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Abstract

In recent decades, the prevalence of obesity has increased significantly, leading to an epidemic at
the global level. Obesity is associated with various metabolic alterations and increases the risk of
cardiovascular disease (CVD). The most devastating manifestation of CVD is sudden cardiac
death (SCD), leading to substantial years of potential life lost worldwide. Obesity-related SCD is
an increasingly important public health problem and warrants a specific investigative focus on
improved risk stratification and prevention. In this review article, we summarize the current
evidence regarding management of SCD in obesity and discuss knowledge gaps as well as future
directions in this field.
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Condensed abstract

Obesity is a significant risk factor for cardiovascular diseases and most of the obesity-related
premature deaths are due to cardiovascular causes. Approximately half of all deaths due to
cardiac causes are sudden cardiac deaths (SCD). Obesity and especially visceral fat increase the
risk of SCD, and obesity-associated SCD is often accompanied by cardiac hypertrophy and
CAD. However, the proximate causes and risk markers of SCD in obesity are not well
understood, and future studies are also warranted to investigate the effect of weight loss and
obesity therapies on SCD risk.
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Abbreviations

BMI: body mass index, CAD: coronary artery disease, CPAP: continuous positive airway
pressure, CT: computed tomography, EF: ejection fraction, GLP: glucagon-like peptide, HF:
heart failure, ICD: implantable cardioverter defibrillator, LVH: left ventricle hypertrophy, Ml:
myocardial infarction, OSA: obstructive sleep apnea, SCA: sudden cardiac arrest, SAD: sagittal
abdominal diameter, SCD: sudden cardiac death, VA: ventricular arrhythmia, WC: waist
circumference, WHR: waist-to-hip ratio
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Background and Introduction
Definitions
Sudden Cardiac Death

Sudden cardiac death (SCD) is generally defined as a death due to cardiac causes that occurs
suddenly and unexpectedly (1). SCD has been estimated to account for about half of all
cardiovascular deaths (2), with an estimated annual US incidence of approximately 360,000 (3).
The critical event is sudden cardiac arrest (SCA) which is mostly lethal since only about 10%
survive (4). Therefore, prediction and prevention of SCA are the most important measures to

reduce premature mortality from SCD.

In the vast majority of individuals, SCD is a multifactorial and complex event that can involve
multiple underlying substrates and maintainers of lethal ventricular arrhythmias (e.g., coronary
artery disease [CAD], cardiac hypertrophy) and acute triggers (e.g., ischemia, hypoxia, and
electrolyte imbalance)(5, 6). The most important underlying substrate for SCD in the general
population is CAD and ischemic cardiomyopathy, accounting for approximately 70-80% of all
subjects (7, 8, 9). SCD may strike at any age, but the mean age of SCD cases is 60-70 years, and
the prevalence of CAD starts to increase in the fourth decade (7, 8). Among younger SCD
victims, inherited cardiomyopathies, arrhythmia syndromes, and structurally normal findings

prevail in post-mortem investigations (10).
Obesity

Obesity is a condition where there is an excessive accumulation of body fat. In the majority of
individuals, obesity develops due to a chronic mismatch in energy intake and consumption and is
most often defined as body mass index (BMI) >30kg/m?. Severe obesity (Class 2) and morbid

5
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obesity (Class 3) are defined as BMI >35kg/m? and BMI >40kg/m?, respectively(11). However,
BMI does not directly measure body composition and in some instances, high BMI may result
from high muscle mass or water retention. Body fat is usually distributed around visceral organs
or subcutaneously, and visceral fat is metabolically more active and more strongly associated
with increased overall mortality (12), as well as SCD (13). More specific measurements for
estimating visceral fat are waist circumference (WC), waist-to-hip ratio (WHR), and sagittal
abdominal diameter (SAD). The amount of body fat can also be assessed with various body
composition measurements (e.g., bioimpedance), but the current literature lacks comprehensive

studies using such measures in assessing the risk of SCD.

In 1998, the National Institutes of Health classified obesity as a complex multifactorial chronic
disease(14). Obesity is associated with approximately 4 years lower life expectancy(15), and
more than two-thirds of obesity-related deaths are due to cardiovascular causes(11) (Figure 1).
According to the Global Burden of Disease, over 4 million people die annually because of being
overweight or obese(16). During the last two decades, the prevalence of obesity has increased
from 30.5% to 41.9% among adults aged 20 and over in the U.S.(17). Given the high population
prevalence, obesity is associated with a high population-attributable fraction of cardiovascular

diseases and SCD (18).

Epidemiological Evidence Linking Obesity to Sudden Cardiac Death
BMI and SCD

Several epidemiological studies have investigated the relationship between BMI and the risk of

SCD. The balance of evidence suggests a significantly increased risk of SCD associated with
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obesity. A meta-analysis demonstrated that every 5-unit increment in BMI is associated with a
16% increased risk of SCD (19). The risk is highest among those with high BMI but is also
increased among those with low BMI, creating a J-shape association between BMI and the risk

of SCD.

Obesity and the proportional risk of SCD

Early studies reported that the proportion of SCD in CAD-related deaths was increased in obese
individuals (20, 21) but findings in more recent studies have been mixed. The proportional risk
of SCD and obesity was investigated in heart failure (HF). A recent study developed prognostic
models for arrhythmic and non-arrhythmic mortality among 4,531 patients with left ventricle
dysfunction due to CAD (enrolled in the MADIT trials) and found that low BMI predicted non-
arrhythmic mortality more than arrhythmic mortality (22). Somewhat similar results were found
in a cohort of 9,885 HF patients without ICDs, in which higher BMI was independently
associated with a greater proportional risk of sudden death (23). However, another report from
the general population suggested that the risk for non-sudden cardiac mortality is similarly
increased in obesity (24). This finding is supported by data from the 1986 National Mortality
Followback Survey and the U.S. Bureau of the Census, in which there were no differences in
BMI between SCD and non-SCD CAD deaths (25). Since the prevalence of obesity continues to

rise, more studies using consistent definitions of obesity are needed.

Visceral Obesity

When compared to BMI, visceral obesity has been associated more strongly with increased risk
of SCD. The meta-analysis by Aune et al found that a 0.1 unit increase in waist-to-hip ratio was

associated with an 82% increased risk of SCD (19). Increased SCD risk in visceral obesity has
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been demonstrated in both sexes. In the Paris Prospective Study, the risk of SCD increased
proportionally with SAD level, and individuals in the highest SAD quintile had a 2.6-fold higher
risk of SCD in comparison to those in the lowest SAD quintile(26). Similarly, a study by Bertoia
et al investigated 161,808 women from across the U.S. and found that the highest WHR quartile
was associated with a 73% increased risk of SCD(27). WHR had the greatest population-
attributable fraction for SCD along with hypertension and myocardial infarction (MI). Data from
the Nurses' Health Study suggested that abdominal obesity is associated with elevated

cardiovascular mortality even among those with normal BMI(28).

Obesity paradox

The obesity paradox refers to several observations which have demonstrated that in the elderly,
and patients with chronic diseases, (e.g., heart failure or CAD), overweight or mild obesity may
be protective and is associated with higher survival (29). Primary prevention ICD is currently
recommended for HF patients with EF<35%, and the obesity paradox has also been shown to
apply in HF patients with an ICD (30). The reasons for the obesity paradox are not fully clear.
Potential explanations include lead time bias (patients with obesity may develop cardiac disease
earlier in their lifetime), cardiac cachexia (patients with low BMI and unintentional weight loss
have a high mortality rate), and lower comorbidity burden, which may result from an earlier age

at the time of cardiac disease diagnosis (11).

