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ABSTRACT: Cardiovascular disease (CVD) continues to be the most common cause of death worldwide, and cardiac ar-
rhythmias account for approximately one half of these deaths. The morbidity and mortality from CVD have been reduced
significantly over the past few decades; however, disparities in racial or ethnic populations still exist. This review is based on
available literature to date and focuses on known cardiac channelopathies and other inherited disorders associated with sud-
den cardiac death in African American/Black subjects and the role of epigenetics in phenotypic manifestations of CVD, and
illustrates existing disparities in treatment and outcomes. The review also highlights the knowledge gaps that limit understand-
ing of the manifestation of phenotypic abnormalities across racial or ethnic groups and discusses disparities associated with
device underuse in the management of patients at risk for sudden cardiac death. We discuss factors related to reports in the
United States, that the overall mortality attributed to CVD and the number of out-of-hospital cardiac arrests are higher among
African American/Black subjects when compared with other racial or ethnic groups. African American/Black subjects are dis-
proportionally affected by CVD, including cardiac arrhythmias and sudden cardiac death, thus highlighting a major concern in
this population that remains underrepresented in clinical trials with limited genetic testing and device underuse. The proposed
solutions include (1) early identification of genetic variants, which is crucial in tailoring a preventive management strategy; (2)
inclusion of diverse racial or ethnic groups in clinical trials; (3) compliance with guideline-directed medical treatment and refer-
ral to cardiovascular subspecialists; and (4) training and mentoring of underrepresented junior faculty in cardiovascular health
disparities research.
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priate use of descriptors have been recognized as

germane and relevant to the biomedical literature.
Accuracy and appropriate characterization of race and
ethnicity serve to avoid stereotypes, provide specific-
ity, attain suitable risk profiles, design appropriate re-
search studies and trials for the purpose of inclusivity,
and allow equitable allocation of resources that would
lead to improved health care outcomes. Historically,
race is considered a social construct unrelated to the
individual's genetic makeup and largely not repre-
sentative of disease predilection. Ethnicity is defined
as those attributes that are related to one’s cultural

The discussion of race and ethnicity and the appro-

makeup reflected in language, practices, and beliefs.
The disconnect between race and genetic or biologi-
cal predisposition to disease compromises the ability
to make diagnostic conclusions and inferences strictly
based on race.

However, the sociobiological aspects of individuals
within a given race or ethnicity may impact the qual-
ity of care received within the health care system and
influence outcome. Recently, recommendations for
journal editors, authors, researchers, clinicians, and
others reporting study results, opinions and perspec-
tives, reviews, and other information in the biomedical
literature have been developed and aimed at providing
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Nonstandard Abbreviations and Acronyms

AA African American

ARVC arrhythmogenic right ventricular
cardiomyopathy

BrS Brugada syndrome

ERS early repolarization syndrome

HCM hypertrophic cardiomyopathy

LQTS long-QT syndrome

OHCA out-of-hospital cardiac arrest

P/LP pathogenic/likely pathogenic

POST SCD Postmortem Systematic Investigation
of Sudden Cardiac Death

SAD sudden arrhythmic death

SCA sudden cardiac arrest

SCD sudden cardiac death

SuUD sudden unexpected death

vus variants of uncertain significance

WHO World Health Organization

uniformity and proper decorum in conducting research
and in communicating results." These recommenda-
tions are expected to enable meaningful communica-
tion and interpretation of data on race and ethnicity in a
uniform manner and allow accurate assessment of the
impact of such data on the health care system, par-
ticularly when studying socioeconomic, sociopolitical,
demographic, cultural, and institutional factors in dis-
ease management. In this review, we were attentional
in being consistent with recommendations on nomen-
clature in discussing race and ethnicity. Although the
recommendations are mostly applicable to original re-
search, it behooves all to comply irrespective of the na-
ture of the publication. As such, we are constrained in
that the data we present on race and ethnicity can only
be reported in a manner consistent with information
provided by the authors and the nomenclature used
during data collection. For that purpose and uniformity,
we elected to use the term “African American (AA)/
Black” subjects as a descriptor of racial or ethnic sub-
jects. Although this review was not written as a “sys-
tematic review,” an extensive review of the literature to
date was undertaken using a combination of PubMed
and Google scholar.

Despite the fact that the focus of this review is on
ion channelopathies and inherited cardiovascular dis-
eases (CVDs) associated with sudden cardiac death
(SCD), we believe that a discussion of disparities and
the management of SCD would not be complete
without a parallel discussion on the management of
at-risk populations with other conditions. Because of
the paucity of data in racial or ethnic groups includ-
ing AA/Black subjects, and the increasing belief that
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epigenetic factors play a major role in phenotypic man-
ifestation of disease in genotype-negative individuals,
a brief discussion of epigenetic factors appears appro-
priate. In addition, a discussion on underuse of cardiac
implantable electronic devices in AA/Black subjects
will sharpen the disparity discussion and hopefully lead
to improved treatment outcomes in other racial or eth-
nic groups. A brief mention of the role of social deter-
minants of health on CVD manifestation will be stated,
but the absence of data directly linking SCD and ion
channelopathies with social determinants of health will
not allow speculation and is beyond the scope of this
review.

RACE/ETHNICITY AND CVD

CVD remains the most common cause of death world-
wide, and SCD attributable to cardiac arrhythmias ac-
counts for ~50% of deaths.? In the United States, SCD
is responsible for an estimated 350 000 cardiac deaths
annually.>* AA/Black subjects have higher SCD death
rates than White, American Indian/Alaskan native, and
Asian/Pacific Islander subjects.® Despite improvement
in morbidity and mortality over the past few decades,
racial or ethnic groups experience disproportionate
adverse outcomes when compared with non-Hispanic
White subjects.®” Notwithstanding the many pro-
nouncements, passing of the revitalization act of 1993
that promotes racial or ethnic inclusion in clinical tri-
als, and financial investments in understanding the
reasons for disparities, resolution of these disparities
has not occurred. Despite these efforts, proportional
representation of racial or ethnic groups in clinical trials
has fallen short of their targeted objectives.®

