.doi.org/10.1016/j.atherosclerosis.2014.12.034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25555265&dopt=Abstract
https://europepmc.org/abstract/MED/29879685
http://dx.doi.org/10.1016/j.atherosclerosis.2018.05.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29879685&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


28. Jones M, Akyea RK, Payne K, Humphries SE, Abdul-Hamid H, Weng S, et al. Cost-Effectiveness of Screening Algorithms
for Familial Hypercholesterolaemia in Primary Care. J Pers Med 2022 Feb 22;12(3):330 [FREE Full text] [doi:
10.3390/jpm12030330] [Medline: 35330330]

29. Watts GF, Pang J. A window into the heart of familial hypercholesterolaemia in the community. Lancet Public Health 2019
May;4(5):e216-e217 [FREE Full text] [doi: 10.1016/S2468-2667(19)30055-6] [Medline: 31054637]

30. Futema M, Taylor-Beadling A, Williams M, Humphries SE. Genetic testing for familial hypercholesterolemia-past, present,
and future. J Lipid Res 2021;62:100139 [FREE Full text] [doi: 10.1016/j.jlr.2021.100139] [Medline: 34666015]

31. Palinkas LA, Mendon SJ, Hamilton AB. Innovations in Mixed Methods Evaluations. Annu Rev Public Health 2019 Apr
01;40:423-442 [FREE Full text] [doi: 10.1146/annurev-publhealth-040218-044215] [Medline: 30633710]

32. Qureshi N, Bethea J, Modell B, Brennan P, Papageorgiou A, Raeburn S, et al. Collecting genetic information in primary
care: evaluating a new family history tool. Fam Pract 2005 Dec;22(6):663-669 [doi: 10.1093/fampra/cmi073] [Medline:
16055464]

33. Hassan NB, Choudhury SR, Naing L, Conroy RM, Rahman AR. Inter-rater and intra-rater reliability of the Bahasa Melayu
version of Rose Angina Questionnaire. Asia Pac J Public Health 2007;19(3):45-51 [FREE Full text] [doi:
10.1177/101053950701900308] [Medline: 18333302]

34. Rabia K, Khoo EM. Is the Edinburgh Claudication Questionnaire a good screening tool for detection of peripheral arterial
disease in diabetic patients? Asia Pacific Journal of Family Medicine 2007;6(1):1-6 [FREE Full text]

35. Qureshi N, Akyea RK, Dutton B, Leonardi-Bee J, Humphries SE, Weng S, et al. Comparing the performance of the novel
FAMCAT algorithms and established case-finding criteria for familial hypercholesterolaemia in primary care. Open Heart
2021 Oct;8(2):e001752 [FREE Full text] [doi: 10.1136/openhrt-2021-001752] [Medline: 34635577]

36. Chacon-Cortes D, Griffiths L. Methods for extracting genomic DNA from whole blood samples: current perspectives.
BSAM 2014 May;2:1-9 [FREE Full text] [doi: 10.2147/bsam.s46573]

37. Slatko BE, Gardner AF, Ausubel FM. Overview of Next-Generation Sequencing Technologies. Curr Protoc Mol Biol 2018
Apr;122(1):e59 [FREE Full text] [doi: 10.1002/cpmb.59] [Medline: 29851291]

38. Al-Khateeb A, Hamzan NS, Razali R, Froemming GA, Rahman T, Peng HB, et al. Genetic study of low-density lipoprotein
receptor gene and apolipoprotein B-100 gene among Malaysian patients with familial hypercholesterolaemia. Int Arch Med
2016;9(182):1-12 [FREE Full text] [doi: 10.3823/2053]

39. Al-Khateeb A, Zahri MK, Mohamed MS, Sasongko TH, Ibrahim S, Yusof Z, et al. Analysis of sequence variations in
low-density lipoprotein receptor gene among Malaysian patients with familial hypercholesterolemia. BMC Med Genet
2011 Mar 19;12:40 [FREE Full text] [doi: 10.1186/1471-2350-12-40] [Medline: 21418584]