In the sudden cardiac arrest setting, obesity may influence the underlying etiologies and
presenting rhythm, and create special challenges that may impact resuscitation efforts and
survival rates. Some studies have found that patients with obesity have a worse prognosis in out-
of-hospital cardiac arrest (31, 32). For example, data from the Swedish Registry of

Cardiopulmonary Resuscitation showed that obesity was associated with a 31% decrease in
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survival, which further decreased by 45% when obesity was accompanied by diabetes (32).
Other studies have however found different results, and there is no clear evidence of whether

obesity affects the chances of survival after cardiac arrest (33, 34).
Clinical Antecedents of Obesity-Related SCD

Obesity increases the risk of traditional cardiovascular risk factors, which are also important
mediators of SCD risk. The risk of type 2 diabetes is increased by approximately 10-fold (35, 36,
37), CAD by ~5-fold (29, 35, 38), hypertension by ~3-fold (38, 39), and dyslipidemia by ~2-fold
(39) in obese patients. More than half of obese patients have metabolic syndrome(40, 41, 42),
which is defined as having 3 or more metabolic syndrome components (high blood pressure,
high plasma triglycerides, low high-density lipoprotein cholesterol, high fasting blood glucose,
and abdominal obesity)(43). Although metabolic syndrome is usually treated as a dichotomous
variable, the relationship between metabolic syndrome components and cardiovascular disease is
more likely to be a continuum, with a higher burden of component conditions corresponding to a

higher risk of SCD (44).
Is Obesity an Independent Risk Marker for SCD?

Despite the confounding effect of metabolic abnormalities, obesity has also been associated with
an increased risk of SCD independently from other conventional cardiovascular risk factors. In
the ARIC study, abdominal obesity was associated with a 2-fold increased risk of SCD
independently from hypertension, diabetes, abnormal lipid levels, prevalent CAD/heart failure,
resting heart rate, and ECG-LVH (13). Another study of a general population sample of 10,543
middle-aged subjects found that BMI >30 kg/m? was associated with a 79% increase in SCD risk

after adjustment for age, sex, smoking, blood pressure, diabetes, cholesterol, baseline cardiac
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disease, and ECG abnormalities (24). Data from the Paris Prospective study and the Nurses'
Health Study also demonstrated that obesity is an independent risk factor for SCD, but,
interestingly, not for fatal MI/CAD (28, 45, 46). Moreover, data from the Paris Prospective study
showed that abdominal obesity increases the risk of SCD regardless of BMI, and the association
was stronger between abdominal obesity and SCD than between abdominal obesity and fatal Ml

(26) (Figure 2).

These findings indicate that obesity, and especially visceral obesity, may also increase the risk of
SCD independent of CAD. A study of 2,185 middle-aged men reported somewhat contradictory
findings, suggesting that metabolically healthy overweight/obese are not at an increased risk of
SCD (47). However, this study of a relatively small, poorly powered sample combined
overweight (BMI 25-30 kg/m?) and obese individuals. Larger meta-analyses have reported that
metabolically healthy obese individuals are at an increased risk for cardiovascular events and
overall mortality(48, 49). Metabolically healthy obesity may represent a “honeymoon phase” of
obesity, with the majority of individuals developing metabolic abnormalities during follow-up

(40, 41).
Physical Activity and SCD

In addition to metabolic abnormalities, low exercise capacity may also confound increased SCD
risk in obesity. Low exercise capacity predicts SCD (50), and data from a cohort of 2,357
middle-aged men suggested that high BMI was not associated with SCD after adjustment for
peak oxygen uptake (51). The interaction between BMI and exercise capacity is also likely to be
complex since high BMI in physically active individuals may result from increased muscle mass
instead of adipose tissue. Measures of visceral obesity (e.g. WC, WHR, SAD) would probably

provide more accurate estimations of the interaction between physical activity and obesity-
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related SCD risk. The direct exercise capacity test provides an accurate estimation of fitness, but
it does not quantify the amount of weekly physical activity that could attenuate the excess of
obesity-related cardiovascular risk. Of note, a study of 116,564 women found that high physical
activity (>3.5h of exercise per week) did not eliminate the increased risk of overall death from
obesity(52). Further studies are needed to evaluate the interaction between cardiorespiratory

fitness, weekly physical activity, abdominal obesity, and SCD risk in more detail.

Clinical Characteristics and Autopsy Findings

Prevalence of Obesity in SCD cohort studies

Several autopsy series and community-based SCD cohorts have reported that younger SCD
victims have a high prevalence of comorbid obesity (53, 54, 55, 56, 57, 58). In the Oregon SUDS
study, the prevalence of obesity was 24% in SCD cases <25 years, and as much as 50% in SCD
cases 25-34 years(54). Similarly, an SCD registry from Australia showed that 55% of cases 18-
50 years of age were obese (56); significantly higher in comparison to the age-matched general
population (29%, p<0.001) and associated with high frequency of conventional cardiovascular
risk factors. In the Fingesture study, 40% of SCD cases <40 years were obese (57), but
somewhat lower estimates were reported from a nation-based cause-of-death registry in Sweden
and a referral SCD cohort in the U.K., which a 15-20% prevalence of obesity among SCD
victims <35 years of age (53, 58). The prevalence of comorbid obesity may be highest among
young and middle-aged SCD cases. In the Oregon SUDS study, middle-aged SCD cases (35-60
years) were more likely to have obesity in comparison to older SCD cases (48% vs 33%;

p<0.001)(59).

Autopsy Findings in Obese SCD Cases
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In addition to accelerated atherosclerosis and CAD development, obesity leads to significant
hemodynamic changes (e.g., higher blood volume) which promote cardiac hypertrophy,
dilatation, heart failure, and ventricular arrhythmias (60, 61, 62, 63) (Figure 3). Studies on
autopsy findings in obesity-related SCD have mainly focused on young individuals, and there is

a lack of comprehensive autopsy reports on middle-aged and older obese SCD cases.

Current evidence indicates that the most common autopsy findings among obese SCD cases are
cardiac hypertrophy and CAD when all age groups are included (56, 64, 65, 66, 67). Although
obesity-related SCD often accompanies cardiac hypertrophy and dilatation, there has been some
debate on whether obesity cardiomyopathy is a distinct entity, or whether cardiac remodeling in
obesity is rather due to multiple comorbidities and metabolic alterations. In the Fingesture study,
obesity-related hypertrophic cardiac disease (defined as cardiac hypertrophy, chamber dilatation,
and excessive epicardial fat in individuals with BMI >30 in the absence of other explainable
causes) was the most common non-ischemic autopsy finding among SCDs of all age groups (65).
Moreover, autopsy studies of SCD cases from the U.K. and the U.S. also demonstrated that
cardiomegaly is a common finding in obesity-related SCD even without concomitant CAD (67,

68) (Figure 4).