DISPARITIES IN SCD: ASSESSMENT,
CLASSIFICATION, AND RACIAL
IMPLICATIONS

SCD is a major public health concern, and any racial
or ethnic disparity in incidence, treatment, and survival
outcomes will add to the complexity involved in its pre-
vention and management of those surviving the event.
Survival to hospital discharge from an out-of-hospital
cardiac arrest (OHCA) is =10%, and 25% from an in-
hospital cardiac arrest event.>'® Approximately 70% to
85% of OHCA events are attributed to a cardiac cause;
thus, prevention has been focused on the manage-
ment of heart disease and the attendant comorbidi-
ties.""1? Published reports on the cause of SCD have
been derived from emergency medical services (EMS),
hospital records, death certificates, and other sources
that infer a cause of death. Imprecision and inaccura-
cies from these sources have been acknowledged.®'®
These reports often attribute higher SCD rates and
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poorer outcomes in AA/Black men when compared
with White men.®'3-'® In a systematic review and meta-
analysis of 15 studies of OHCA comparing outcomes
by race or ethnicity, using adjusted odds ratios (ORs)
from the 6 studies in which they were available, Shah
et al reported that compared with White subjects, AA/
Black subjects were less likely to receive bystander
cardiopulmonary resuscitation (CPR) (OR, 0.66; 95%
Cl, 0.55-0.78), have a witnessed arrest (OR, 0.77; 95%
Cl, 0.72-0.83), or have an initial ventricular tachycardia/
ventricular fibrillation (VT/VF) arrest rhythm (OR, 0.66;
95% Cl, 0.58-0.76; all P values <0.00001)."® AA/Black
subjects had lower rates of survival following hospital
admission (OR, 0.59; 95% ClI, 0.48-0.72; P<0.00001)
and survival to discharge (OR, 0.74; 95% CI, 0.61-0.90;
P=0.0003). Shah et al found that ORs from adjusted
variables yielded less disparate results than those from
analysis of unadjusted variables. On the contrary, other
investigations have yielded mixed results."” For exam-
ple, in the Oregon SUDS (Sudden Unexpected Death
Study) of individuals experiencing sudden cardiac ar-
rest (SCA) in the Portland metropolitan area from 2002
to 2012, the age-adjusted rates of SCA were 2-fold
higher among AA/Black men and women compared
with White men and women. Despite comparable rates
of coronary artery disease, AA/Black subjects had a
lower rate of revascularization and longer corrected QT
(QTc) intervals when compared with White subjects.
AA/Black subjects with SCA had a higher prearrest
prevalence of risk factors, with significantly higher rates
of diabetes, heart failure, hypertension, left ventricular
hypertrophy, and chronic kidney disease. Aside from
a younger age, no other significant differences were
noted in the circumstances of the cardiac arrest, pro-
portion of witnessed arrests, arrest location, bystander
CPR, response time, or presenting arrhythmias.
Among the largest and most comprehensive da-
tabase available for analysis of OHCA is the CARES
(Cardiac Arrest Registry for Enhanced Survival),
initiated by the Centers for Disease Control and
Prevention.® This registry investigated OHCA events
only from presumed cardiac cause in individuals who
were resuscitated by CPR or defibrillation. Data were
collected from 911 dispatched EMS centers and hos-
pitals. OHCA was defined in CARES as a cardiac ar-
rest that happened before hospitalization, of cardiac
cause, and involved individuals who were resuscitated
by CPR or defibrillation. The registry included 40 274
OHCA records collected from October 1, 2005, to
December 31, 2010. The 31 689 OHCA events from
presumed cardiac cause (ie, arrhythmias or myocardial
infraction) were analyzed. Noncardiac cause arrests
and missing hospital outcomes were excluded from
the study (n=8585). The average age at cardiac ar-
rest was 64.0+18.2 years, and most who experienced
OHCA were men (61.1%). According to EMS protocols,
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21.6% of subjects were declared dead after resuscita-
tion was terminated in the prehospital setting. Survival
rates to hospital admission and discharge were 26.3%
and 9.6%, respectively; although 36.7% of OHCA
events were witnessed by a bystander, only 3.8% of all
subjects received bystander CPR and 3.7% received
bystander treatment with an automated external de-
fibrillator. Subjects who were witnessed to collapse by
a bystander were most likely to survive an OHCA and
were also found in a shockable rhythm (ie, ventricular
fibrillation or pulseless ventricular tachycardia). Survival
to discharge was 30% among these subjects. With
regard to unwitnessed arrests, White subjects were
significantly more likely to receive CPR than AA/Black,
Hispanic, or members of other racial or ethnic popula-
tions (P<0.001). Overall survival to hospital discharge
of subjects whose events were not witnessed by EMS
was 8.5%. Of these, subjects who received bystander
CPR had a higher rate of overall survival (11.2%) than
those who did not (7.0%) (P<0.001).

Subsequent studies also found that AA/Black sub-
jects were less likely to have witnessed SCA events
and less likely to receive bystander-initiated CPR, and
OHCA events were more common in low-income
neighborhoods where AA/Black subjects were less
likely to present with a shockable rhythm.®®

Classification of arrhythmic deaths is often limited or
inaccurate as it is difficult to delineate sudden arrhyth-
mic death (SAD) from nonarrhythmic death. Because
>90% of SCD events occur outside of the hospital and
90% of cases do not undergo autopsy evaluation, de-
finitive data on the cause and terminal events often are
not available.'®° Rhythm analysis at the time of death
would be invaluable in elucidating the cause of SCD
and its mechanism. In a study of causes of deaths
in 706 patients with an implantable cardioverter-
defibrillator (ICD) in Multicenter Automatic Defibrillator
Implantation Trial Il, documentation of VI/VF can be
made at symptom onset.?" VT/VF and nonarrhythmic
deaths were categorized by the presence or absence
of VT/VF during the terminal event. Of 109 deaths,
44, which occurred over a 20-month follow-up, were
from cardiac causes and had device interrogation data
available. Fifteen of these 44 (34%) patients had VT/
VF at the time of death. The mode of death was clini-
cally adjudicated using a modified Hinkle-Thaler clas-
sification.?? The mode of death clinically adjudicated
was inaccurate when validated by device interrogation.
Fifty percent of patients clinically adjudicated as hav-
ing SCD did not have VT/VF at the time of death; and
25% of patients adjudicated as not having SCD had
VT/VF during the terminal event. Factors independently
associated with VT/VF included VT/VF >72 hours be-
fore the terminal event (hazard ratio [HR], 7.97; 95%
Cl, 2.5-24.2; P<0.001), hospitalization for heart failure
(HR, 6.69; 95% Cl, 2.16-20.7; P=0.001), and a history
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of hypertension (HR, 3.97; 95% ClI, 1.9-13.7; P=0.04).
No data on race were reported. Although these pa-
tients were deemed high risk for an arrhythmic event
by virtue of their guideline indication for an ICD, VT/VF
often was not the mode of death.

Delineation of causes of SCD from SAD is vital
because these terms are not synonymous and the
cardiac substrate may vary widely. SAD may be at-
tributable to VT/VF and responsive to ICD therapy,
whereas nonsudden deaths may not be arrhythmic
and therefore will not be rescuable with ICD therapy.
SCD is defined by World Health Organization (WHO)
criteria (WHO-defined SCD) as sudden or unexpected
death that occurred either within 1 hour of symptom
onset (if witnessed) or within 24 hours of having been
observed alive and symptom free if unwitnessed.?® In
the POST SCD (Postmortem Systematic Investigation
of Sudden Cardiac Death) Study, a San Francisco
countywide prospective study, autopsy character-
ization of SCD was undertaken.?* Among 20 440
deaths of subjects aged from 18 to 90 years, which
occurred from February 2011 to March 2014, 12 671
were reported to the medical examiner. From these,
912 were OHCA deaths. A total of 541 of these OHCA
deaths (59%) met WHO-SCD criteria and 97% of them
were autopsied. Investigators found that only 56% of
OHCA cases based on WHO definition had autopsy-
defined SCD. Autopsy-defined SCD cases were those
cases that had no extracardiac causes, such as acute
cerebrovascular accidents, vascular rupture, cardiac
tamponade, and pulmonary embolism, nor were as-
sociated with acute heart failure. Forty percent of
deaths attributed to cardiac arrest were not sudden or
unexpected. Nearly half of presumed SCDs were not
arrhythmic. The authors concluded that their findings
have implications for the accuracy of SCDs, as defined
by WHO criteria or EMS records, in aggregate mortal-
ity data, clinical trials, and cohort studies.

Sex and racial differences in autopsy-defined
causes of SCD from the POST SCD Study were eval-
uated for accuracy and evidence of racial misrepre-
sentation.?® Among the 541 OHCA cases collected
over a 37-month period that met WHO definition of
SCD, 15% of subjects were AA/Black and 8% were
Hispanic. SCD was further defined as those cases
that had no extracardiac causes nor were associated
with acute heart failure. The cause of death was clas-
sified as SAD (rescuable with an ICD) or non-SAD.
Nearly half of the presumed SCDs had an obvious
nonarrhythmic cause of death. Men had a 3-fold
higher rate of SCD than women, and there were no
differences between AA/Black and White men. The
proportion of presumed SCD attributable to SAD was
higher in men than women (61% versus 45%; P<0.01).
Women were more likely than men to have noncardiac
causes of sudden death (51% versus 35%; P<0.01).
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Among SADs, women were less likely to have isch-
emic causes than men and more likely to have primary
electrical disease than men (4% versus 2%; P<0.02).
Black women had higher autopsy-defined SADs than
White women. Overall, there were no significant ra-
cial differences in EMS response time, proportion of
witnessed events, or initial presenting rhythms for all
withessed events.

In a unique study that included both cardiac im-
plantable electronic devices and autopsy analysis
of 517 patients with SCD included in the POST SCD
Study, 22 of 517 sudden deaths (4.3%) had cardiac
implantable electronic devices.?® Six of 14 pacemaker
sudden deaths and 7 of 8 ICD sudden deaths died of
VT/VF. Autopsy-defined SAD was concordant with the
cause of death noted on device interrogation, although
device malfunction was suspected in a significant por-
tion of deaths.

