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Abstract
Objectives: In order to study the phenotype-genotype relationship and to better understand the early consequences of

the mutation, we would report the spectrum of electrocardiographic and genetic features in the relatives of hypertrophic

cardiomyopathy (HCM) patients.

Methods: Participants underwent a comprehensive clinical assessment, electrocardiography, standardized and echocar-

diography and genetic testing. In probands, next-generation sequencing was performed using the gene panel associated

with HCM, while in relatives, Sanger sequencing was used to screen for mutations identified in their individual probands.

Results: A total of 84 participants were included in this study. The interventricular septal and posterior wall thickness

was highest in the G+/LVH+ group, followed by the G+/LVH− group, and was lowest in G−/LVH− group. Compared to

the normal control group, the pathologic Q wave was statistically more prevalent in the G+/LVH− group. The prevalence

of repolarization abnormalities and major abnormalities was highest in the G+/LVH+ group, followed by the G+/LVH−
group, and lowest in G−/LVH− group.

Conclusion: Our results suggested that sarcomere mutations have early consequences on myocardial biology. These

findings suggest the possibility of implementing a mutation carrier detection model within families affected by HCM,

where ECG could play a central role when combined with other relevant clinical factors. Longitudinal studies on a cohort

of G+/LVH− patients are required.
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Introduction
Hypertrophic cardiomyopathy (HCM) is an inherited car-
diovascular heart disease associated with genetic mutations
which encode for components of the heart’s contractile
system.1 HCM has a global prevalence of approximately
0.2%, with a typical onset in the third decade of life;
however, the symptoms can also manifest in newborn as
well as elderly patients.2,3 HCM is characterized by left
ventricular hypertrophy (LVH), which causes left ventricu-
lar outflow obstruction, diastolic dysfunction, myocardial
ischemia, and mitral regurgitation. These structural and
functional defects could result in a wide variety of

symptoms, including fatigue, dyspnea, chest pain, palpita-
tions, syncope, and even sudden cardiac death can be the
first manifestation of the disease.4,5

However, LVH is not unique to HCM and does not
encompass the entire disease spectrum. Regardless of the
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presence of a pathogenic mutation, wall thickness in early
childhood is typically normal and can persist for decades.6,7

In addition, this manifestation could be resembled by other
conditions including infiltrative and metabolic cardiomyop-
athies, hypertension, and athletic remodeling.8 The delayed
penetrance and poor specificity of this key diagnostic
feature make it difficult to identify family members who are
at risk of developing HCM. Genetic tests could provide
definitive identification of such individuals’ relatives who
have inherited a pathogenic sarcomere mutation (G+) but
do not yet have the diagnostic clinical features of HCM (G
+/LVH−).9 Additionally, the unavailability and high cost of
genetic tests could limit their use in routine clinical practice,
as their widespread and consistent application is regarded as
impractical.

In contrast to genetic testing, the electrocardiogram
(ECG) is a noninvasive, low-cost, high-availability test that
is routinely used in the evaluation of patients with
HCM.10,11 Mutation carriers who have yet to develop LVH
may have altered myocardial damage at a microscopic
level, which is indirectly expressed by certain electrocardio-
graphic features that can be observed during screening, such
as LVH, pathological Q-wave and ST-T abnormalities.11

Therefore, these features have been proposed to be an
earlier and more sensitive manifestation of sarcomere muta-
tions than increased LV wall thickness.12,13 In this sense,
ECG abnormalities may serve as cost-effective, easily
accessible noninvasive indicators to identify individuals suit-
able for genetic testing in order to establish a conclusive
diagnosis of HCM. Additionally, they can facilitate regular
monitoring to detect the emergence of clinical symptoms
associated with LVH.6 Recognizing this potential, we con-
ducted this study with the primary aim of thoroughly describ-
ing the electrocardiographic and genetic features in the
relatives of HCM patients. Our study’s results could serve
two purposes: first, ECG abnormalities in individual muta-
tion carriers could provide additional insights into the early
impact of mutations in the development of subclinical pheno-
types, thereby providing further knowledge about the geno-
type–phenotype relationship. Second, differences in ECG
abnormalities among patient groups could suggest the possi-
bility of implementing a mutation carrier detection model
within families affected by HCM, where ECG could play a
central role when combined with other relevant clinical
factors, particularly in resource-limited settings, such as
developing countries and primary settings, where genetic
testing may not be readily available.

Methods

Study design
A cross-sectional study was conducted from August 2021
to August 2022 at the Vietnam National Heart Institute on
28 HCM probands and 56 of their relatives.