While middle-aged and older SCD cases are often associated with structural cardiac
abnormalities, young obese SCD cases may also present with structurally normal hearts at
autopsy. The proportion of structurally normal hearts among obese SCD victims is however
smaller than among their leaner counterparts (53, 54, 56, 69). In addition to cardiac hypertrophy,
excessive epicardial fat is associated with an increased risk of ventricular arrhythmias in obesity
(70) (Figure 5). The role of myocardial fat infiltration in arrhythmogenesis and obesity-related

SCD is less well studied, but a small autopsy series of young obese SCD victims (n=7) found

12



233 that fat infiltration throughout the conduction system was present in 43%, and this finding was

234  pronounced in markedly obese cases (71).

235  Diurnal Variation and Presenting Rhythm in Obesity-Related SCD

236 Obesity-related SCD is probably more likely to occur during nighttime hours than SCD in non-
237  obese cases (72). This phenomenon could potentially be explained by a higher prevalence of

238  obstructive sleep apnea (OSA) in obese individuals. In a cohort of 10,701 adults with

239 polysomnograms followed for an average of 5.3 years, OSA was an independent predictor of

240  SCD, and the magnitude of risk was dependent on the OSA severity, especially nocturnal O

241  saturation (73). Previous studies have also demonstrated that OSA increases especially the risk of
242 nighttime SCD (74) and that continuous positive airway pressure (CPAP) management decreases

243  the VA burden (75) (Figure 6).

244  OSA may increase the risk of arrhythmia and SCD through multiple mechanisms. Apnea may
245  function as an SCD trigger by inducing parasympathetic activation and bradyarrhythmias with a
246  higher likelihood of non-shockable SCD (76). Prior studies have also shown that non-shockable
247  SCD is more likely to occur during nighttime hours than shockable SCD (77, 78). On the other
248  hand, hypoxemia increases sympathetic activation when apnea terminates, which may in turn
249 increase heart rate and blood pressure. This could trigger VAs due to coronary ischemia,

250  especially in the presence of CAD (79). The prevalence of previously diagnosed OSA was not
251 higher in nighttime SCD in the Oregon SUDS study (72), but this finding may be confounded by

252 the under-diagnosis of OSA.

253 The existing literature also suggests that obesity may have a stronger association with non-

254  shockable rhythms. A large cardiac arrest registry from Sweden demonstrated that the proportion
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of shockable rhythm was lower in obese subjects (32). We have also recently developed an Al
model to distinguish SCD cases presenting either ventricular fibrillation or pulseless electrical
activity (80). This model identified high weight as a predictor of SCD presenting as pulseless

electrical activity, further supporting the association between obesity and non-shockable SCD.

Electrocardiographic Abnormalities in Obese SCD Victims

There has been significant interest in identifying SCD risk markers from 12-lead ECG in
anticipation of improving long-term risk stratification (81, 82, 83). Several depolarization and
repolarization abnormalities have been associated with an increased risk of SCD in the general
population, but the electrocardiographic signal is deteriorated by subcutaneous fat, which may
complicate the application of ECG-based risk scores in obese patients(24). Accordingly, obese
individuals have reduced sensitivity for ECG-based LVVH, prolonged QTc interval, and leftward

axis shifts (84).

There is a shortage of studies investigating SCD risk markers from the resting ECG in obese
individuals. Data from Oregon SUDS showed that obese/overweight SCD cases had a
significantly higher prevalence of QRS fragmentation in comparison to controls (85). A
fragmented QRS complex may be a surrogate marker of conduction disturbances and delayed
activation in the myocardium, which is again potentially a result of myocardial fibrosis or fat
infiltration (86). Given the special considerations required for the analysis of ECGs in obese
individuals, there is a need for a renewed focus on studies of ECG-based SCD risk markers in

obesity.

Potential Mechanisms of Lethal Arrhythmias in Obesity
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The specific pathways leading to lethal arrhythmias in obesity are not fully clear, but obesity is
associated with several pathological alterations in cardiac structure and function which increase
the risk of ventricular arrhythmias and SCD. These changes can be classified as electrical and
structural remodeling of the heart, and due to the common underlying etiologies, the two may

often co-exist.

Electrical Remodeling

Obese patients present with prolonged QTc interval, which has been associated with an increased
risk of SCD in the general population (87, 88). For example, in the Oregon SUDS study,
prolonged QTc was associated with a 5-fold risk of SCD (89, 90). Ventricular arrhythmias in
acquired and inherited long QTc syndromes are thought to be precipitated by early
afterdepolarizations, which are secondary voltage depolarizations during the repolarizing phase
of the action potential. However, the effect of prolonged QTc on SCD risk may also be explained
by prolonged depolarization. Recent data on large general population cohorts suggested that
when the QTc interval is deconstructed into depolarization (QRS) and repolarization (JTc)
intervals, the repolarization component may have no or only little independent prognostic value

for SCD (91).

In obesity, increased adipose tissue leads to abnormally high expression of the aromatase
enzyme, which converts testosterone to estrogens. While testosterone shortens the action
potential, estrogens prolong the QTc interval by reducing the myocardial potassium channel
current. The effect of adipose tissue on QTc lengthening is also supported by prior studies which
have shown that QTc duration shortens significantly in response to weight loss after bariatric

surgery (92). In addition to prolonged QRS and QTc intervals, other possible electrical triggers
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for arrhythmogenicity in obesity are abnormal up-regulation of the sympathetic nervous system,

increased heart rate, and decreased heart rate variability (93).

Structural Remodeling

Obesity is often accompanied by cardiac hypertrophy and dilatation which are also common
findings in post-mortem investigations of SCD. Increased heart weight develops in parallel with
increased body size, and current guidelines recommend indexing cardiac chamber measurements
to body surface area to allow comparison among patients with different body sizes (94).
However, structural remodeling in response to increased body size may also not be benign, and
an absolute increase in cardiac hypertrophy has been associated with an approximately 3-fold
increased risk of SCD (95, 96, 97). This excess risk is independent and additive to severely

reduced left ventricle ejection fraction (98).

The pathophysiological mechanisms of how cardiac hypertrophy increases the risk of SCD are
likely multifactorial, but ischemia and myocardial fibrosis are probably the most important.
Ischemia due to cardiac hypertrophy may arise from insufficient compensatory coronary artery
growth and failure of coronary artery dilatation due to increased ventricle tension and stiffness
(99). Cardiac hypertrophy is also often associated with myocardial fibrosis (100, 101), which
increases the distance between adjacent myocytes and disturbs physiological electrical
propagation, eventually leading to anatomic reentry (102). A recent study demonstrated that
among CAD patients, myocardial fibrosis in cardiac magnetic resonance imaging was more

strongly associated with SCD than left ventricle ejection fraction (103).

Fatty Heart
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The concept of the fatty heart has been described in the medical literature for at least 200 years
(104, 105) and it was vigorously debated. Recognition of the global obesity epidemic at the end
of the 20™ century focused significantly on the possible existence of obesity-related

cardiomyopathy (106).

In the early 2000s, Zhou et al demonstrated that obese rats developed lipid droplets in the
myocardium and that cardiac dysfunction in such rats was caused by cardiac lipoapoptosis (107)
(Figure 7). Subsequently, intramyocardial lipid accumulation was found in non-ischemic human
heart failure, with the highest tissue levels among patients with diabetes and obesity (108). The
development of “lipotoxic cardiomyopathy” is thought to occur due to a mismatch between
cardiomyocyte fatty acid intake and oxidation. Fatty acids are a key source of energy for
cardiomyocytes, and increased levels of circulating free fatty acids in obesity may lead to a
disproportionally high level of fatty acid intake in the heart, which exceeds the mitochondrial

oxidative capacity, and leads to organ dysfunction (106).