40. Lye SH, Chahil JK, Bagali P, Alex L, Vadivelu J, Ahmad WAW, et al. Genetic polymorphisms in LDLR, APOB, PCSK9
and other lipid related genes associated with familial hypercholesterolemia in Malaysia. PLoS One 2013;8(4):e60729 [FREE
Full text] [doi: 10.1371/journal.pone.0060729] [Medline: 23593297]

41. Agilent 2100 Bioanalyzer - User’s Guide for Molecular Assays. Agilent Technologies. Hopkinton, MA: Caliper Technologies
Corp; 2001. URL: https://ipmb.sinica.edu.tw/microarray/index.files/Agilent%202100%20Bioanalyzer%20user%20guide.
pdf [accessed 2021-01-01]

42. Genome Reference Consortium. Genome Reference Consortium Human Build 37 (GRCh37). National Center of
Biotechnology Information. Bethesda, MD: National Library of Medicine; 2009. URL: https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001405.13/ [accessed 2021-01-01]

43. Wang D, Liu B, Xiong T, Yu W, She Q. Investigation of the underlying genes and mechanism of familial
hypercholesterolemia through bioinformatics analysis. BMC Cardiovasc Disord 2020 Sep 16;20(1):419 [FREE Full text]
[doi: 10.1186/s12872-020-01701-z] [Medline: 32938406]

44. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, ACMG Laboratory Quality Assurance Committee. Standards
and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med 2015 May;17(5):405-424 [FREE
Full text] [doi: 10.1038/gim.2015.30] [Medline: 25741868]

45. Masson E, Zou WB, Génin E, Cooper DN, Le Gac G, Fichou Y, et al. Expanding ACMG variant classification guidelines
into a general framework. Hum Genomics 2022 Aug 16;16(1):31 [FREE Full text] [doi: 10.1186/s40246-022-00407-x]
[Medline: 35974416]

46. ClinVar. National Library of Medicine. URL: https://www.ncbi.nlm.nih.gov/clinvar/ [accessed 2023-05-16]
47. LOVD v.3.0 - Leiden Open Variation Database. LOVD. URL: https://www.lovd.nl/ [accessed 2023-05-16]
48. Wan Ahmad WA, Rosman A, Bavanandan S, Mohamed M, Kader MASA, Muthusamy TS, et al. Current insights on

dyslipidaemia management for prevention of atherosclerotic cardiovascular disease: A Malaysian perspective. Malays J
Med Sci 2023;30(1):67-81 [FREE Full text] [doi: 10.21315/mjms2023.30.1.6] [Medline: 36875188]

49. Identification and management of familial hypercholesterolaemia - NICE Clinical Guideline [CG71]. National Institute of
Health and Care Excellence. London, UK: NICE; 2008. URL: https://www.nice.org.uk/guidance/cg71 [accessed 2020-01-01]

50. Ericsson KA, Simon HA. Protocol Analysis: Verbal Reports As Data. Boston, MA: MIT Press; 1993.
51. Hennink M, Kaiser BN. Sample sizes for saturation in qualitative research: A systematic review of empirical tests. Soc Sci

Med 2022 Jan;292:114523 [FREE Full text] [doi: 10.1016/j.socscimed.2021.114523] [Medline: 34785096]

JMIR Res Protoc 2023 | vol. 12 | e47911 | p. 16https://www.researchprotocols.org/2023/1/e47911
(page number not for citation purposes)