The SCD POST Study finding that 40% of OHCA
deaths were not sudden and only 56% of OHCAs
with WHO-defined criteria for SCD were arrhythmic is
germane relative to results from smaller non—-autopsy-
defined SAD studies (Figure 1).* The presence of a
significant number of noncardiac causes of SCD high-
lights the importance of primordial and primary CVD
prevention and guideline-directed management of
cardiovascular comorbidities. Autopsy-derived find-
ings of the POST SCD Study revealed no racial dif-
ferences in SCDs overall, except for the subgroup of
AA/Black women, in contradiction to non-autopsy-
based data. Incidence rate ratios for WHO-SCD and
autopsy-defined SAD were >2- and 3-fold higher in
men versus women, respectively (P<0.0001), high-
est in AA/Black subjects (P<0.0001), and lowest in
Hispanic subjects (P=0.0018). AA/Black (45%) and
Hispanic subjects (55%) had the lowest proportion of
WHO-defined SCDs that were autopsy-defined SADs,
suggesting that WHO-defined SCD parameters did
not accurately detect true arrhythmic causes of death.
The incidence rate ratios of OHCA deaths in AA/Black
subjects compared with White subjects did not reach
statistical significance (P=0.07; Figure 2).>* Because in
>90% of SCD cases an autopsy is not performed, it is
not surprising that discordant results were observed.
Studies that do not include autopsy evaluation appear
to lack specificity in elucidating causal factors respon-
sible for SCD. Misclassification of the cause of SCD is
evident as autopsy-defined SAD was observed in only
56% of cases. AA/Black subjects exhibited the lowest
proportion of presumed SCDs attributed to SAD and
the largest proportion of cases attributable to noncar-
diac causes, which would not be rescuable by an ICD.
The burden of comorbidities in AA/Black subjects may
contribute to these results and calls for reevaluation
of the approach to risk stratification and prevention of
SCD in this population.
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Figure 1.

Adjudicated causes of autopsied World Health Organization (WHO)-defined sudden cardiac deaths (SCDs) and

adjusted incidence rates per 100 000 person-years for all observed out-of-hospital cardiac arrest deaths, WHO-defined
SCDs, and autopsy-defined sudden arrhythmic deaths (SADs) are shown.

A, Adjudicated causes of autopsied WHO-defined SCDs. Autopsy-defined SADs had no identifiable extracardiac or nonarrhythmic
cause of death. Among the 525 autopsied cases, autopsy-defined SADs accounted for 56% of all WHO-defined SCDs, 4% were
cardiac nonarrhythmic cause of death, and 40% were noncardiac cause of death. Autopsy-defined SAD (N=293). The various causes
along with the number of decedents and percentages are shown. B, The adjudicated causes of witnessed vs unwitnessed WHO-
defined SCDs is noted. Autopsy-defined SADs accounted for 65% of witnessed and 53% of unwitnessed WHO-defined SCDs (odds
ratio, 1.62; 95% Cl, 1.06-2.48; P=0.024). C, Adjudicated causes of WHO-defined SCDs for age 18 to 39 vs >40 years is shown.
Autopsy-defined SADs accounted for a similar proportion of WHO-defined SCDs age 18 to 39 (19/32 [59%]) vs >40 (274/493 [56%])
years (P=0.68). Reprinted from Tseng et al** with permission. Copyright ©2021, Wolters Kluwer Health. ARVD indicates arrhythmogenic
right ventricular dysplasia; CAD, coronary artery disease; CM, cardiomyopathy; DKA, diabetic ketoacidosis; and Gl, gastrointestinal.

Evaluation of factors predisposing to survival from
the POST SCD Study cohort revealed that among
the 734 OHCA events, 239 met criteria for SCA, 133
(55.6%) were resuscitated to hospital admission, and
19% survived to discharge.?” Arrhythmic causes ac-
counted for 69% of resuscitated SCA events overall
and were documented in 91.5% of survivors when
compared with WHO-defined SCD (56%). Statistically
significant differences in arrhythmia-related survival
were noted between SCA-defined events and WHO-
defined SCD (P<0.004). Arrhythmia causes predicted
survival, and nearly one half of nonsurvivors had
nonarrhythmic causes of OHCA. Multivariable analysis
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revealed predictors of survival included White race
(OR, 4.04; 95% ClI, 1.21-13.56; P=0.02), VT/VF as the
presenting rhythm (OR, 19.26; 95% ClI, 5.25-70.59;
P<0.01), and arrhythmic causes (OR, 5.29; 95% CI,
1.38-20.34; P=0.02). Only 5 AA/Black subjects were
included among 47 survivors. Given that AA/Black
subjects have consistently been found to have a sig-
nificant number of noncardiac causes of SCD, which
may not be sudden or arrhythmic, possibly reflected
in a higher percentage of nonshockable rhythms, may
represent the availability of external defibrillator therapy
for the wrong substrate. Few studies have reported
that AA/Black subjects are less likely to undergo
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Figure 2. Adjusted incidence rates per 100 000 person-years for all observed out-of-hospital cardiac arrest (OHCA) deaths,
World Health Organization (WHO)-defined sudden cardiac deaths (SCDs), and autopsy-defined sudden arrhythmic deaths
(SADs).

Adult countywide incidence rates of OHCA death and WHO-defined SCD over 37 months were 46/100 000 and 29.6/100 000
person-years, respectively. OHCA death and WHO-defined SCD incidence rates both include 89 identified WHO-defined SCDs that
were attended by the medical examiner (because of recent medical care <3 weeks before death) and 16 OHCA deaths that did not
undergo autopsy. Sex- and race-specific incidence rate ratios (IRRs) for all WHO-defined SCD and weighted autopsy-defined SAD are
shown. Weighted countywide incidence of autopsy-defined SAD was 17/100 000 person-years, accounting for the 89 WHO-defined
SCDs without autopsy. Autopsy-defined SAD accounted for a weighted proportion of 57.4% of all WHO SCDs. IRR for WHO SCD
and autopsy-defined SAD were over 2- and 3-fold higher in men vs women, respectively (P<0.0001), and highest in Black subjects
(P>0.0001) and lowest in Hispanic subjects (P=0.0018). Black (45%) and Hispanic (54.6%) subjects had the lowest proportion of WHO-
defined SCDs that were autopsy-defined SADs. Differences in weighted autopsy-defined SAD rates between African American/Black
and White subjects were not significant (P=0.07). Other race includes American Indian/Alaskan natives, native Hawaiians, and other
Pacific Islanders. Reprinted from Tseng et al>* with permission. Copyright ©2021, Wolters Kluwer Health.

bystander-initiated CPR, particularly those who reside
in low-income neighborhoods. This should serve as an
opportunity to explore the logistical barriers that exist
and improve health literacy. The purported disparities
may be a manifestation of misclassification of SCD
events and misrepresent the true incidence of SCD
attributable to VT/VF and response to therapy. A new
paradigm for risk stratification, evaluation, and preven-
tion of SCD may be required. In this new paradigm,
much needed evidence from autopsy-defined causes

of SCD may be included and assist in providing more
robust information, thus minimizing misclassification
and misrepresentation of the causes of SCD.?%28 A new
approach may allow targeted preventive interventions
for cardiac and noncardiac causes of SCD. The impor-
tance of a new paradigm cannot be overstated as AA/
Black subjects often have several comorbidities, have
a long history of disparities in cardiovascular thera-
pies, and receive fewer cardiac procedures than White
subjects following survival from a cardiac arrest.?® The
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multiplicity of factors associated with SCD justifies the
polypharmacy approach to treating at-risk patients by
modulating neurohormonal factors with 3 blockers,
angiotensin-converting enzyme inhibitors, or angioten-
sin Il receptor blockers, neprilysin inhibitors, and other
agents. The use of autopsy-defined SCD is a reliable
adjunct in characterizing the true incidence of SCD at-
tributable to arrhythmic causes and helps direct ap-
propriate resources and guideline recommendations
in the management of patients with CVD. Table 1303
summarizes out-of-hospital cardiac arrest and SCD
trials/databases, highlighting disparities and outcomes
discussed above.