In addition to lipid accumulation in cardiomyocytes, prior studies have found that adipose tissue
can accumulate in infarcted myocardium and co-localize with fibrosis (109, 110). Similarly to
myocardial fibrosis, fat infiltration in the myocardium disturbs physiological electrical
propagation and predisposes to ventricular arrhythmias (111). Given the co-localization with
myocardial scars, one potential mechanism is fatty degeneration following MI. Fatty replacement
of the myocardium is also a hallmark of arrhythmogenic right ventricular cardiomyopathy which
is also associated with increased risk of SCD (112). However, the potential role of myocardial
lipid accumulation and fatty replacement in the broader group of SCD victims is yet to be
proven. Moreover, it is unclear whether the accumulation of intramyocardial fat after Ml is

related to obesity.
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Clinical Implications

Sudden cardiac arrest is an extremely lethal event and leads to death within ten minutes if life-
supporting interventions are not rapidly initiated. Although acute management of out-of-hospital
cardiac arrests has improved in recent decades, long-term prediction and prevention remain the
cornerstones of successful reduction of the premature SCD burden. Lifestyle intervention,
weight-reducing diets, and exercise advice are likely to reduce premature all-cause mortality
(113), and recent progress in obesity management (novel pharmacotherapies and bariatric

surgery) has shown promising results in weight loss and reducing clinical risk factors.

Clinical Benefits of GLP-1 Agonists and Bariatric Surgery

In 2014, the FDA approved the first GLP-1 agonist to treat obesity, and since then, a growing
body of evidence has demonstrated the cardiovascular benefits of GLP-1 agonists. In the STEP-1
randomized trial, overweight and obese patients receiving GLP-1 agonist semaglutide achieved a
mean body weight loss of 14.9%, which was significantly better in comparison to placebo (2.4%)
and accompanied by a greater reduction in clinical risk factors (114). The effect of GLP-1
agonists on cardiovascular outcomes was first tested in patients with diabetes, and several trials
have demonstrated significant reductions in cardiovascular death(~13%), non-fatal MI(~9%),
and HF hospitalization (~9%) (115). Beneficial effects on obesity lead to a hypothesis that GLP-
1 agonists may reduce outcomes in nondiabetic obese patients as well. Recently published
SELECT trial found that GLP-1 agonist semaglutide reduces major cardiovascular events (death
from cardiovascular causes, nonfatal Ml, or nonfatal stroke) also in nondiabetic obese patients

with pre-existing cardiovascular disease by ~20% (116).
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GLP-1 agonists’ effect on weight reduction is mediated via the stimulation of satiety and
reducing food intake(117), and a recent meta-analysis demonstrated that GLP-1 treatment leads
to a decrease in both visceral and subcutaneous adipose tissue, and visceral adipose tissue
reduction may be even greater than subcutaneous adipose tissue reduction (118). GLP-1
receptors are also expressed in the heart and blood vessels, and may hence also have direct
effects on the cardiovascular system irrespectively from weight reduction(117). There is yet no
robust evidence on the effect of weight loss or GLP-1 agonists on SCD risk, but recent
improvements are promising and future investigations are needed to examine whether GLP-1

agonists have the potential to reduce the burden of premature SCD in obese patients.

Surgical interventions for obesity have been reported since the second half of the 20th century.
After the first laparoscopic gastric bypass was performed in 1994, bariatric surgery started a
rapid growth (119). Bariatric surgery is associated with greater weight reduction in comparison
to pharmacological therapy (20-30%), but the risks of surgery remain higher (114, 120). Bariatric
surgery has also been shown to associate with reduced cardiovascular risk factors and lower

premature cardiovascular mortality (120, 121), but the effect on SCD risk has not been reported.

SCD Risk Stratification and Prevention in Obesity

Long-term prediction and prevention of SCD are currently based on the assessment of left
ventricle EF and the implantation of ICD for high-risk patients (122). While the primary
prevention ICD remains important, the approach to risk stratification needs to be revisited. Of
note, advances in HF management have led to an approximately 44% decline in the rate of SCD
in HF (123) with a concomitant reduction in ICD therapy events (124, 125). Accurate SCD risk
stratification in obesity is likely to require a combination of various biomarkers, including e.g.,

metabolic alterations, omics data, cardiovascular imaging, and ECG, as well as more
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sophisticated measurements of body composition and fat distribution than anthropometric

measures (e.g., dual-energy X-ray absorptiometry, DXA).

Reducing the burden of SCD in obesity will require a comprehensive approach. Obesity is a
result of a chronic mismatch between energy intake and consumption, and the underlying reasons
for high energy intake are multifactorial including behavioral, genetic, and environmental
determinants. The rapid increase in obesity in the last decades is not explainable by genetic or
physiological changes, and according to previous studies, the most important causes for the
increase in obesity are due to environmental changes that enable high energy intake (e.g., large
portion sizes, the high energy density of the foods) (126, 127). Although weight loss and
bariatric surgery lead to clinical benefits in various cardiovascular diseases(128), clinical
guidance and the development of the healthcare system alone are likely not enough to curb the
obesity epidemic, and more extensive consideration at the broader societal as well as health-

policy levels will also be required (129).

Knowledge Gaps and Future Directions

Published studies have demonstrated that increased BMI and especially visceral obesity carry an
increased risk of SCD. While available literature provides valuable insights into obesity-related

SCD, several knowledge gaps remain (Central Illustration).

Current evidence suggests that the increased SCD risk in obesity is not fully explainable by
traditional cardiovascular risk factors and accelerated development of CAD/MI. All mediators
for SCD risk in obesity are not fully understood, and other potential mediators include e.g.
elevated free fatty acids (130, 131, 132), genetics (133), and obesity cardiomyopathy.

Intramyocardial fat can be detected with contrast-enhanced CT (134, 135), and prior studies have
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shown that accumulation of fat in the myocardium leads to conduction disturbances and may
predispose to VAs (111). However, prior studies have focused on post-Ml patients, and it
remains unclear whether intramyocardial fat is related to SCD in obese patients without CAD, or
whether obesity is related to the amount of intramyocardial fat. A better understanding of SCD
mediators in obesity is crucial in improving long-term prediction and prevention as well as
identifying potential therapeutic targets, and further research is needed to investigate potential

SCD mechanisms beyond CAD and traditional risk factors.

The traditional definition of obesity is based on the measurement of BMI, but the evidence
suggests that the measures of visceral obesity are better predictors of morbidity and mortality
(12). Indicators that are more precise than BMI warrant further investigation to enhance the
identification and prevention of cardiovascular disease risk. Emerging metrics, such as body fat
distribution or body composition may provide a more accurate assessment of obesity than

traditional anthropometric measures and should be assessed in future studies.

Further efforts are also needed to investigate the effect of novel obesity therapies on SCD risk.
The SELECT trial demonstrated that GLP-1 agonists reduce the risk of major cardiovascular
events, but the effect on SCD is unclear. GLP-1 agonists have been associated with increased
resting heart rate (a risk factor for SCD), which has raised some safety concerns regarding the
risk of ventricular arrhythmias (136). In patients with type 2 diabetes, GLP-1 agonists have not
been shown to increase or decrease the risk of VAs or SCD (137, 138), but the effects in patients
with obesity need detailed investigation. With the current medical therapy, the event rate of SCD
can be substantially low, which challenges the detection of statistically and clinically meaningful
effects. This would require a large sample size and a careful selection of patients with obesity

and a high risk of SCD. The development of an accurate SCD risk stratification in obesity may
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be a prerequisite for studying the effectiveness of GLP-1 agonists in reducing the risk of obesity-

related SCD.