Patient eligibility
In the proband group, eligible participants were (1) those
diagnosed with HCM according to the American Heart
Association (AHA) 2020 criteria (echocardiographic evi-
dence of hypertrophy, defined as maximal LV wall thick-
ness ≥15 mm or z score > 2.5 in participants <18 years of
age14) and mutations classified as pathogenic/likely patho-
genic/uncertain significance according to ACMG 2015
criteria.15

In relative groups, eligible participants were first-degree
relatives (including proband’s parents, siblings, and chil-
dren). Based on the results of 2D echocardiography and
genetic testing, relatives will be classified into one of the
following groups: (1) relatives with a mutation and echocar-
diographic evidence of LVH (G+/LVH+), applying similar
criteria as probands but with a lower threshold for LVH in
echocardiography (maximal LV wall thickness ≥13 mm or
z-score > 2 in participants <18 years of age14); (2) mutation
carriers without echocardiographic evidence of LVH (G
+/LVH−); and (3) related normal controls (G−/LVH−).

Exclusion criteria included: hypertension (systolic blood
pressure >140 mmHg or diastolic blood pressure >90 mm
Hg or receiving treatment), coronary artery disease,
greater than mild intrinsic valvular heart disease, congenital
heart disease, prior invasive septal reduction, severe electro-
lyte imbalances (Na+ below 125 mEq/L or above 155 mEq/
L; K+ below 2.5 mEq/L or above 6.0 mEq/L), heart failure,
pericarditis, myocarditis, channelopathies, and hyperthy-
roidism/hypothyroidism.

Data collections
Probands were clinically examined at baseline, with evalua-
tions including physical examination, medical history, elec-
trocardiography, standardized echocardiography, and
genetic testing.

If the patients meet the inclusion criteria, we would call
their first relatives to explain the study objectives. If they
agree to participate, these relatives will be scheduled for
an appointment at the study site, where they undergo a com-
prehensive clinical assessment, ECG, echocardiogram and
blood tests similar to the probands. Genetic testing was per-
formed using Sanger sequencing in the relatives. Figure 1
summarizes the screening and recruitment process of this
study.

Clinical features
The following clinical features were obtained at study
inclusion: (1) gender; (2) age at diagnosis; (3) systolic/dia-
stolic blood pressure; (4) heart rate; (5) dyspnea degree
according to the New York Heart Association classification;
and (6) angina degree according to the Canadian
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Cardiovascular Society classification. All the information
has been recorded in detail in the patient’s medical charts.

Electrocardiographic features
12 lead ECGs were recorded by a healthcare worker who has
been appropriately trained in this procedure, with a speed of
25 mm/s. The ECGs were recorded at the time of administra-
tion when the patient had rested for about 10–15 min. The
task of ECG analysis was delegated to a board-certified car-
diologist who was blind to clinical, genetic, and echocardio-
graphic data. Heart rate, QRS axis, QRS, and QT intervals
were measured according to the standard criteria.16 The QT
interval was corrected for the heart rate according to
Bazett’s formula (QTc=QT/√RR).

Bundle branch block, interventricular conduction delay,
and atrioventricular block were defined according to the
standard AHA criteria, as previously reported.17

Pathologic Q wave was defined when it appeared in at
least two consecutive leads and met both the abnormality cri-
teria for amplitude (≥1/3 of R wave height or >0.3 mV) and
duration (≥30 ms).16 It is important to note that in this study,
the term “pathologic Q wave” was not used to refer to Q
waves associated with myocardial infarction, which exhibit
distinct characteristics as discussed elsewhere.18 T-wave
inversion was defined as ≥0.1 mV in ≥2 contiguous
leads.19 If ST-segment depression was present in at least

two adjacent leads with a depth of >0.1 mV (for upsloping)
or >0.05 mV (for horizontal or downsloping), it was consid-
ered pathological.20 If there were abnormalities in the
ST-segment or T waves but they didn’t match the criteria
for T-wave inversion or ST-segment depression, they were
regarded as nonspecific ST or T-wave abnormalities.

Standard criteria were employed to define LVH, includ-
ing Romhilt-Estes (where LVH was defined as a score of
≥4),21 Cornell (where LVH was defined as Sv3+RaVL≥
2.1 mV in women or ≥2.9 mV in men),22 Sokolow-Lyon
(where LVH was defined as SV1+RV5 or SV1+RV6≥
3.5 mV),23 and total voltage (where LVH was defined as
the sum of the greatest positive and negative QRS deflec-
tion in 12 standard leads >17.5 mV).24 ST-segment depres-
sion, T-wave inversion, Q waves, or any of the LVH criteria
were considered to be major ECG abnormalities, as pre-
sented in Figure 2. In the absence of major abnormalities,
minor ECG abnormalities included nonspecific ST/T abnor-
malities, left atrial abnormality, or delayed interventricular
conduction (QRS> 110 ms).

Echocardiographic features
Echocardiography was performed by an independent cardi-
ologist who was blind to the clinical, genetic, and electro-
cardiographic data. The following parameters would be
assessed: eject fraction calculated by Simpson’s method,

Figure 1. Study flow chart.
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interventricular septal diastolic, interventricular septic sys-
tolic, left ventricular end-diastolic dimension (Dd), left ven-
tricular end-systolic dimension (Ds).