MOLECULAR GENETICS OF SUDDEN
UNEXPECTED DEATH

SCD in adults is a vexing problem and by extension
SUD is concerning because of its impact in infants
and those without structural heart disease. SUD has
a significant societal impact and major implications for
surviving families as the role of heritability is brought to
the forefront in decision-making and cascade screen-
ing. In 2014, Wang et al®? performed molecular genetic
analyses for 6 major cardiac channelopathy genes
(KCNQ1, KCNH2, SCN5A, KCNET1, KCNEZ2, and RyR2)

Table 1.

Disparities in lon Channelopathies and SCD

in 274 ethnically diverse SUD cases and found that
channelopathies were the cause of death in 13.5% of
infant and 19.5% of noninfant victims. The infant cohort
had 60% AA/Black, whereas the noninfant cohort had
35% AA/Black subjects. AA/Black subjects carried
more SCN5A and KCNQ1 variants than Hispanic and
Asian groups, whereas White subjects carried more
RyR2 variants. The distribution of 3 SCN5A common
variants (8524Y, S1103Y, and H558R) and 2 KCNQ1
variants (G643S and V648l) exhibited patterns of minor
allele frequencies higher for AA/Black than for White
subjects, whereas the KCNHZ2 variant (K897T) had a
pattern of higher minor allele frequencies for White
than for AA/Black subjects (Table 2).

The authors recommended molecular genetic
testing for cardiac channelopathies in SUD victims
to establish the cause of death and guide decision-
making among surviving family members. In a sub-
sequent study by the same group,3® high-resolution
variant interpretation workflow analysis was used to
evaluate 89 cardiac disease genes in a cohort of 296
decedent subjects who had SUD (147 AA/Black, 64
Hispanic, 49 White, 22 Asian, and 14 mixed ethnicities)
to assess diagnostic accuracy. The diagnostic yield
was positive in 21% in mixed ethnicities, 10% White,
5% Asian, 3% Hispanic, and 2% AA/Black subjects.

OHCA and SCD Trials/Databases Highlighting Disparities and Outcomes

Study name/investigator Study design

Study outcome

Systematic Review and Meta-Analysis of
Out-of-Hospital Cardiac Arrest and Race or
Ethnicity: Black US Populations Fare Worse'®

Systematic review and meta-analysis

AA/Black subjects less likely to receive CPR; witnessed
arrest; initial shockable rhythm than White subjects; AA/
Black subjects had lower rates of survival for OHCA
following hospital admission and to discharge

Oregon SUDS'"
epidemiological study

Prospective community-based

SCAs were 2-fold greater in AA/Black vs White subjects

Out of Hospital Cardiac Arrest
Surveillance-CARES®

Large-scale cardiac arrest registry

Witnessed OHCA more likely to survive than unwitnessed;
White subjects more likely to receive CPR than AA/Black
or Hispanic subjects; bystander CPR associated with
greater likelihood of survival than those not receiving
bystander CPR

MADIT-II Substudy?' MADIT-II substudy

50% of patients with adjudicated SCD and ICD did not
have VT/VF at terminal event

Prospective Countywide Surveillance and
Autopsy Characterization of Sudden Cardiac
Death (Post SCD Study)*

Large-scale prospective study

40% of deaths attributed to SCA were not sudden; 56%
of SCDs were not arrhythmic; men had 3 times higher
SCD rate than women; no difference in SCD rate between
AA/Black men and White men; Black women had higher
autopsy-defined SAD than White women; women were
more likely than men to have noncardiac cause of SCD;
no significant racial difference in EMS response time,
witnessed events, and presenting rhythm

Amiodarone or an Implantable Cardioverter-
Defibrillator for Congestive Heart Failure
(SCD-HeFT)"®

Large randomized multicenter trial

ICD reduces total mortality, in all subjects with reduced
LVEF <35%

Effectiveness of the Implantable Cardioverter
Defibrillator in Blacks Versus Whites (from
MADIT-I1)%"

trial, substudy

Prospective randomized multicenter

ICD significantly reduces total mortality, cardiac death, and
SCD; SCD 1.7-fold greater in AA/Black subjects than White
subjects (underpowered study)

AA indicates African American; CARES, Cardiac Arrest Registry for Enhanced Survival; CPR, cardiopulmonary resuscitation; EMS, emergency medical
services; ICD, implantable cardioverter-defibrillator; LVEF, left ventricular ejection fraction; MADIT-II, Multicenter Automatic Defibrillator Implantation Trial II;
OHCA, out-of-hospital cardiac arrest; SAD, sudden arrhythmic death; SCA, sudden cardiac arrest; SCD, sudden cardiac death; SCD-HEFT, Sudden Cardiac
Death in Heart Failure Trial; SUDS, Sudden Unexpected Death Study; VF, ventricular fibrillation; and VT, ventricular tachycardia.
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Table 2. Putative Channelopathy-Associated Variant Distributions Among 274 SUDS Decedents

Variables SCN5A KCNQ1 KCNH2 KCNE2 KCNE1 RyR2
Ethnicity 11 Black, 5 5 Black, 1 White, 3 Black, 1 White, 1 White, 1 1 Hispanic 4 White, 1 Hispanic
distribution White, 4 other,* 5 1 Hispanic 1 Asian Hispanic

Hispanic, 3 Asian
Sex distribution 18 men, 10 women 4 men, 3 women 4 women, 1 man 2 men 1 man 4 men, 1 woman
Age distribution 15 (<1y), 183 (1y) 3y, 4(1y) 1T(1y),4(1y) Ty, 1(1y) 1(1y) 1(<1y),4(1y)
Death 94% sleeping in 71% sleeping 60% sleeping 100% sleeping 100% 80% active
circumstances infants sleeping

SUDS indicates Sudden Unexpected Death Study.
*Other indicates not Black, White, Hispanic or Asian.
Reprinted from Wang et al® with permission. Copyright ©2021, Elsevier.

The authors concluded that high-resolution variant
interpretation workflow allows for improvement in di-
agnostic accuracy, but underrepresented groups were
few and warrant greater inclusion. A systematic review
and meta-analysis by Kong et al®* assessed the mean
allele frequencies of channelopathy genes SCN5A,
KCNH2, KCNE1, KCNQ1, and NOSTAP in AA/Black,
White, Asian, and Hispanic subjects. Eligible publica-
tions were from human studies with reports of SCD
for different ethnic populations, that provided allele fre-
quencies of channelopathy genes reporting SDs. The
results showed that Asians carried the most alleles of
genes associated with SCD, and AA/Black subjects
had the highest median value of allele frequencies for
SCN5A and NOSTAP (Figure 3). Although AA/Black
subjects were reported to be more susceptible to SCD

than White subjects®'” and SCD was less prevalent in
Asian countries,>35-%" Kong’s meta-analysis noted that
genetics alone without considering environmental and
socioeconomic factors cannot account for disparities
in health outcomes between racial or ethnic groups. In
a more recent comprehensive review of 254 decedents
from SCD,%3° most of whom were AA/Black subjects
(40% AA/Black, 30% Hispanic, 22% White, 5% Asian/
Pacific Islander, and 3% mixed/unspecified subjects),
a multigene panel composed of 95 genes (Figure 4)
associated with cardiac channelopathy and cardio-
myopathy were investigated using next-generation se-
quencing. Twenty-seven pathogenic/likely pathogenic
(P/LP) variants and 99 variants of uncertain significance
(VUS) were identified in 11% and 39% of decedents,
respectively. P/LP and VUS were found in 51 of the
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Figure 3. Analysis of genes investigated from the Exome Aggregation Consortium database,
showing differences in allele frequency across ethnic groups.

Across all genes, both the number of alleles (n) and the P values are given, and median values of allele
frequencies are considered. Reprinted from Kong et al** with permission. Copyright ©2021, Elsevier.
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Figure 4. Differences in pathogenic or likely pathogenic (P/LP) gene variants between Black/

African American and White Individuals.