Current guidelines recommend preventive ICD therapy only for those with EF<35% (primary
prevention) or a history of a life-threatening arrhythmia (secondary prevention) (122). The major
limitation of the current approach is low sensitivity, since at least 70% of SCD cases occur in
subjects that are not classified as high-risk patients and do not fulfill the current criteria for ICD
implantation (139). Approximately 40-50% of SCDs may even be the first manifestation of the
underlying cardiac disease(1), and low-cost high-throughput screening tools, especially ECG,
have attained interest in the research field. Accumulation of ECG abnormalities into electrical
risk scores has been shown to have a relatively good ability to identify patients at high risk of
SCD(81, 82), and ECG abnormalities can also improve risk prediction when added to clinical
risk markers (140). The usefulness of ECG risk scores may however be affected by body fat (24),
and the development of body fat-adjusted ECG risk scores is probably warranted to improve
ECG-based screening methods in obese patients. Most recently, an artificial intelligence
algorithm that can predict SCD risk from the entire waveform instead of individual ECG risk

markers has been made available.(141)

The development of SCD is generally thought to require a combination of an underlying cardiac
substrate with one or more triggers. While obesity-related cardiac hypertrophy and CAD can
create a substrate for SCD, obstructive sleep apnea may act as a potential trigger for life-
threatening arrhythmias. Epidemiological evidence supports the role of obstructive sleep apnea
as an SCD precipitator (73, 74, 79), but previous randomized trials of CPAP for secondary
cardiovascular prevention in obstructive sleep apnea have reported neutral findings(142, 143,

144). However, these randomized trials have been criticized due to the exclusion of high-risk
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patients and low adherence to CPAP therapy, and the effect of CPAP therapy on reducing SCD

risk in obese patients remains inconclusive.

The association between obesity and SCA presentation with higher rates of non-shockable
rhythms could result in worse survival outcomes and needs further investigation. For example,
are the higher rates of PEA and asystole in obese individuals directly related to the “obesity
substrate” or confounded by features related to SCA circumstances or resuscitation-related
factors in obese individuals? If SCA survival is lower in obese individuals, how could outcomes

be improved?

The impact of obesity on SCD across socioeconomic status and racial/ethnic groups needs
further investigation. There are significant differences in the prevalence of obesity with regard to
race/ethnicity and social determinants. For example, obesity is more common among some U.S.
racial/ethnic minorities, such as African Americans and Hispanic, as well as in lower
socioeconomic groups, but the prevalence is lower in Asian Americans (145, 146). Consistently,
the risk of SCD is higher among African Americans and in lower socioeconomic groups (3, 147),
but it is unclear to what extent this is explained by the higher rates of obesity. Obesity may hence
have a higher impact on the overall SCD burden in some communities, and a recent multiethnic
community-based study from the U.S. found that while the SCD rate was similar in Hispanic and
White individuals, obesity and lower socioeconomic status were more common SCD
characteristics among Hispanic (148). Socioeconomic disadvantages and variable access to
preventive healthcare may have an important effect on the risk of obesity and SCD, and
community-specific areas of focus for education and preventive healthcare may have the
potential to improve early diagnosis and SCD prevention. More work is needed to investigate the

burden and characteristics of obesity-related SCD across diverse communities.
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480  Bullet points

481 e Most of the obesity-related premature deaths are due to cardiovascular diseases

482 e Visceral obesity is a stronger risk factor for sudden cardiac death (SCD) than BMI

483 e Obesity-associated SCD is often characterized by non-ischemic cardiac hypertrophy or
484 coronary artery disease

485 e Community-level strategies, weight loss therapies, and SCD risk stratification specific to
486 obesity warrant further investigative focus and have the potential to reduce the burden of
487 obesity-related SCD

25



488

489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

References

1. Huikuri HV, Castellanos A, Myerburg RJ. Sudden death due to cardiac arrhythmias. N Engl J Med.
2001;345(20):1473-82.

2. Lynge TH, Risgaard B, Banner J, Nielsen JL, Jespersen T, Stampe NK, et al. Nationwide burden of
sudden cardiac death: A study of 54,028 deaths in Denmark. Heart Rhythm. 2021;18(10):1657-65.

3. Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt MS, et al. Heart Disease and
Stroke Statistics-2022 Update: A Report From the American Heart Association. Circulation.
2022;145(8):e153-e639.

4, Sasson C, Rogers MA, Dahl J, Kellermann AL. Predictors of survival from out-of-hospital cardiac
arrest: a systematic review and meta-analysis. Circ Cardiovasc Qual Outcomes. 2010;3(1):63-81.

5. Chugh SS, Reinier K, Teodorescu C, Evanado A, Kehr E, Al Samara M, et al. Epidemiology of
sudden cardiac death: clinical and research implications. Prog Cardiovasc Dis. 2008;51(3):213-28.

6. Zipes DP, Wellens HJ. Sudden cardiac death. Circulation. 1998;98(21):2334-51.

7. Chugh SS, Jui J, Gunson K, Stecker EC, John BT, Thompson B, et al. Current burden of sudden

cardiac death: multiple source surveillance versus retrospective death certificate-based review in a large
U.S. community. J Am Coll Cardiol. 2004;44(6):1268-75.

8. Haukilahti MAE, Holmstrom L, Vahatalo J, Kentta T, Tikkanen J, Pakanen L, et al. Sudden Cardiac
Death in Women. Circulation. 2019;139(8):1012-21.
9. Holmstrom L, Juntunen S, Vahatalo J, Pakanen L, Kaikkonen K, Haukilahti A, et al. Plaque

histology and myocardial disease in sudden coronary death: the Fingesture study. Eur Heart J.
2022;43(47):4923-30.

10. Gray B, Ackerman MJ, Semsarian C, Behr ER. Evaluation After Sudden Death in the Young: A
Global Approach. Circ Arrhythm Electrophysiol. 2019;12(8):e007453.

11. Powell-Wiley TM, Poirier P, Burke LE, Despres JP, Gordon-Larsen P, Lavie CJ, et al. Obesity and
Cardiovascular Disease: A Scientific Statement From the American Heart Association. Circulation.
2021;143(21):e984-e1010.

12. Bigaard J, Frederiksen K, Tjonneland A, Thomsen BL, Overvad K, Heitmann BL, et al. Waist
circumference and body composition in relation to all-cause mortality in middle-aged men and women.
Int J Obes (Lond). 2005;29(7):778-84.

13. Adabag S, Huxley RR, Lopez FL, Chen LY, Sotoodehnia N, Siscovick D, et al. Obesity related risk of
sudden cardiac death in the atherosclerosis risk in communities study. Heart. 2015;101(3):215-21.

14. National Heart L, and Blood Institute. Clinical Guidelines on the Identification, Evaluation,
Treatment of Overweight and Obesity in Adults. The Evidence Report: NIH publication 98-4083; 1998.
15. Bhaskaran K, Dos-Santos-Silva |, Leon DA, Douglas lJ, Smeeth L. Association of BMI with overall

and cause-specific mortality: a population-based cohort study of 3.6 million adults in the UK. Lancet
Diabetes Endocrinol. 2018;6(12):944-53.