Genetic testing
Genomic DNA was extracted from the peripheral blood
lymphocytes using the DNA blood mini kit. All gDNA
samples were of a high quality with a DNA concentration
>20 ng/µL and an OD 260/280 from 1.8 to 2.0. In 28 pro-
bands, next generation sequencing (NGS) was performed
using the gene panel associated with HCM, including
ACTC1, MYBPC3, MYH6, MYH7, MYL2, MYL3,
TNNC1, TNNI3, TNNT2, TPM1, ACTN2, CASQ2,
CSRP3, FHL1, LDB3, NEXN, TCAP, TTN, VCL, JPH2,
GLA, LAMP2, and TTR. In 56 relatives, Sanger sequen-
cing was used to screen for mutations identified in their
individual probands.

The identified variants were then classified as “patho-
genic (P),” “likely pathogenic (LP),” “uncertain signifi-
cance (VUS),” “likely benign (LB),” or “benign (B)” by
the Clinvar database and according to the 2015 ACMG/
ACP guidelines.15

Statistical analysis
We described qualitative variables as frequencies and per-
centages and quantitative variables as means (standard
deviation, SD) or medians (interquartile range, IQR).

Continuous variables with a normal distribution were com-
pared using a t-test or one-way ANOVA, whereas continu-
ous variables with an abnormal distribution were compared
using the Mann-Whitney test. To compare categorical vari-
ables, the chi-square test or Fisher exact test was employed.
A p-value <.05 was considered statistically significant for
the comparison of two groups, while a p-value <.017 (.05
divided by three comparison groups) was considered statis-
tically significant to apply a post hoc Bonferroni correction
for multiple comparisons across the three status groups.
Stata/BE 17 (StataCorp LLC, College Station, TX, US)
was used for all analyses.

Ethical consideration
The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board
of Hanoi Medical University under decision No. 3135/
QĐ-ĐHYHN dated July 22nd, 2021. Informed consent
was obtained from adult patients, and parental consent/
youth assent was obtained for younger participants before
participating in the study. The investigators were responsible
for protecting the privacy and confidentiality of patients as
per Vietnam’s regulations and Good Clinical Practice.

Results
A total of 84 participants from 28 families were included in
this study, of which, 31 were overt HCM (G+/LVH+), 20

Figure 2. Major electrocardiogram abnormalities.
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were mutation carriers without echocardiographic evidence
of LVH (G+/LVH−) and 33 were healthy controls (G
−/LVH−). The mean age and prevalence of syncope were
higher in the G+/LVH+ group. Although minor differences
in heart rate and blood pressure were noted among the status
groups, all were within the normal ranges. The interventri-
cular septal and posterior wall thickness was highest in the
G+/LVH+ group, followed by the G+/LVH− group, and
was lowest in the G−/LVH− group. Clinical and echocar-
diographic features of the participants are summarized in
Table 1.

In 28 probands underwent genetic testing, the NGS iden-
tified 28 different variants. According to the ACMG, 21
(75%) variants were classified as pathogenic, three
(10.7%) variants were classified as likely pathogenic and

4 (14.3%) variants were classified as variants of uncertain
significance. The majority of the variants were missense
(78.6%) and nonsense (17.8%). There was only one frame-
shift variant, which was a deletion in exon 17 of the MYH6
gene. No novel mutations were detected in this study. Based
on the mutations identified in probands, we screened a total
of 56 relatives and detected those mutations in 41.1% of the
relatives (23/56 relatives). The pathogenic variants identi-
fied in this study are described in Table 2.

The heart rhythm and electrical axis were normal, and
the conduction disturbance and atrioventricular block
were absent in the majority of the cases. Compared to the
normal control group, the pathologic Q wave was statistic-
ally more prevalent in the G+/LVH− group, while it was
similar between the G+/LVH+ and G+/LVH− groups.

Table 1. Clinical/echocardiographic features and genetic backgrounds of the participants (n= 84).

Variables

G+/LVH+

(n= 31)

G+/LVH−

(n= 20)

Controls

(n= 33)

p-value

3

groupsa

G+/LVH+

versus G+/

LVH−

G+/LVH−

versus

controls

G+/LVH+

versus

controls

Clinical characteristics

Age of diagnosis (year),

median (IQR)

39 (22–52) 39 (20–48) 36 (19–46) 0.423 0.493 0.588 0.202

Male, n (%) 19 (61.3) 10 (50.0) 11 (33.3) 0.087 0.564 0.259 0.044
Syncope, n (%) 4 (12.9) 1 (5.0) 0 0.081 0.636 0.377 0.050

SBP (mmHg), mean (SD) 114.6 (15.6) 113.4 (11.9) 114.1 (14.0) 0.956 0.768 0.855 0.888

DBP (mmHg), mean (SD) 68.4 (10.5) 70.8 (9.0) 71.8 (10.4) 0.398 0.398 0.732 0.199

Heart rate (bpm), mean

(SD)