A, P/LP gene variant carriers by race showed a significantly higher prevalence of cardiomyopathy variants
in White individuals compared with Black/African American individuals (39 of 205 [19.0%)] vs 22 of 208
[10.6%]; P=0.02). B, The total numbers of P/LP gene variant carriers for arrhythmia genes were not
different between the 2 groups. Note that KCNQ7 and RYR2 were predominant in Black/African American
individuals. C, There were no differences in age at death between White and Black/African American
individuals carrying P/LP variants. Reprinted from Guo et al*® with permission. Copyright ©2021, American

Medical Association.

95 cardiac genes studied. When examining the dis-
tribution of the P/PL and VUS by autopsy-determined
cause of death, the frequency of P/LP or VUS was
high in decedents who were suspected of having car-
diac arrhythmia or cardiomyopathy. Among these 73
decedents, 20% had P/LP variants and 48% had VUS.
The high rate of VUS and low rate of P/LP variants was
thought to be related to combining channelopathy
and ion channelopathy genes for analysis and marked
heterogeneity of the cohort. AA/Black subjects who
are often underrepresented in these analyses are be-
lieved to be susceptible to VUS classification. Using
the genetic test result as the outcome variable in their
multivariable model, none of the independent variables
studied (race/ethnicity, age, sex, and cause of death)
was predictive of a positive test. The lack of signifi-
cance was attributed to the limitation of sample size.

J Am Heart Assoc. 2022;10:e023446. DOI: 10.1161/JAHA.121.023446

In 2021, Guo et al performed genetic analysis of 30
cardiomyopathies and 38 primary arrhythmia genes in
208 (50.4%) AA/Black and 110 White adults who died of
unexplained SCD?° and found that less than one fifth of
subjects carried P/LP variants for cardiomyopathies or
arrhythmia-related genes. Fifty-two patients (13%) had
49 (P/LP) variants for inherited cardiomyopathies; 22
(5%) had P/LP variants for 23 P/LP variants for arrhyth-
mia, and 2 (0.5%) had P/LP variants for both cardio-
myopathies and arrhythmia-related genes. AA/Black
and White subjects were equally likely to harbor P/LP
variants, but KCNQT and RYR2 variants were most fre-
quent in AA/Black subjects and KCNHZ2 in White sub-
jects. The SCN5A variant was equally present in both
groups. No significant difference was found in clinical
and baseline cardiac characteristics between subjects
with or without F/LP variants. These results emphasize
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the need for inclusion of diverse racial or ethnic groups
to better delineate the presence of disparities.

ION CHANNELOPATHIES AND HEART
RHYTHM DISORDERS

Cardiac ion channelopathies may be either acquired
or inherited.® Inherited channelopathies are attrib-
utable to mutations in genes encoding cardiac ion
channels, leading to gain or loss of function. Cardiac
channelopathies associated with SCD include long-QT
syndrome (LQTS) and short-QT syndrome, Brugada
syndrome (BrS), early repolarization syndrome (ERS),
and catecholaminergic polymorphic ventricular tachy-
cardia. Genetic mutations and channelopathy variants
associated with SCD in AA/Black subjects are shown
in Table 2. Understanding the link between these muta-
tions and SCD provides opportunities to identify the in-
terplay between genotype-positive individuals without
accompanying phenotypes and genotype-negative
cases with clinical phenotypes.

Inheritable LQTS

More than 17 LQTS have been reported; however, data
from racial or ethnic groups are not always available.
The focus herein is on LQTS reported in AA/Black sub-
jects. LQTS is an inherited cardiac disorder, resulting in
abnormal cardiac repolarization attributable to a dis-
ruption in the balance between inward sodium (l,) and

Disparities in lon Channelopathies and SCD

L-type calcium current (I.,.) and outward K* currents
(rapid K* current [l,] and slow K* current [l,]) during
phases 2 and 3 of the action potential. LQTS clinically
may manifest as a syncopal event or polymorphic ven-
tricular tachyarrhythmia known as torsade de pointes
and SCD.

LQT1 disorder is caused by a mutation in the
KCNQ1 K* channel gene and responsible for the I,.
LQT1 is the most common type of LQTS, maps to
chromosome 11p15.5-p15.4, and accounts for 50% of
genotyped patients.*! Specific mutations responsible
for LQT1 have been reported (Table 3).42-45

LQT2 is caused by a mutation of the KCNH2 (hERG)
gene that maps on chromosome 7g35-36. This gene
encodes the a-subunits of the hERG channel that
conducts |, It is the second most common variant
of LQTS and accounts for 35% to 40% of genotyped
patients.*® A unique feature associated with arrhythmia
provocation is an auditory component in which a loud
sound, such as an alarm clock, can trigger an arrhyth-
mic event. Several specific mutations in hHERG channel
have been reported in AA/Black subjects (Table 3).

LQT3 is caused by mutations of SCN5A gene that
maps on chromosome 3g21-24. This gene encodes
the a-subunits of the cardiac Na* channel (Na,1.5),
which conducts I,.* SCN5A mutations occurs in
~10% of genotyped patients with LQTS. This muta-
tion leads to a gain of function of the slow-inward per-
sistent component of |,. Ventricular arrhythmias are
associated with bradycardia during sleep or relaxation

Table 3. Variants Specifically Associated With Heart Rhythm Disorders in Black/African American Population

hNa,1.5

SCN5A

3p21

S1102Y
R34C
H558R

QT prolongation
Rare polymorphism
Rare polymorphism

Splawski et al*?
Ackerman et al*®
Ackerman et al*®

hKv7.1

KCNQ1

11p15

IAP-56dup
V1291
V207M
G297S
F335L
R451Q
G621S
V648!

Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation

Ackerman et al*t
Ackerman et al**
Ackerman et al*t
Ackerman et al**
Ackerman et al*t
Ackerman et al**
Ackerman et al*
Ackerman et al**

hKv11.1

KCNH2

7q35-36

R181Q
G187S
GAG187-189del
A190T
A203T
N257H
T367S
G873S
P910L
R1035W
A1058E
Q1068R

Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation
Potentially QT prolongation

Ackerman et al*4
Ackerman et al*
Ackerman et al*4
Ackerman et al*
Ackerman et al*4
Ackerman et al*
Ackerman et al*4
Ackerman et al*
Ackerman et al*4
Ackerman et al*
Ackerman et al*4
Ackerman et al*

hKv7.1

KCNET

11p15

G52A
K69R

Potentially QT prolongation
Potentially QT prolongation

Ackerman et al*
Ackerman et al**

hKv11.1

KCNE2

7q35-36

QOE
ABBV

QT prolongation
Potentially QT prolongation

Lu et al*®
Ackerman et al*®

The single letter code for amino acids was used.
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when the QTc is prolonged. Genetic disorders involv-
ing LQT1, LQT2, and LQT3 account for 75% of all LQTS
manifestations.

A paucity of LQTS data in AA/Black subjects exist
as the first and largest published report was in 2010 in
only 41 patients from the US portion of the International
LQTS Registry, representing 1.1% of the overall co-
hort.*® Participants were evaluated with regard to risk
factors and cardiac events. In AA/Black subjects, de-
spite having more severe forms of LQTS and longer
QTc values, multivariable Cox analysis with adjustment
for decade of birth showed similar risk for cardiac
events as non-Hispanic White subjects. Both groups
responded equally to treatment with 3 blockers, and
genotype analysis demonstrated positivity for LQT1 in
only 2 of 41 AA/Black subjects. Of note, in this studly,
only 2 of 41 AA/Black subjects had genotype studies,
and both had an LQT1 mutation.