Ramli et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://www.mdpi.com/resolver?pii=jpm12030330
http://dx.doi.org/10.3390/jpm12030330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35330330&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(19)30055-6
http://dx.doi.org/10.1016/S2468-2667(19)30055-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31054637&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0022-2275(21)00121-8
http://dx.doi.org/10.1016/j.jlr.2021.100139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34666015&dopt=Abstract
https://europepmc.org/abstract/MED/30633710
http://dx.doi.org/10.1146/annurev-publhealth-040218-044215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30633710&dopt=Abstract
http://dx.doi.org/10.1093/fampra/cmi073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16055464&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/101053950701900308
http://dx.doi.org/10.1177/101053950701900308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18333302&dopt=Abstract
http://www.apfmj-archive.com/afm6_1/afm54.htm
https://openheart.bmj.com/lookup/pmidlookup?view=long&pmid=34635577
http://dx.doi.org/10.1136/openhrt-2021-001752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34635577&dopt=Abstract
https://www.dovepress.com/methods-for-extracting-genomic-dna-from-whole-blood-samples-current-pe-peer-reviewed-fulltext-article-BSAM
http://dx.doi.org/10.2147/bsam.s46573
https://europepmc.org/abstract/MED/29851291
http://dx.doi.org/10.1002/cpmb.59
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29851291&dopt=Abstract
http://imed.pub/ojs/index.php/iam/article/view/1719/1368
http://dx.doi.org/10.3823/2053
https://bmcmedgenet.biomedcentral.com/articles/10.1186/1471-2350-12-40
http://dx.doi.org/10.1186/1471-2350-12-40
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21418584&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0060729
https://dx.plos.org/10.1371/journal.pone.0060729
http://dx.doi.org/10.1371/journal.pone.0060729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23593297&dopt=Abstract
https://ipmb.sinica.edu.tw/microarray/index.files/Agilent%202100%20Bioanalyzer%20user%20guide.pdf
https://ipmb.sinica.edu.tw/microarray/index.files/Agilent%202100%20Bioanalyzer%20user%20guide.pdf
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/
https://bmccardiovascdisord.biomedcentral.com/articles/10.1186/s12872-020-01701-z
http://dx.doi.org/10.1186/s12872-020-01701-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32938406&dopt=Abstract
https://www.gimjournal.org/article/S1098-3600(21)03031-8/fulltext
https://www.gimjournal.org/article/S1098-3600(21)03031-8/fulltext
http://dx.doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25741868&dopt=Abstract
https://humgenomics.biomedcentral.com/articles/10.1186/s40246-022-00407-x
http://dx.doi.org/10.1186/s40246-022-00407-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35974416&dopt=Abstract
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.lovd.nl/
https://europepmc.org/abstract/MED/36875188
http://dx.doi.org/10.21315/mjms2023.30.1.6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36875188&dopt=Abstract
https://www.nice.org.uk/guidance/cg71
https://linkinghub.elsevier.com/retrieve/pii/S0277-9536(21)00855-8
http://dx.doi.org/10.1016/j.socscimed.2021.114523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34785096&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


52. Vasileiou K, Barnett J, Thorpe S, Young T. Characterising and justifying sample size sufficiency in interview-based studies:
systematic analysis of qualitative health research over a 15-year period. BMC Med Res Methodol 2018 Nov 21;18(1):148
[FREE Full text] [doi: 10.1186/s12874-018-0594-7] [Medline: 30463515]

53. NVIVO (Version 12) for Windows. QSR International Pty Ltd.: QSR International Pty Ltd; 2018. URL: https://www.
qsrinternational.com/nvivo-qualitative-data-analysis-software/home [accessed 2020-01-01]

54. Fonteyn ME, Kuipers B, Grobe SJ. A Description of Think Aloud Method and Protocol Analysis. Qual Health Res 2016
Jul 01;3(4):430-441 [FREE Full text] [doi: 10.1177/104973239300300403]

55. Mortality in treated heterozygous familial hypercholesterolaemia: implications for clinical management. Scientific Steering
Committee on behalf of the Simon Broome Register Group. Atherosclerosis 1999;142(1):105-112 [FREE Full text] [Medline:
9920511]

56. Watts GF, Sullivan DR, Poplawski N, van Bockxmeer F, Hamilton-Craig I, Clifton PM, Familial Hypercholesterolaemia
Australasia Network Consensus Group (Australian Atherosclerosis Society). Familial hypercholesterolaemia: a model of
care for Australasia. Atheroscler Suppl 2011;12(2):221-263 [FREE Full text] [doi: 10.1016/j.atherosclerosissup.2011.06.001]
[Medline: 21917530]

57. Abdul-Razak S, Rahmat R, Mohd Kasim A, Rahman TA, Muid S, Nasir NM, et al. Diagnostic performance of various
familial hypercholesterolaemia diagnostic criteria compared to Dutch lipid clinic criteria in an Asian population. BMC
Cardiovasc Disord 2017 Oct 16;17(1):264 [FREE Full text] [doi: 10.1186/s12872-017-0694-z] [Medline: 29037163]