77.7 (18.5) 71.8 (12.5) 76.6 (14.4) 0.407 0.220 0.227 0.790

Echocardiographic features

Interventricular septal

systolic thickness

(mm), mean (SD)

22.0 (5.9) 12.0 (2.7) 10.7 (2.1) <0.001 <0.001 0.049 <0.001

Interventricular septal

diastolic thickness

(mm), mean (SD)

19.2 (5.4) 8.6 (2.6) 7.5 (1.7) <0.001 <0.001 0.100 <0.001

Posterior wall systolic

thickness (mm), mean

(SD)

15.5 (2.2) 13.5 (2.1) 11.6 (2.0) <0.001 0.003 0.001 <0.001

Posterior wall diastolic

thickness (mm), mean

(SD)

10.3 (2.2) 7.9 (1.6) 7.1 (1.5) <0.001 <0.001 0.078 <0.001

Left ventricular

end-diastolic diameter

(mm), mean (SD)

39.4 (6.0) 44.1 (3.6) 42.1 (4.0) 0.004 0.003 0.081 0.039

Left ventricular

end-systolic diameter

(mm), mean (SD)

23.6 (5.8) 25.9 (3.0) 25.1 (4.0) 0.190 0.107 0.432 0.240

Left ventricular ejection

fraction (%), mean (SD)

68.7 (9.0) 66.7 (3.9) 66.9 (6.1) 0.498 0.354 0.876 0.360

Abbreviations: G: gene mutation; LVH: left ventricular hypertrophy; IQR: interquartile range; NYHA: New York Heart Association; CCS: Canadian

Cardiovascular Society; SBP: systolic blood pressure; DBP: diastolic blood pressure; SD: standard deviation.
aP< .017 was considered statistically significant, applying post hoc Bonferroni correction.

p-value in bold is statistically significant.
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The prevalence of repolarization abnormalities and major
abnormalities was highest in the G+/LVH+ group, fol-
lowed by the G+/LVH− group, and lowest in the G
−/LVH− group, while the prevalence of LVH (according
to standard criteria) was similar between G+/LVH− and
normal control groups. The electrocardiographic character-
istics of the participants are presented in Table 3. The strati-
fication by the type of variant (P/LP vs VUS) showed no
significant difference in ECG characteristics between strati-
fied groups, as presented in Table 4.

Discussion
The most common ECG presentation among mutation car-
riers in this study was pathologic Q wave, which was more

prevalent in the G+/LVH− group than in the normal control
group but similar to the overt HC group. In a study with 20
HCM patients and 10 normal controls, intracoronary ECG
revealed Q waves associated with regional wall-motion
abnormalities in 12 HCM patients, whereas none of the
control subjects displayed Q waves.25 In a 2011 cross-
sectional study conducted on 213 participants (57 G
+/LVH+, 76 G+/LVH−, and 80 healthy controls), Q
waves were a highly specific (98% specificity) marker for
LVH mutation carriers, which presented in 25% of G
+/LVH and 3% of controls (p < .001). However, in
cardiac magnetic resonance (CMR), myocardial scar or per-
fusion abnormalities were not presented.26 This finding
suggests that, unlike in ischemic heart disease, Q wave in
HCM patients is not likely due to the myocardial fibrotic

Table 3. Electrocardiographic features of the participants (n= 83).a

Variables

G+/LVH+

(n= 30)

G+/LVH−

(n= 20)

Controls

(n= 33)

p-value

3 groupsb

G+/LVH+

versus G+/

LVH−
G+/LVH−

versus controls

G+/LVH+

versus controls

Rhythm, n (%)

Sinus rhythm 26 (86.7) 20 (100) 33 (100) 0.025 0.196 – 0.022
Atrial fibrillation 4 (13.3) 0 0

QRS axis, n (%)

Normal axis 18 (60.0) 20 (100) 31 (93.9) <0.001 0.001 0.521 0.002
Left axis deviation 12 (40.0) 0 2 (6.1)

Right axis deviation 0 0 0

Indeterminate axis 0 0 0

Conduction disturbance, n (%)

Left bundle branch block 5 (16.7) 1 (5.0) 0 0.027 0.381 0.377 0.020
Right bundle branch block 0 0 0 – – – –

Interventricular conduction

delay

0 0 0 – – – –

Atrioventricular block, n (%)

First degree 1 (3.3) 1 (5.0) 0 0.515 1.000 0.377 0.476

Second degree 0 0 0

Third degree 0 0 0

Pathologic Q wave, n (%) 7 (23.3) 4 (20.0) 0 0.005 1.000 0.017 0.004
Q wave location, n (%)

Anterior 1 (3.3) 1 (5.0) 0 0.515 1.000 0.377 0.476

Inferior 6 (20.0) 3 (15.0) 0 0.015 0.724 0.049 0.009
Lateral 0 1 (5.0) 0 0.241 0.400 0.377 -

Multiple sites 0 1 (5.0) 0 0.241 0.400 0.377 -

Repolarization abnormalities, n
(%)