Splawski et al identified a variant (Y1102) in the
SCN5A gene, which encodes Nav1.5 in 13% of AA/
Black subjects, but it was not detected in White or
Asian subjects (Table 3).%? The mutation was attributed
to a polymorphism in the codon, resulting in the sub-
stitution of the amino acid tyrosine for serine. There
was no direct effect on the QTc interval; however, in
the presence of hypokalemia or antiarrhythmic medi-
cations, QTc prolongation may occur. Using computer
simulation of a concentration-dependent block of the
I, current, they predicted that Y1102 would induce
action potential prolongation and early afterdepolar-
izations, a trigger for VT/VF. The biophysical alteration
in the Y1102 variant results in a shift of Na* channel
activation to more hyperpolarized potentials and pro-
duces a persistent |,, which may increase the like-
lihood of abnormal cardiac repolarization. AA/Black
subjects with the Y1102 variant may be susceptible to
serious life-threatening arrhythmias given a conducive
biological environment.*? Although the electrophysio-
logical effects were subtle, the mathematical models
predicted a susceptibility to ventricular arrhythmias,
particularly in the presence of hypokalemia or antiar-
rhythmic drugs that prolong repolarization. Another
report noted that the Y1102 variant was rare in White
subjects and associated with a major risk for syn-
cope, VT/VF, and SCD.*° In a prospective study of AA/
Black subjects with heart failure and reduced ejection
fraction who underwent primary prevention ICD ther-
apy, carriers of Y1102 variant had a 4-fold increase in
appropriate ICD therapy than noncarriers.®® Several
polymorphisms in the SCN5A gene associated with
arrhythmogenic events have been reported (Table 3).4°

To assess the genetic susceptibility to SCD,
Ackerman et al performed a comprehensive muta-
tional analysis in a multiracial cohort and found that
25% of AA/Black subjects exhibited K* channel vari-
ants compared with 14% of White subjects. These
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findings support the requisite inclusion of AA/Black
subjects in genetic studies to better identify and accu-
rately classify variants in racial or ethnic groups.®*

Brugada Syndrome

BrS is inherited via autosomal dominant transmis-
sion and prevalent in southeast Asian populations.®!
Although the SCN5A gene has been implicated in 20%
to 30% of BrS cases, it is doubtful that a monogenic
mutation is responsible for its phenotypic manifesta-
tions. The genetic abnormality uniquely involves the
epicardial aspect of the right ventricular outflow tract.
The clinical manifestation is that of syncope, VT/VF,
and SCD. Although BrS is more prevalent in Japan
and Southeast Asia, with disease manifestation noted
throughout that ancestral diaspora, the syndrome was
first reported in “Black African” subjects via a case se-
ries of 5 patients published in 2010.%2% These patients
of Black African ancestry presented with syncope or
VT/VF and required prompt medical treatment. All
5 patients in the case series were SCN5A genotype
negative. These observations support more aggres-
sive inclusion of racial or ethnic groups in genetic and
epigenetic studies of genotype-negative patients with
a clinical phenotype of known disease entities.

Short-QT Syndrome

Short-QT syndrome is a channelopathy characterized
by abnormal shortening of the QTc interval associated
with a high incidence of life-threatening ventricular ar-
rhythmias and SCD.?*%® There are 6 genes responsi-
ble for short-QT syndrome. SQT1, SQT2, and SQT3
result in gain-of-function mutations of 3 different K*
channels (KCNH2, KCNQ1, and KCNJ2), thereby
leading to increased repolarizing currents and short-
ening of the action potential duration. SQT4, SQTS,
and SQT6 result from loss-of-function mutations
in genes encoding L-type Ca? channels subunits
(CACNAT and CACNB2b), leading to |-, decrease
and shortening of the action potential duration.®®-5° In
a mega database of 6.4 million ECGs among 1.7 mil-
lion people, the prevalence of validated machine-
read QTc intervals <300 milliseconds per 100 000
people was highest in AA/Black (5.8%), followed by
White (3.2%), Latino (1.8%), and Asian/Pacific Islander
subjects (1.6%).5° A validated QTc <300 milliseconds
was associated with AA/Black subjects, old age, and
marked ECG abnormalities, and was an independent
predictor of all-cause mortality.

Early Repolarization Syndrome

ERS, also referred to as early repolarization patterns,
has been reported in 10% to 13% of the general popula-
tion, often affecting young men, athletes, and AA/Black
subjects, and associated with VT/VF or SCD.5%6° ERS
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is a channelopathy linked to variants in several genes,
resulting in gain of function of the ATP-dependent K*
channel or loss of function of cardiac L-type Ca® or
Na* channels.®® In a retrospective study of 752 AA/
Black subjects, ECG analysis revealed a high preva-
lence of ERS associated with syncope.®’ However, no
genetic studies were performed to identify variants that
may be responsible for ERS. ECG markers of ERS are
reportedly more prevalent in AA/Black subjects®-64
than in other racial or ethnic groups.

CATECHOLAMINERGIC
POLYMORPHIC VENTRICULAR
TACHYCARDIA

Catecholaminergic polymorphic ventricular tachycar-
dia is a genetic disorder resulting in VT/VF in response
to physical activity or emotional stress. The catecho-
laminergic polymorphic ventricular tachycardia gene
is located on chromosome 1 (1g42),%°% and transmis-
sion is via an autosomal dominant pattern. Initial ge-
netic studies revealed that the mutation is in the gene
encoding the ryanodine type-2 receptor (RyR2).6%67
More recently, 2 groups have reported homozygous
mutations in calsequestrin gene-2 (CASQ2).586°
Arrhythmogenesis has been linked to RyR2 gain-of-
function mutations, although RyR2 loss-of-function
mutations also have been reported.”® No race-related
clinical or genetic studies on catecholaminergic poly-
morphic ventricular tachycardia were available until a
preliminary report described a new mutation in CASQ2
on the short arm of chromosome 1 in exon 2, which
resulted in a nucleotide and amino acid change of
261dupA and Ala88Fs in a 49-year-old AA/Black
woman.”’

STRUCTURAL HEART DISEASES

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a putative
genetic disorder with protean phenotypic manifesta-
tions initially ascribed to mutations in 11 genes en-
coding proteins for cardiac sarcomeres with >1400
notable variants.”” The fact that only 30% of patients
with HCM have a genetic mutation and others may be
genotype positive and phenotype negative suggests
that significant knowledge gaps exist in understand-
ing the molecular genetic aspects of the disease, and
the meaning of incomplete penetrance particularly
when considering cascade screening of families of
probands.” Gene carriers are known to have full life
expectancy and absence of disease manifestation.
Epigenetic factors and disease-modifying genes may
provide an explanation for these observations, but
these factors are yet to be proven or validated with
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translational data. Furthermore, patients with the pro-
totypical phenotype manifest features that may not be
truly typical, as the gain-of-function pathobiology that
produces cardiac hypertrophy is asymmetrical, spar-
ing sections of myocardium (and most of the right ven-
tricle, where sarcomeres are present), while coexisting
with findings such as left ventricular apical aneurysms,
mitral valve leaflet elongation, and cardiac fibrosis, all
anatomic regions devoid of sarcomeres.” Moreover,
variants have been misclassified as pathologic or likely
pathologic that were later shown to be benign and un-
associated with a clinical phenotype when adequate
sample sizes were studied. This misclassification was
evident in a study from the National Heart, Lung, and
Blood Institute Exome Sequencing Project, which
was systematically reviewed for HCM-associated vari-
ants labeled “disease causing” or “pathogenic.””®~"8 In
that database, many more variants were found than
expected in the general population, suggesting that
disease penetrance might have been lower than pre-
viously thought or that misclassification errors might
have been present in previous studies of the associa-
tion between the variants and the condition. The in-
vestigators found that 5 high-frequency variants (ie,
variants with a minor allele frequency >1%) accounted
for most of this overabundance of misclassified vari-
ation and that these variants occurred disproportion-
ately among AA/Black subjects. To further study the
matter, Manrai et al used publicly accessible sequence
data from the National Heart, Lung, and Blood Institute
Exome Sequencing Project, 1000 Genomes Project,
and Human Genome Diversity Project.”®7980 For es-
timation of minor allele frequency, the National Heart,
Lung, and Blood Institute Exome Sequencing Project
had exome data for 4300 White and 2203 AA/Black
subjects, the 1000 Genomes Project phase 1 had
whole-genome data for 1092 people from 14 popu-
lations worldwide, and the Human Genome Diversity
Project had whole genome single-nucleotide polymor-
phism data for 938 people from 51 populations world-
wide. The authors found that mutations most common
in the general population were significantly more
common among AA/Black than among White sub-
jects (P<0.001). They concluded that misclassification
of benign variants as pathogenic illustrates the need
for sequencing the genomes of diverse populations,
in both asymptomatic controls and the tested patient
population. The concept of incomplete penetrance
was studied further in the Framingham Study and JHS
(Jackson Heart Study) of 3600 probands.®' The pres-
ence of nonsynonymous sarcomere variants not as-
sociated with clinical evidence of HCM was found to
be 0.5%. This finding would suggest that 1.5 million
people in the United States would satisfy the criteria
for incomplete penetrance and greatly exceed by 10-
fold the number thought to have HCM.#2
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The implications from these data support the need
for inclusion of racial or ethnic groups undergoing
genetic mutational analysis, better classification of
genetic test results, and clarification of differences be-
tween P/LP, benign, and VUS. Disparities in manage-
ment noted in AA/Black subjects with HCM have been
related to the paucity of patients referred to specialists
for care and the overall reduction in the use of ICDs.
Despite the phenomenal contribution of the human ge-
nome project and advances in mutational analysis and
genomics, genetic testing alone is not sufficient to pro-
vide a prognosis for survival as current strategies for
SCD prevention are largely dependent on clinical pa-
rameters. Genetic testing in AA/Black subjects gener-
ally has been lacking, and the existing knowledge gaps
should be sufficient to warrant an enhanced effort to
study racial or ethnic groups. A novel paradigm derived
from translational science that includes epigenetic and
environmental factors would be required to provide di-
agnostic, mechanistic, risk stratification, and prognos-
tic information to guide disease management.