16. Collaborators GBDRF. Global, regional, and national comparative risk assessment of 84
behavioural, environmental and occupational, and metabolic risks or clusters of risks for 195 countries
and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet.
2018;392(10159):1923-94.

17. Stierman B, Afful J, Carroll M, Chen TC, Davy O, Fink S, et al. National Health and Nutrition
Examination Survey 2017—March 2020 prepandemic data files—Development of files and prevalence
estimates for selected health outcomes. National Health Statistics Reports. 2021;158.

18. Collaborators GBDO, Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, et al. Health Effects
of Overweight and Obesity in 195 Countries over 25 Years. N Engl ) Med. 2017;377(1):13-27.

26



533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

19. Aune D, Schlesinger S, Norat T, Riboli E. Body mass index, abdominal fatness, and the risk of
sudden cardiac death: a systematic review and dose-response meta-analysis of prospective studies. Eur J
Epidemiol. 2018;33(8):711-22.

20. Doyle JT, Kannel WB, McNamara PM, Quickenton P, Gordon T. Factors related to suddenness of
death from coronary disease: combined Albany-Framingham studies. Am J Cardiol. 1976;37(7):1073-8.
21. Rabkin SW, Mathewson FA, Hsu PH. Relation of body weight to development of ischemic heart
disease in a cohort of young North American men after a 26 year observation period: the Manitoba
Study. Am J Cardiol. 1977;39(3):452-8.

22. Younis A, Goldberger JJ, Kutyifa V, Zareba W, Polonsky B, Klein H, et al. Predicted benefit of an
implantable cardioverter-defibrillator: the MADIT-ICD benefit score. Eur Heart J. 2021;42(17):1676-84.
23. Shadman R, Poole JE, Dardas TF, Mozaffarian D, Cleland JG, Swedberg K, et al. A novel method
to predict the proportional risk of sudden cardiac death in heart failure: Derivation of the Seattle
Proportional Risk Model. Heart Rhythm. 2015;12(10):2069-77.

24, Eranti A, Aro AL, Kerola T, Tikkanen JT, Rissanen HA, Anttonen O, et al. Body Mass Index as a
Predictor of Sudden Cardiac Death and Usefulness of the Electrocardiogram for Risk Stratification. Am J
Cardiol. 2016;117(3):388-93.

25. Escobedo LG, Zack MM. Comparison of sudden and nonsudden coronary deaths in the United
States. Circulation. 1996;93(11):2033-6.
26. Empana JP, Ducimetiere P, Charles MA, Jouven X. Sagittal abdominal diameter and risk of

sudden death in asymptomatic middle-aged men: the Paris Prospective Study I. Circulation.
2004;110(18):2781-5.

27. Bertoia ML, Allison MA, Manson JE, Freiberg MS, Kuller LH, Solomon AJ, et al. Risk factors for
sudden cardiac death in post-menopausal women. J Am Coll Cardiol. 2012;60(25):2674-82.

28. Zhang C, Rexrode KM, van Dam RM, Li TY, Hu FB. Abdominal obesity and the risk of all-cause,
cardiovascular, and cancer mortality: sixteen years of follow-up in US women. Circulation.
2008;117(13):1658-67.

29. Romero-Corral A, Montori VM, Somers VK, Korinek J, Thomas RJ, Allison TG, et al. Association of
bodyweight with total mortality and with cardiovascular events in coronary artery disease: a systematic
review of cohort studies. Lancet. 2006;368(9536):666-78.

30. Jahangir A, Mirza M, Shahreyar M, Mengesha T, Shearer R, Sultan S, et al. Presence of obesity is
associated with lower mortality in elderly patients with implantable cardioverter defibrillator. Int J Obes
(Lond). 2018;42(2):169-74.

31. Aoki M, Aso S, Suzuki M, Tagami T, Sawada Y, Yasunaga H, et al. Association between obesity
and neurological outcomes among out-of-hospital cardiac arrest patients: The SOS-KANTO 2017 study.
Resusc Plus. 2024;17:100513.

32. Hjalmarsson A, Rawshani A, Ramunddal T, Rawshani A, Hjalmarsson C, Myredal A, et al. No
obesity paradox in out-of-hospital cardiac arrest: Data from the Swedish registry of cardiopulmonary
resuscitation. Resusc Plus. 2023;15:100446.

33. Kakavas S, Georgiopoulos G, Oikonomou D, Karayiannis D, Masi S, Karlis G, et al. The impact of
body mass index on post resuscitation survival after cardiac arrest: A meta-analysis. Clin Nutr ESPEN.
2018;24:47-53.

34. Ma Y, Huang L, Zhang L, Yu H, Liu B. Association between body mass index and clinical outcomes
of patients after cardiac arrest and resuscitation: A meta-analysis. Am J Emerg Med. 2018;36(7):1270-9.
35. Guh DP, Zhang W, Bansback N, Amarsi Z, Birmingham CL, Anis AH. The incidence of co-
morbidities related to obesity and overweight: a systematic review and meta-analysis. BMC Public
Health. 2009;9:88.

36. Jung RT. Obesity as a disease. Br Med Bull. 1997;53(2):307-21.

27



580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

37. Lehtovirta M, Pietilainen KH, Levalahti E, Heikkila K, Groop L, Silventoinen K, et al. Evidence that
BMI and type 2 diabetes share only a minor fraction of genetic variance: a follow-up study of 23,585
monozygotic and dizygotic twins from the Finnish Twin Cohort Study. Diabetologia. 2010;53(7):1314-21.
38. Wilson PW, D'Agostino RB, Sullivan L, Parise H, Kannel WB. Overweight and obesity as
determinants of cardiovascular risk: the Framingham experience. Arch Intern Med. 2002;162(16):1867-
72.

39. Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, Bales VS, et al. Prevalence of obesity,
diabetes, and obesity-related health risk factors, 2001. JAMA. 2003;289(1):76-9.

40. Karajamaki AJ, Korkiakoski A, Hukkanen J, Kesaniemi YA, Ukkola O. Long-term metabolic fate
and mortality in obesity without metabolic syndrome. Ann Med. 2022;54(1):1432-43.

41. Lin H, Zhang L, Zheng R, Zheng Y. The prevalence, metabolic risk and effects of lifestyle
intervention for metabolically healthy obesity: a systematic review and meta-analysis: A PRISMA-
compliant article. Medicine (Baltimore). 2017;96(47):e8838.

42, Smith GI, Mittendorfer B, Klein S. Metabolically healthy obesity: facts and fantasies. J Clin Invest.
2019;129(10):3978-89.

43, Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al. Harmonizing the
metabolic syndrome: a joint interim statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association;
World Heart Federation; International Atherosclerosis Society; and International Association for the
Study of Obesity. Circulation. 2009;120(16):1640-5.

44, Kurl S, Laaksonen DE, Jae SY, Makikallio TH, Zaccardi F, Kauhanen J, et al. Metabolic syndrome
and the risk of sudden cardiac death in middle-aged men. Int J Cardiol. 2016;203:792-7.

45, Chiuve SE, Sun Q, Sandhu RK, Tedrow U, Cook NR, Manson JE, et al. Adiposity throughout
adulthood and risk of sudden cardiac death in women. JACC Clin Electrophysiol. 2015;1(6):520-8.

46. Jouven X, Desnos M, Guerot C, Ducimetiere P. Predicting sudden death in the population: the
Paris Prospective Study I. Circulation. 1999;99(15):1978-83.