26 (86.7) 7 (35.0) 2 (6.1) <0.001 <0.001 0.019 <0.001

QST, n (%) 27 (90.0) 9 (45.0) 2 (6.1) <0.001 0.001 0.001 <0.001
Electrocardiographic criteria

for LVHc, n (%)

24 (80.0) 1 (5.0) 2 (6.1) <0.001 <0.001 1.000 <0.001

Major abnormalities, n (%) 29 (96.7) 9 (45.0) 4 (12.1) <0.001 <0.001 0.010 <0.001
Minor abnormalities, n (%) 11 (36.7) 1 (5.0) 0 <0.001 0.016 0.377 <0.001

Abbreviations: G: gene mutation; LVH: left ventricular hypertrophy.
aOne patient was left out of the analysis due to the pacemaker rhythm.
bP< .017 was considered statistically significant, applying post hoc Bonferroni correction.
cStandard criteria were used to define LVH, including Romhilt-Estes,21 Cornell,22 Sokolow-Lyon,23 and total voltage.24

p-value in bold are statistically significant.
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scar. In previous studies evaluating the correlation between
EKG and CMR, pathological Q waves were thought to be a
result of potential imbalances, in which the initial QRS
vector is altered due to increased electrical forces caused
by disproportionate hypertrophy of the basal septal and/or
ventricular free wall, which are not countered by apical
forces.27,28 However, other studies attempting to clarify
the anatomic basis of Q waves in HCM through CMR
imaging have yielded conflicting explanations.29,30

In this study, abnormal repolarization was also a charac-
teristic ECG feature, with a decreasing prevalence in G
+/LVH+, G+/LVH− and healthy controls. Previous
studies have also reported a similar pattern, with the

prevalence of repolarization abnormalities and major abnor-
malities highest in the G+/LVH+ group, followed by the G
+/LVH− group, and lowest in the G−/LVH− group.26,31

The mechanism of abnormal repolarization in mutation car-
riers has not been understood, however, local myocardial
fibrosis is considered to be involved. In a 2016 study con-
ducted in 88 HCM patients, repolarization disturbances
were correlated with late gadolinium enhancement scores
in cardiac magnetic resonance.27 This finding implied that
myocardial disarray and fibrosis are likely to cause hetero-
geneity of the ventricular refractory period and intraventri-
cular conduction, resulting in negative T waves and QT
dispersion.

Our study did not show a difference between the preva-
lence of LVH determined by ECG criteria between the G
+/LVH− group and the healthy control group. Although
left ventricular wall thickness plays a key role in the diag-
nosis, the ECG criteria alone serve as a low sensitivity
and specificity marker in mutation carriers, as reported in
previous studies.26,28,32 The ECG criteria for LVH may
be influenced by physiological conditions such as myocar-
dial hypertrophy in athletes, or secondary to other condi-
tions including hypertension, valvular disease, and
coronary heart disease. False negative cases with increased
left ventricular load but no increase in QRS complex amp-
litude (obesity, edema) or false positive cases with
increased QRS amplitude but no increase in left ventricular
load (thin chest wall, young men) can potentially confound
the clinical diagnosis.33 In a 2015 study which examined
the diagnostic value of ECG-LVH using CMR as the gold
standard, the results revealed a discrepancy in diagnostic
performance, thus suggesting that LVH by ECG and
imaging are likely to be two distinct phenotypes.34 As
recommended by recent guidelines for preparticipation
screening using ECG,35,36 the accurate detection of LVH
in HCM requires careful inspection for repolarization dis-
turbances, QRS axis deviation and other associated abnor-
malities. Isolated LVH-ECG without accompanying
repolarization changes is more likely to lead to poor diag-
nostic accuracy.

In our study, the prevalence of mutation in the
patient’s relatives was 41.1%, which was similar to pre-
vious studies.26,37 This conformed to the practically
asymptomatic characteristics of the relative population.
For relatives with a negative genetic test result, disease-
free status could be assumed, relieving them of the psy-
chological and financial burden of disease monitoring
and physical activity restriction.14,38 In contrast, relatives
with positive results without clinical phenotypic expres-
sion present challenges for cardiologists, since HCM
could present after the age of 40.39 Therefore, a single
evaluation could not confirm whether these individuals
have developed HCM symptoms and consequences.
According to the AHA 2020 recommendation, this
group should be systematically monitored in terms of

Table 4. Electrocardiographic features based on mutation type

(n= 83).a

Variables

P/LP group

(n= 70)

VUS group

(n= 13) p-value

Rhythm, n (%)

Sinus rhythm 67 (95.7) 12 (92.3) 0.501b

Atrial fibrilation 3 (4.3) 1 (7.7)

QRS axis, n (%)

Normal axis 57 (81.4) 12 (92.3) 0.452b

Left axis deviation 13 (18.6) 1 (7.7)

Right axis deviation 0 0

Indeterminate axis 0 0

Conduction disturbance, n (%)