58. Kim HN, Kweon S, Shin M. Detection of Familial Hypercholesterolemia Using Next Generation Sequencing in Two
Population-Based Cohorts. Chonnam Med J 2018 Jan;54(1):31-35 [FREE Full text] [doi: 10.4068/cmj.2018.54.1.31]
[Medline: 29399563]

59. Reeskamp LF, Tromp TR, Defesche JC, Grefhorst A, Stroes ESG, Hovingh GK, et al. Next-generation sequencing to
confirm clinical familial hypercholesterolemia. Eur J Prev Cardiol 2021 Jul 23;28(8):875-883 [FREE Full text] [doi:
10.1093/eurjpc/zwaa451] [Medline: 34298557]

60. Norsworthy PJ, Vandrovcova J, Thomas ER, Campbell A, Kerr SM, Biggs J, et al. Targeted genetic testing for familial
hypercholesterolaemia using next generation sequencing: a population-based study. BMC Med Genet 2014 Jun 23;15:70
[FREE Full text] [doi: 10.1186/1471-2350-15-70] [Medline: 24956927]

61. Radovica-Spalvina I, Latkovskis G, Silamikelis I, Fridmanis D, Elbere I, Ventins K, et al. Next-generation-sequencing-based
identification of familial hypercholesterolemia-related mutations in subjects with increased LDL-C levels in a latvian
population. BMC Med Genet 2015 Sep 28;16:86 [FREE Full text] [doi: 10.1186/s12881-015-0230-x] [Medline: 26415676]

62. Vandrovcova J, Thomas ERA, Atanur SS, Norsworthy PJ, Neuwirth C, Tan Y, et al. The use of next-generation sequencing
in clinical diagnosis of familial hypercholesterolemia. Genet Med 2013 Dec;15(12):948-957 [FREE Full text] [doi:
10.1038/gim.2013.55] [Medline: 23680767]

63. Silva L, Condon L, Qureshi N, Dutton B, Weng S, Kai J. Introducing genetic testing with case finding for familial
hypercholesterolaemia in primary care: qualitative study of patient and health professional experience. Br J Gen Pract 2022
Mar 24;72(720):e519-e527 [FREE Full text] [doi: 10.3399/bjgp.2021.0558]

64. Hallowell N, Jenkins N, Douglas M, Walker S, Finnie R, Porteous M, et al. A qualitative study of patients' perceptions of
the value of molecular diagnosis for familial hypercholesterolemia (FH). J Community Genet 2017 Jan;8(1):45-52 [FREE
Full text] [doi: 10.1007/s12687-016-0286-0] [Medline: 27866366]

65. Chiou KR, Charng MJ. Detection of mutations and large rearrangements of the low-density lipoprotein receptor gene in
Taiwanese patients with familial hypercholesterolemia. Am J Cardiol 2010 Jun 15;105(12):1752-1758 [FREE Full text]
[doi: 10.1016/j.amjcard.2010.01.356] [Medline: 20538126]

66. Goldmann R, Tichý L, Freiberger T, Zapletalová P, Letocha O, Soska V, et al. Genomic characterization of large
rearrangements of the LDLR gene in Czech patients with familial hypercholesterolemia. BMC Med Genet 2010 Jul 27;11:115
[FREE Full text] [doi: 10.1186/1471-2350-11-115] [Medline: 20663204]

Abbreviations
ABCG5: ATP-binding cassette subfamily G member 5
ABCG8: ATP-binding cassette subfamily G member 8
APOB-100: apolipoprotein B-100
APOE: apolipoprotein E
CAD: coronary artery disease
DLCC: Dutch Lipid Clinic Criteria
EB: elution buffer
EMR: electronic medical record
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GMAF: global minor allele frequency
HCAG: hypercholesterolemia-associated gene
HeFH: heterozygous familial hypercholesterolemia
HoFH: homozygous familial hypercholesterolemia
LDL-c: low-density lipoprotein cholesterol
LDLR: low-density lipoprotein receptor
LDLRAP1: low-density lipoprotein receptor adaptor protein 1
MOH: Ministry of Health
NGS: next-generation sequencing
PCP: primary care physician
PCSK9: proprotein convertase subtilisin/kexin type 9
PV: pathogenic variant
RA: research assistant
SB: Simon Broome
UiTM: Universiti Teknologi MARA
VCF: variant call format
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