47. Jae SY, Kurl S, Fernhall B, Kunutsor SK, Franklin BA, Laukkanen JA. Are Metabolically Healthy
Overweight/Obese Men at Increased Risk of Sudden Cardiac Death? Mayo Clin Proc. 2018;93(9):1266-
70.

48. Kramer CK, Zinman B, Retnakaran R. Are metabolically healthy overweight and obesity benign
conditions?: A systematic review and meta-analysis. Ann Intern Med. 2013;159(11):758-69.
49. Zheng R, Zhou D, Zhu Y. The long-term prognosis of cardiovascular disease and all-cause

mortality for metabolically healthy obesity: a systematic review and meta-analysis. J Epidemiol
Community Health. 2016;70(10):1024-31.

50. Laukkanen JA, Makikallio TH, Rauramaa R, Kiviniemi V, Ronkainen K, Kurl S. Cardiorespiratory
fitness is related to the risk of sudden cardiac death: a population-based follow-up study. J Am Coll
Cardiol. 2010;56(18):1476-83.

51. Jae SY, Franklin BA, Kurl S, Fernhall B, Kunutsor SK, Kauhanen J, et al. Effect of Cardiorespiratory
Fitness on Risk of Sudden Cardiac Death in Overweight/Obese Men Aged 42 to 60 Years. Am J Cardiol.
2018;122(5):775-9.

52. Hu FB, Willett WC, Li T, Stampfer MJ, Colditz GA, Manson JE. Adiposity as compared with
physical activity in predicting mortality among women. N Engl J Med. 2004;351(26):2694-703.

53. Finocchiaro G, Papadakis M, Dhutia H, Cole D, Behr ER, Tome M, et al. Obesity and sudden
cardiac death in the young: Clinical and pathological insights from a large national registry. Eur J Prev
Cardiol. 2018;25(4):395-401.

54, Jayaraman R, Reinier K, Nair S, Aro AL, Uy-Evanado A, Rusinaru C, et al. Risk Factors of Sudden
Cardiac Death in the Young: Multiple-Year Community-Wide Assessment. Circulation.
2018;137(15):1561-70.

28



628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

55. Krexi D, Sheppard MN. Cardiovascular causes of maternal sudden death. Sudden arrhythmic
death syndrome is leading cause in UK. Eur J Obstet Gynecol Reprod Biol. 2017;212:155-9.

56. Paratz ED, Ashokkumar S, van Heusden A, Smith K, Zentner D, Morgan N, et al. Obesity in young
sudden cardiac death: Rates, clinical features, and insights into people with body mass index
>50kg/m(2). Am J Prev Cardiol. 2022;11:100369.

57. Vahatalo J, Holmstrom L, Pakanen L, Kaikkonen K, Perkiomaki J, Huikuri H, et al. Temporal
Trends in the Incidence and Characteristics of Sudden Cardiac Death among Subjects under 40 Years of
Age in Northern Finland during 1998-2017. Cardiology. 2022;147(3):328-31.

58. Wisten A, Krantz P, Stattin EL. Sudden cardiac death among the young in Sweden from 2000 to
2010: an autopsy-based study. Europace. 2017;19(8):1327-34.

59. Noheria A, Teodorescu C, Uy-Evanado A, Reinier K, Mariani R, Gunson K, et al. Distinctive profile
of sudden cardiac arrest in middle-aged vs. older adults: a community-based study. Int J Cardiol.
2013;168(4):3495-9.

60. Abel ED, Litwin SE, Sweeney G. Cardiac remodeling in obesity. Physiol Rev. 2008;88(2):389-419.
61. Kenchaiah S, Evans JC, Levy D, Wilson PW, Benjamin EJ, Larson MG, et al. Obesity and the risk of
heart failure. N Engl J Med. 2002;347(5):305-13.

62. Russo C, Jin Z, Homma S, Rundek T, Elkind MS, Sacco RL, et al. Effect of obesity and overweight
on left ventricular diastolic function: a community-based study in an elderly cohort. ] Am Coll Cardiol.
2011;57(12):1368-74.

63. Messerli FH, Nunez BD, Ventura HO, Snyder DW. Overweight and sudden death. Increased
ventricular ectopy in cardiopathy of obesity. Arch Intern Med. 1987;147(10):1725-8.

64. Duflou J, Virmani R, Rabin I, Burke A, Farb A, Smialek J. Sudden death as a result of heart disease
in morbid obesity. Am Heart J. 1995;130(2):306-13.

65. Hookana E, Junttila MJ, Puurunen VP, Tikkanen JT, Kaikkonen KS, Kortelainen ML, et al. Causes
of nonischemic sudden cardiac death in the current era. Heart Rhythm. 2011;8(10):1570-5.
66. Kortelainen ML, Porvari K. Extreme obesity and associated cardiovascular disease verified at

autopsy: time trends over 3 decades. Am J Forensic Med Pathol. 2011;32(4):372-7.

67. Tavora F, Zhang Y, Zhang M, Li L, Ripple M, Fowler D, et al. Cardiomegaly is a common
arrhythmogenic substrate in adult sudden cardiac deaths, and is associated with obesity. Pathology.
2012;44(3):187-91.

68. Westaby J, Dalle-Carbonare C, Ster IC, Sheppard MN. Obesity Cardiomyopathy in Sudden Cardiac
Death. JACC: Advances. 2023;2(5):100414.

69. Ha FJ, Han HC, Sanders P, Fendel K, Teh AW, Kalman JM, et al. Sudden Cardiac Death in the
Young: Incidence, Trends, and Risk Factors in a Nationwide Study. Circ Cardiovasc Qual Outcomes.
2020;13(10):e006470.

70. Ernault AC, Meijborg VMF, Coronel R. Modulation of Cardiac Arrhythmogenesis by Epicardial
Adipose Tissue: JACC State-of-the-Art Review. J Am Coll Cardiol. 2021;78(17):1730-45.

71. Bharati S, Lev M. Cardiac conduction system involvement in sudden death of obese young
people. Am Heart J. 1995;129(2):273-81.

72. Ramireddy A, Chugh HS, Reinier K, Uy-Evanado A, Stecker EC, Jui J, et al. Sudden cardiac death
during nighttime hours. Heart Rhythm. 2021;18(5):778-84.

73. Gami AS, Olson EJ, Shen WK, Wright RS, Ballman KV, Hodge DO, et al. Obstructive sleep apnea
and the risk of sudden cardiac death: a longitudinal study of 10,701 adults. J Am Coll Cardiol.
2013;62(7):610-6.

74. Gami AS, Howard DE, Olson EJ, Somers VK. Day-night pattern of sudden death in obstructive
sleep apnea. N Engl J Med. 2005;352(12):1206-14.

75. Ryan CM, Usui K, Floras JS, Bradley TD. Effect of continuous positive airway pressure on
ventricular ectopy in heart failure patients with obstructive sleep apnoea. Thorax. 2005;60(9):781-5.

29



676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722

76. Holmstrom L, Salmasi S, Chugh H, Uy-Evanado A, Sorenson C, Bhanji Z, et al. Survivors of Sudden
Cardiac Arrest Presenting With Pulseless Electrical Activity: Clinical Substrate, Triggers, Long-Term
Prognosis. JACC Clin Electrophysiol. 2022;In press.