Left bundle branch block 5 (7.1) 1 (7.7) 1.000b

Right bundle branch

block

0 0 –

Interventricular

conduction delay

0 0 –

Atrioventricular block, n (%)

First degree 2 (2.9) 0 1.000b

Second degree 0 0

Third degree 0 0

Pathologic Q wave, n (%) 8 (11.4) 3 (23.1) 0.366b

Q wave location, n (%)

Anterior 2 (2.9) 0 1.000b

Inferior 6 (8.6) 3 (23.1) 0.144b

Lateral 0 1 (7.7) 0.157b

Multiple sites 0 1 (7.7) 0.157b

Repolarization

abnormalities, n (%)

27 (38.6) 8 (61.5) 0.140c

QST, n (%) 30 (42.9) 8 (61.5) 0.214c

Electrocardiographic

criteria for LVHd, n (%)

24 (34.3) 3 (23.1) 0.532b

Major abnormalities, n (%) 34 (48.6) 8 (61.5) 0.390c

Minor abnormalities, n (%) 10 (14.3) 2 (15.4) 1.000b

Abbreviations: G: gene mutation; LVH: left ventricular hypertrophy.
aOne patient was left out of the analysis due to the pacemaker rhythm.
bChi-square test.
cFisher exact test.
dStandard criteria were used to define LVH, including Romhilt-Estes,21

Cornell,22 Sokolow-Lyon,23 and total voltage.24

p-value in bold is statistically significant.
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clinical, ECG, and cardiac imaging modalities based on
age and clinical status.14

The major limitation of our study is the relatively small
sample size, in addition to the fact that our analysis concen-
trated on narrow subgroups of patients, making it difficult to
reach a definitive conclusion. Also, because HCM is funda-
mentally a disease that progresses over time, the cross-
sectional nature of this study may not fully represent the
phenotypic expression of the participant, as well as the
genotype-phenotype association.

Conclusion
In this study, ECG features that are consistently present in
genetic mutation carriers were identified. The presence of
Q waves and repolarization abnormalities in mutation car-
riers with normal LV wall thickness suggested that sarco-
mere mutations have early consequences on myocardial
biology, prior to the clinical diagnosis of HCM. While
our study has highlighted the potential role of ECG
changes as indicators for identifying mutation carriers
among relatives of individuals with HCM, it is important
to recognize the limitations of our findings. The prevalence
of ECG changes in the G+/LVH− group was found to be
less than 50%, and we acknowledge that a test with low sen-
sitivity may not be ideal as a primary screening tool. The
cross-sectional design and relatively small sample size of
this study may have contributed to the observed low preva-
lence of ECG changes, as mutation carriers may not have
yet developed these ECG abnormalities. Nevertheless, our
findings suggest the possibility of implementing a mutation
carrier detection model within families affected by HCM,
where ECG could play a central role when combined with
other relevant clinical factors. This alternative approach is
particularly relevant in developing countries and resource-
constrained healthcare settings where routine genetic
testing may not be feasible or appropriate. Longitudinal
studies on a cohort of G+/LVH− patients are required to
demonstrate the variety of phenotypes associated with
sarcomere mutations, to understand the relation between
early manifestations and disease expression, and to deter-
mine how early phenotypes might relate to major conse-
quences of HCM, including arrhythmias and heart failure.
Furthermore, such studies are essential for determining
the true diagnostic efficacy of ECG changes and for explor-
ing additional complementary screening strategies.

Author contributions
All authors contributed to the study conception and design.
Material preparation, data collection, and analysis were performed
by Phong Dinh Phan. The first draft of the manuscript was written
by Phong Dinh Phan, and all authors commented on previous ver-
sions of the manuscript. All authors read and approved the final
manuscript. Conceptualization: Phong Dinh Phan and Hung
Manh Pham; Methodology: Phong Dinh Phan; Formal analysis

and investigation: Phong Dinh Phan; Writing - original draft prep-
aration: Phong Dinh Phan; Writing - review and editing: Phong
Dinh Phan, Viet Tuan Tran, Minh Nhat Pham, Anh Trung Mai,
Dat Tuan An, and Hung Manh Pham; Resources: Hung Manh
Pham; Supervision: Hung Manh Pham.

Data availability statement
The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request.

Declaration of conflicting interests
The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding
The authors received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iDs
Anh Trung Mai https://orcid.org/0009-0008-4683-8673
Dat Tuan An https://orcid.org/0009-0007-5008-8898
Hung Manh Pham https://orcid.org/0000-0001-8943-3248

References
1. Florescu C. Genetic evaluation of hypertrophic cardiomyop-

athy. In: Tsipis A (ed) Current perspectives on cardiomyop-
athies. InTech, 2018. DOI: 10.5772/intechopen.79626

2. Zou Y, Song L, Wang Z, et al. Prevalence of idiopathic hyper-
trophic cardiomyopathy in China: a population-based echo-
cardiographic analysis of 8080 adults. Am J Med 2004; 116:
14–18.