Arrhythmogenic Right Ventricular
Cardiomyopathy
Arrhythmogenic  right ventricular cardiomyopathy
(ARVC) is a genetic cardiomyopathy affecting about
1 per 5000 individuals. ARVC is characterized by the
gradual replacement of muscle tissue by adipocytes
and fibrous tissue, causing abnormal impulse conduc-
tion and propagation, thus providing the substrate for
VT/VF and an increased risk of SCD.#3 Transmission
of the condition is via an autosomal dominant mode,
with 60% of patients with ARVC having mutations in
genes encoding for cardiac desmosomes (PKP2, DSP,
DSC2, DSG2, and JUP). Patients may have mutations
in nondesmosomal ARVC-associated genes (RYR2,
CTNNAS3, PLN, TMEM43, SCN5A, CDH2, and DES),
which are less prevalent and not well characterized.
The involvement of SCN5A in ARVC is somewhat
surprising given that mutations in SCN5A generally do
not only lead to pure arrhythmic disorders, such as
LQTS3, BrS, and cardiac conduction disease, but may
be associated with structural heart disease. Distinct
cardiac phenotypes caused by SCN5A mutations in-
clude dilated cardiomyopathy®48 and ARVC.2® The
role of SCN5A in ARVC phenotypes can be explained
by the fact that the desmosomal protein PKP2 (plako-
philin-2) associates with Nav1.5, and the loss of func-
tion of PKP2 can alter the biophysical properties of Na*
channels. A recent study showed that Nav1.5 associ-
ates with the adherens junction protein N-cadherin as
well as connexin 43 at the intercalated discs to form
a complex.8” Mutations in Nav1.5 channels may thus
destabilize this complex and result in ARVC structural
phenotypes. The principle hypothesis that explains
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ARVC is related to a dysfunction of desmosomes.
Desmosomes within cardiomyocytes provide an an-
chor for intermediate filament proteins, creating a net-
work that is essential for the mechanical integrity of
cardiomyocytes and rapid transmission of impulses
between cells. Dysfunctional desmosomes lead to
favorable conditions for reentry circuits and cardiac
arrhythmias. The missense and nonsense mutations
identified in patients can destabilize this complex and
dissociate intercellular junctions.®® More generally, ab-
normal desmosomes lead to the rupture of intercel-
lular junctions, resulting in cardiomyocyte apoptosis
and, possibly, fibrosis.8% Another hypothesis to explain
ARVC was based on studies of transgenic mice and
suggested that cardiac progenitor cells differentiate
into adipocytes with high efficiency and into cardio-
myocytes with low efficiency,?® thus resulting in fatty
tissue accumulation with myocyte replacement. Other
reports have suggested that the mutations cause pla-
koglobin to migrate into the cell nucleus, and promote
fiborogenesis and adipogenesis.®® ARVC is more prom-
inent in Italy and Europe in general.®' Its incidence in
AA/Black subjects or other racial or ethnic groups in
the United States is unknown.

ROLE OF EPIGENETICS IN ION
CHANNELOPATHIES, DISPARITIES,
AND SCD

Genetic mutations have contributed to pathological
conditions affecting ion channel function, or its con-
stituent membrane proteins thus manifest as chan-
nelopathies with increased risk of SCD. However, the
presence of genetic mutations may not be associated
with a clinical phenotype, and the absence of genetic
mutations has been recognized in cases where a clini-
cal disease phenotype is present.% These findings
have led to the postulation that disease manifestation
in the presence of genetic mutations may have incom-
plete penetrance or, conversely, that in the absence of
a genetic mutation, phenotypic expression of disease
may be modulated by mechanisms that do not require
alterations in the DNA sequence. Epigenetics refers to
changes in gene expression unrelated to alterations in
the DNA sequence but representing maodifications in
the translation of genetic information. Since the initial
description of epigenetics over 80 years ago, there has
been growing interest in understanding processes,
mechanisms, and environmental factors involved.®
The term “genotype-negative” phenotype has been
ascribed to conditions in which clinical disease is evi-
dent in the absence of a positive genetic test; however,
the environmental factors responsible for disease man-
ifestation have not been elucidated. Epigenetic activity
has been documented to occur via DNA methylation at
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cytosine preceding guanosine (CpG island) dinucleo-
tide sites mediated by DNA methyltransferases, acety-
lation, or methylation of histone proteins, and metabolic
processes involving microRNAs.** The consequences
of these epigenetic processes may result in gene si-
lencing, via inhibitory activity in the promoter region
of the gene during transcription, enhanced genetic
expression with histone protein acetylation, or block-
ing of gene expression via microRNA modification.
Activation or repression of gene expression may occur
with each process, but details of the interplay with a
specific gene are complex and beyond the scope of
this review. The role of transcriptional and epigenetic
effects on BrS and ARVC substrates during early de-
velopment and pathological remodeling is noted in a
recent publication.?®

Given the racial or ethnic disparities in CVD man-
ifestation and outcomes and the disproportionate
burden of comorbidities in AA/Black subjects, the
impact of sociocultural, environmental, and psy-
chosocial stressors on gene expression has been
explored as a potential contributor to CVD morbid-
ity and mortality.8%697 Conceptually, psychosocial
factors, such as economic hardship, discrimination,
low social status, and neighborhood violence, are
postulated to have biological effects and contribute
to elevation in circulating proinflammatory cytokines
and endothelial dysfunction, thus playing a role in
mediating stress-induced vascular inflammation and
atherogenesis.?®190 These factors, considered social
determinants of health, are thought to provide an epi-
genetic signature that may impact normal or variant
genes. More specific description of social determi-
nants of health involves assessment of data in relation
to where one was born, was raised, works, or lives or
the impact of pollution on cardiovascular health. The
contribution of epigenetic factors to disease pheno-
types is further enhanced when one considers that
research studies repeatedly affirmed that between-
group genetic differences have been shown to be
small when compared with genetic variations within
geographical regions and groups.'"%2 Monozygotic
twin studies revealed that a low-birth-weight twin has
an elevated risk for diabetes and hypertension when
compared with the normal birth weight twin, thus
demonstrating epigenetic influences on the same
genetic substrate but with different outcomes.'03104
Whether these epigenetic effects have a durable life
course or transgenerational effects on the propensity
for SCD is under investigation. Furthermore, docu-
mented differences in DNA methylation between AA/
Black and White subjects in relation to age, sex, and
poverty level suggest the need to pursue additional
studies to understand the contribution of these epi-
genetic factors on the biological milieu impacting dis-
eases associated with arrhythmic risk for SCD.'%®