3. Maron BJ, Gardin JM, Flack JM, et al. Prevalence of hyper-
trophic cardiomyopathy in a general population of young
adults. Echocardiographic analysis of 4111 subjects in the
CARDIA study. Coronary artery risk development in
(young) adults. Circulation 1995; 92: 785–789.

4. Spudich JA. Three perspectives on the molecular basis of
hypercontractility caused by hypertrophic cardiomyopathy
mutations. Pflugers Arch 2019; 471: 701–717.

5. Kraft T and Montag J. Altered force generation and
cell-to-cell contractile imbalance in hypertrophic cardiomyop-
athy. Pflugers Arch 2019; 471: 719–733.

6. Maron BJ, Seidman JG and Seidman CE. Proposal for con-
temporary screening strategies in families with hypertrophic
cardiomyopathy. J Am Coll Cardiol 2004; 44: 2125–2132.

7. Niimura H, Bachinski LL, Sangwatanaroj S, et al. Mutations
in the gene for cardiac myosin-binding protein C and
late-onset familial hypertrophic cardiomyopathy. N Engl J
Med 1998; 338: 1248–1257.

8. Sayin BY and Oto A. Left ventricular hypertrophy:
etiology-based therapeutic options. Cardiol Ther 2022;
11: 203–230.

9. Ahluwalia M and Ho CY. Cardiovascular genetics: the role
of genetic testing in diagnosis and management of
patients with hypertrophic cardiomyopathy. Heart 2021;
107: 183–189.

10 JRSM Cardiovascular Disease

https://orcid.org/0009-0008-4683-8673
https://orcid.org/0009-0008-4683-8673
https://orcid.org/0009-0007-5008-8898
https://orcid.org/0009-0007-5008-8898
https://orcid.org/0000-0001-8943-3248
https://orcid.org/0000-0001-8943-3248
http://dx.doi.org/10.5772/intechopen.79626


10. Rahman QA, Tereshchenko LG, Kongkatong M, et al.
Identifying hypertrophic cardiomyopathy patients by clas-
sifying individual heartbeats from 12-lead ECG signals.
Proceedings (IEEE Int Conf Bioinformatics Biomed)
2014; 2014: 224–229.

11. Finocchiaro G, Sheikh N, Biagini E, et al. The electrocardio-
gram in the diagnosis and management of patients with hyper-
trophic cardiomyopathy. Heart Rhythm 2020; 17: 142–151.

12. Ryan MP, Cleland JG, French JA, et al. The standard electro-
cardiogram as a screening test for hypertrophic cardiomyop-
athy. Am J Cardiol 1995; 76: 689–694.

13. al-Mahdawi S, Chamberlain S, Chojnowska L, et al. The elec-
trocardiogram is a more sensitive indicator than echocardiog-
raphy of hypertrophic cardiomyopathy in families with a
mutation in the MYH7 gene. Br Heart J 1994; 72: 105–111.

14. Ommen SR, Mital S, Burke MA, et al. 2020 AHA/ACC
guideline for the diagnosis and treatment of patients with
hypertrophic cardiomyopathy: a report of the American
College of Cardiology/American Heart Association Joint
Committee on clinical practice guidelines. Circulation 2020;
142: e558–e631.

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

16. Sattar Y and Chhabra L. Electrocardiogram. StatPearls.
Treasure Island, FL: StatPearls Publishing, 2022. http://
www.ncbi.nlm.nih.gov/books/NBK549803/

17. Surawicz B, Childers R, Deal BJ, et al. AHA/ACCF/HRS
recommendations for the standardization and interpretation
of the electrocardiogram: part III: intraventricular conduction
disturbances: a scientific statement from the American Heart
Association Electrocardiography and Arrhythmias
Committee, Council on Clinical Cardiology; the American
College of Cardiology Foundation; and the Heart Rhythm
Society. Endorsed by the International Society for
Computerized Electrocardiology. J Am Coll Cardiol 2009;
53: 976–981.

18. Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal def-
inition of myocardial infarction (2018). Eur Heart J 2019; 40:
237–269.

19. D’Ascenzi F, Anselmi F, Adami PE, et al. Interpretation of
T-wave inversion in physiological and pathological condi-
tions: current state and future perspectives. Clin Cardiol
2020; 43: 827–833.

20. Kashou AH, Basit H and Malik A. ST segment. StatPearls.
Treasure Island, FL: StatPearls Publishing, 2023. http://
www.ncbi.nlm.nih.gov/books/NBK459364/

21. Romhilt DW and Estes EH. A point-score system for the ECG
diagnosis of left ventricular hypertrophy. Am Heart J 1968;
75: 752–758.

22. Casale PN, Devereux RB, Kligfield P, et al.
Electrocardiographic detection of left ventricular hyper-
trophy: development and prospective validation of improved
criteria. J Am Coll Cardiol 1985; 6: 572–580.

23. Sokolow M and Lyon TP. The ventricular complex
in left ventricular hypertrophy as obtained by
unipolar precordial and limb leads. Am Heart J 1949;
37: 161–186.

24. Dollar AL and Roberts WC. Usefulness of total 12-lead QRS
voltage compared with other criteria for determining left ven-
tricular hypertrophy in hypertrophic cardiomyopathy: ana-
lysis of 57 patients studied at necropsy. Am J Med 1989;
87: 377–381.

25. KogaY, YamagaA,Hiyamuta K, et al.Mechanisms of abnormal
Qwaves in hypertrophic cardiomyopathy assessed by intracoron-
ary electrocardiography. J Cardiovasc Electrophysiol 2004; 15:
1402–1408.

26. Lakdawala NK, Thune JJ, Maron BJ, et al.
Electrocardiographic features of sarcomere mutation carriers
with and without clinically overt hypertrophic cardiomyopathy.
Am J Cardiol 2011; 108: 1606–1613.

27. Fronza M, Raineri C, Valentini A, et al. Relationship between
electrocardiographic findings and cardiac magnetic resonance
phenotypes in patients with hypertrophic cardiomyopathy. Int
J Cardiol Heart Vasc 2016; 11: 7–11.

28. Devereux RB. Is the electrocardiogram still useful for detection of
left ventricular hypertrophy? Circulation 1990; 81: 1144–1146.

29. Satoh H, Sano M, Suwa K, et al. Distribution of late gadolin-
ium enhancement in various types of cardiomyopathies: sig-
nificance in differential diagnosis, clinical features and
prognosis. World J Cardiol 2014; 6: 585–601.

30. Dumont CA, Monserrat L, Soler R, et al. Interpretation of
electrocardiographic abnormalities in hypertrophic cardiomy-
opathy with cardiac magnetic resonance. Eur Heart J 2006;
27: 1725–1731.

31. Jalanko M, Heliö T, Mustonen P, et al. Novel electrocardio-
graphic features in carriers of hypertrophic cardiomyopathy
causing sarcomeric mutations. J Electrocardiol 2018; 51:
983–989.

32. Montgomery JV, Harris KM, Casey SA, et al. Relation of
electrocardiographic patterns to phenotypic expression and
clinical outcome in hypertrophic cardiomyopathy. Am J
Cardiol 2005; 96: 270–275.

33. Bornstein AB, Rao SS and Marwaha K. Left ventricular hyper-
trophy. StatPearls. Treasure Island, FL: StatPearls Publishing,
2022. http://www.ncbi.nlm.nih.gov/books/NBK557534/

34. Bacharova L, Chen H, Estes EH, et al. Determinants of dis-
crepancies in detection and comparison of the prognostic sig-
nificance of left ventricular hypertrophy by electrocardiogram
and cardiac magnetic resonance imaging. Am J Cardiol 2015;
115: 515–522.

35. Pelliccia A, Maron BJ, Culasso F, et al. Clinical significance
of abnormal electrocardiographic patterns in trained athletes.
Circulation 2000; 102: 278–284.

36. Corrado D, Pelliccia A, Heidbuchel H, et al.
Recommendations for interpretation of 12-lead electrocardio-
gram in the athlete. Eur Heart J 2010; 31: 243–259.

37. Ho CY, Day SM, Colan SD, et al. The burden of early pheno-
types and the influence of wall thickness in hypertrophic car-
diomyopathy mutation carriers: findings from the HCMNet
study. JAMA Cardiol 2017; 2: 19.

38. Andersen PS, Havndrup O, Hougs L, et al. Diagnostic yield,
interpretation, and clinical utility of mutation screening of
sarcomere encoding genes in Danish hypertrophic cardiomy-
opathy patients and relatives. Hum Mutat 2009; 30: 363–370.

39. Basit H, Brito D and Sharma S. Hypertrophic cardiomyop-
athy. StatPearls. Treasure Island, FL: StatPearls Publishing,
2022. http://www.ncbi.nlm.nih.gov/books/NBK430788/

Phan et al. 11

http://www.ncbi.nlm.nih.gov/books/NBK549803/
http://www.ncbi.nlm.nih.gov/books/NBK549803/
http://www.ncbi.nlm.nih.gov/books/NBK549803/
http://www.ncbi.nlm.nih.gov/books/NBK459364/
http://www.ncbi.nlm.nih.gov/books/NBK459364/
http://www.ncbi.nlm.nih.gov/books/NBK459364/
http://www.ncbi.nlm.nih.gov/books/NBK557534/
http://www.ncbi.nlm.nih.gov/books/NBK557534/
http://www.ncbi.nlm.nih.gov/books/NBK430788/
http://www.ncbi.nlm.nih.gov/books/NBK430788/

	 Introduction
	 Methods
	 Study design
	 Patient eligibility
	 Data collections
	 Clinical features
	 Electrocardiographic features
	 Echocardiographic features
	 Genetic testing
	 Statistical analysis
	 Ethical consideration

	 Results
	 Discussion
	 Conclusion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