J Am Heart Assoc. 2022;10:e023446. DOI: 10.1161/JAHA.121.023446

Disparities in lon Channelopathies and SCD

Genetic testing continues to play an important role
in disease management, classification of channelopa-
thies, and heritable conditions associated with SCD.
The sensitivity and specificity of genetic test results
are insufficient to give it primacy among the diagnos-
tic armamentarium; nevertheless, it remains an es-
sential component in the evaluation of patients when
the index of suspicion is high, or in cascade screen-
ing and shared decision-making.?? Data from 2467
patients enrolled in the SHaRe (Sarcomeric Human
Cardiomyopathy Registry) revealed that among the
8% of AA/Black subjects included, AA/Black subjects
were less likely to undergo genetic testing, less likely to
be referred to a subspecialist for care, and less likely
to have sarcomeric mutations.'®® AA/Black subjects
were more likely to have New York Heart Association
class Ill or IV heart failure and hypertension. In another
study of patients undergoing evaluation for HCM, mis-
classification of AA/Black subjects undergoing genetic
testing was reported when benign variants were un-
recognized as such because of the lack of diversity
in the sampled control data set.”® In a reported first
publication, a case series of 5 Africans with strict clin-
ical phenotype for BrS and genotype negative for the
disease was documented when no prior occurrence
of this disease in AA/Black subjects was known.®? The
association of the SCN5A gene-Y7702 allele with sud-
den infant death syndrome in AA/Black subjects has
been documented, and arrhythmic risk in adults ap-
pears enhanced, although may require perturbations,
such as hypokalemia or contribution from epigenetic
factors, to manifest clinically.'07-109

Confirmation that specific epigenetic factors are
influential in disease manifestation requires that future
studies apply strategies to integrate psychosocial, so-
cioeconomic, and environmental factors, and racial
makeup in assessing health equity. Identification of
epigenetic mechanisms may provide a novel target for
therapeutic intervention.

UNDERUSE OF ICD THERAPY IN THE
BLACK POPULATION

The ICD was introduced by Mirowski et al, and the first
human implant was in 1980. Since then, this therapy
has revolutionized the approach and treatment of pa-
tients at risk for SCD."® The ICD has been shown to
decrease total mortality and death attributable to SCA
in at-risk patients.3"""=113 |nitial reports of benefit from
ICD therapy were derived from several major trials but
to the exclusion of sufficient numbers of racial or ethnic
groups; thus, the salutary effects in these groups were
not immediately conferred in those initial trials.3"2113
However, data from the SCD-HEFT (Sudden Cardiac
Death in Heart Failure Trial) supported the use of the
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ICD as primary prevention therapy in all patients, in-
cluding AA/Black subjects.'®

Despite proven efficacy of the ICD in primary
and secondary prevention, Thomas et al reported
that AA/Black subjects were significantly less likely
to receive ICDs than White subjects.''® Other data
showed that although AA/Black and White subjects
benefit equally from ICD implantation following a car-
diac arrest, for unclear reasons, AA/Black subjects
were less likely to undergo this potentially life-saving
therapy.'®

Several landmark trials have demonstrated that
ICD use decreases total mortality and SCD in at-risk
patients.""113116 However, the effectiveness in AA/
Black subjects was not widely known, as a concurrent
era comparative study in a cohort of 1232 patients
(8% AA/Black subjects) revealed that total mortality,
cardiac death, and SCD benefits were only observed
in White subjects.®" SCD was 1.7-fold greater in AA/
Black compared with White subjects. It is likely that
the small sample size precluded sufficient statisti-
cal power to avoid a type 1 error. This disparity was
noted although no known biological differences were
recognized as causal factors. Other major trials did
not enroll sufficient numbers of AA/Black subjects to
refute those findings. Thomas et al reported that AA/
Black subjects were significantly less likely than White
subjects to receive the ICD as primary prevention
therapy, even after adjusting for demographics, clin-
ical characteristics, and socioeconomic factors.''411°

Disparities in lon Channelopathies and SCD

Bardy et al later reported efficacy in the use of ICDs
as primary prevention therapy in all patients, including
AA/Black subjects." In the largest cohort of patients
with heart failure treated with cardiac resynchroniza-
tion therapy, Fontaine et al have demonstrated that
AA/Black subjects derived the same benefits from
this therapy as White subjects, but disparities in use
persist today despite long-term support from pub-
lished guidelines."” Explorations to ascertain the rea-
son for these disparities are warranted.

DISPARITIES IN PREVENTION OF
ARRHYTHMIC SCD

The discovery that echocardiographic evidence of left
ventricular hypertrophy (LVH) is a marker of risk for
SCD was published by Savage et al as they recognized
this risk marker in patients with hypertension who were
enrolled as part of the Framingham cohort.'"® Those
data and the investigation of others led to the recog-
nition and targeting of patients with hypertension for
more aggressive therapy, as regression of LVH was
feasible, and better control of hypertension became
a major therapeutic objective. The FHS (Framingham
Heart Study) examined the correlation of ventricular ar-
rhythmias with LVH in 6218 subjects.!'® LVH defined by
ECG was present in 171 participants, and echocardio-
graphic evidence of hypertrophy was present in 869;
both were associated with higher risk for ventricular
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Figure 5. Racial or ethnic disparities in cardiovascular diseases: genetic, epigenetic, and socioeconomic contributors.
DAD indicates delayed after depolarization; EAD, early after depolarization; HCM, hypertrophic cardiomyopathy; HF, heart failure; ICD,
implantable cardioverter-defibrillator; LVH, left ventricular hypertrophy; MI, myocardial infarction; and SCD, sudden cardiac death.
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arrhythmias in men and women. The association of
echocardiographic and not ECG LVH with ventricular
arrhythmia continued to be significant after adjustment
for age, sex, and baseline clinical characteristics.
AA/Black subjects have a greater burden of cardio-
vascular risk factors, including hypertension and LVH,
than White subjects, and heart failure often manifests
at a younger age than in their non-Hispanic White
counterparts.8'9120 Racial or ethnic groups have been
consistently less likely to receive evidence-based car-
diovascular therapies (including cardiac catheterization
and coronary artery bypass graft surgery) than their
non-Hispanic White counterparts and have higher
morbidity and mortality associated with these proce-
dures.®B9-121 AA/Black subjects have a greater pro-
pensity to be admitted to lower-quality hospitals for
acute myocardial infarction than non-Hispanic White
subjects. Racial or ethnic groups are more likely to live
in neighborhoods with less access to healthy foods,
recreational activities, and adverse living conditions.
In fact, AA/Black subjects, Hispanic subjects, and in-
dividuals who reside in poor neighborhoods are less
likely to receive bystander CPR and have lower rates

of survival from a cardiac arrest than White subjects or
those who live in affluent neighborhoods.'6:22123 Both
in-hospital and OHCA survival from SCA are lower for
AA/Black subjects than non-Hispanic White subjects.

CONCLUSIONS

Despite the important progress made in elucidating
race and ethnic disparities in the pathogenesis of SCD
associated with cardiac channelopathies and other
inherited cardiovascular disorders, significant proac-
tive efforts are still needed to reach equity in clinical
enrollment of racial or ethnic groups in translational
research and funding of biomedical and behavioral
studies focusing on the molecular genetic aspects of
these disparities. The inclusion of different racial and
ethnic groups in such studies will have a significant im-
pact on SCD burden and associated risk factors, with
major public health implications for prevention and
implementing new therapeutic management of SCD.
Device underuse in the management of SCD and risk
thereof need to be rectified with the appropriate ap-
proach to shared decision-making, the understanding

Disparities in cardiac channelopathies and
den cardiac death in African American/Black subjects

Figure 6. Summary of disparities and proposed solutions.

CVD indicates cardiovascular disease; ICD, implantable cardioverter-defibrillator; SCA, sudden cardiac arrest; and SCD, sudden

cardiac death.
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of goals of therapy, health-literacy interventions, and
resource allocation to communities in need. The train-
ing and mentoring of junior faculty, both clinicians and
scientists, from underrepresented backgrounds in
CVD-related health disparities research is another key
factor to reducing/eliminating CVD health disparities by
increasing diversity at the workplace and promoting
research focused on CVD'?412% (Figure 5). The interplay
of the various contributing factors superimposed on
biological and genetic substrates manifesting as CVD
and proposed solutions are illustrated in Figure 6.
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