77. Bagai A, McNally BF, Al-Khatib SM, Myers JB, Kim S, Karlsson L, et al. Temporal differences in
out-of-hospital cardiac arrest incidence and survival. Circulation. 2013;128(24):2595-602.

78. Karlsson LI, Wissenberg M, Fosbol EL, Hansen CM, Lippert FK, Bagai A, et al. Diurnal variations in
incidence and outcome of out-of-hospital cardiac arrest including prior comorbidity and
pharmacotherapy: a nationwide study in Denmark. Resuscitation. 2014;85(9):1161-8.

79. Mehra R, Chung MK, Olshansky B, Dobrev D, Jackson CL, Kundel V, et al. Sleep-Disordered
Breathing and Cardiac Arrhythmias in Adults: Mechanistic Insights and Clinical Implications: A Scientific
Statement From the American Heart Association. Circulation. 2022;146(9):e119-e36.

80. Holmstrom L, Bednarski B, Chugh H, Aziz H, Pham HN, Sargsyan A, et al. Artificial Intelligence
Model Predicts Sudden Cardiac Arrest Manifesting With Pulseless Electric Activity Versus Ventricular
Fibrillation. Circ Arrhythm Electrophysiol. 2024;17(2):e012338.

81. Aro AL, Reinier K, Rusinaru C, Uy-Evanado A, Darouian N, Phan D, et al. Electrical risk score
beyond the left ventricular ejection fraction: prediction of sudden cardiac death in the Oregon Sudden
Unexpected Death Study and the Atherosclerosis Risk in Communities Study. Eur Heart J.
2017;38(40):3017-25.

82. Chatterjee NA, Tikkanen JT, Panicker GK, Narula D, Lee DC, Kentta T, et al. Simple
electrocardiographic measures improve sudden arrhythmic death prediction in coronary disease. Eur
Heart J. 2020;41(21):1988-99.

83. Holkeri A, Eranti A, Haukilahti MAE, Kerola T, Kentta TV, Tikkanen JT, et al. Predicting sudden
cardiac death in a general population using an electrocardiographic risk score. Heart. 2020;106(6):427-
33.

84. Fraley MA, Birchem JA, Senkottaiyan N, Alpert MA. Obesity and the electrocardiogram. Obes
Rev. 2005;6(4):275-81.

85. Narayanan K, Zhang L, Kim C, Uy-Evanado A, Teodorescu C, Reinier K, et al. QRS fragmentation
and sudden cardiac death in the obese and overweight. ) Am Heart Assoc. 2015;4(3):e001654.

86. Das MK, Saha C, El Masry H, Peng J, Dandamudi G, Mahenthiran J, et al. Fragmented QRS on a
12-lead ECG: a predictor of mortality and cardiac events in patients with coronary artery disease. Heart
Rhythm. 2007;4(11):1385-92.

87. el-Gamal A, Gallagher D, Nawras A, Gandhi P, Gomez J, Allison DB, et al. Effects of obesity on QT,
RR, and QTc intervals. Am J Cardiol. 1995;75(14):956-9.

88. Straus SM, Kors JA, De Bruin ML, van der Hooft CS, Hofman A, Heeringa J, et al. Prolonged QTc
interval and risk of sudden cardiac death in a population of older adults. ] Am Coll Cardiol.
2006;47(2):362-7.

89. Chugh SS, Reinier K, Singh T, Uy-Evanado A, Socoteanu C, Peters D, et al. Determinants of
prolonged QT interval and their contribution to sudden death risk in coronary artery disease: the Oregon
Sudden Unexpected Death Study. Circulation. 2009;119(5):663-70.

90. Teodorescu C, Reinier K, Uy-Evanado A, Navarro J, Mariani R, Gunson K, et al. Prolonged QRS
duration on the resting ECG is associated with sudden death risk in coronary disease, independent of
prolonged ventricular repolarization. Heart Rhythm. 2011;8(10):1562-7.

91. Tikkanen JT, Kentta T, Porthan K, Anttonen O, Eranti A, Aro AL, et al. Risk of sudden cardiac
death associated with QRS, QTc, and JTc intervals in the general population. Heart Rhythm.
2022;19(8):1297-303.

92. Al-Salameh A, Allain J, Jacques A, Verhaeghe P, Desailloud R. Shortening of the QT interval is
observed soon after sleeve gastrectomy in morbidly obese patients. Obes Surg. 2014;24(1):167-70.

30



723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

93. Mehra R, Tjurmina OA, Ajijola OA, Arora R, Bolser DC, Chapleau MW, et al. Research
Opportunities in Autonomic Neural Mechanisms of Cardiopulmonary Regulation: A Report From the
National Heart, Lung, and Blood Institute and the National Institutes of Health Office of the Director
Workshop. JACC Basic Transl Sci. 2022;7(3):265-93.

94, Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al. Recommendations for
cardiac chamber quantification by echocardiography in adults: an update from the American Society of
Echocardiography and the European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc
Imaging. 2015;16(3):233-70.

95. Haider AW, Larson MG, Benjamin EJ, Levy D. Increased left ventricular mass and hypertrophy
are associated with increased risk for sudden death. J Am Coll Cardiol. 1998;32(5):1454-9.
96. Kaikkonen KS, Kortelainen ML, Huikuri HV. Comparison of risk profiles between survivors and

victims of sudden cardiac death from an acute coronary event. Ann Med. 2009;41(2):120-7.

97. Chugh SS, Reinier K, Uy-Evanado A, Chugh HS, Elashoff D, Young C, et al. Prediction of Sudden
Cardiac Death Manifesting With Documented Ventricular Fibrillation or Pulseless Ventricular
Tachycardia. JACC Clin Electrophysiol. 2022;8(4):411-23.

98. Reinier K, Dervan C, Singh T, Uy-Evanado A, Lai S, Gunson K, et al. Increased left ventricular mass
and decreased left ventricular systolic function have independent pathways to ventricular
arrhythmogenesis in coronary artery disease. Heart Rhythm. 2011;8(8):1177-82.

99. Harrison DG, Marcus ML, Dellsperger KC, Lamping KG, Tomanek RJ. Pathophysiology of
myocardial perfusion in hypertension. Circulation. 1991;83(5 Suppl):I1114-8.

100. Holmstrom L, Haukilahti A, Vahatalo J, Kentta T, Appel H, Kiviniemi A, et al. Electrocardiographic
associations with myocardial fibrosis among sudden cardiac death victims. Heart. 2020;106(13):1001-6.
101. Tamarappoo BK, John BT, Reinier K, Teodorescu C, Uy-Evanado A, Gunson K, et al. Vulnerable
myocardial interstitium in patients with isolated left ventricular hypertrophy and sudden cardiac death:
a postmortem histological evaluation. J Am Heart Assoc. 2012;1(3):e001511.

102. delongs, van Veen TA, van Rijen HV, de Bakker JM. Fibrosis and cardiac arrhythmias. J
Cardiovasc Pharmacol. 2011;57(6):630-8.

103.  Zegard A, Okafor O, de Bono J, Kalla M, Lencioni M, Marshall H, et al. Myocardial Fibrosis as a
Predictor of Sudden Death in Patients With Coronary Artery Disease. ] Am Coll Cardiol. 2021;77(1):29-
41.

104.  Corvisart JN. Of the degeneration of the muscular tissue of the heart into fat. An essay on the
organic diseases and lesions of the heart and great vessels. Boston: Bradford & Read; 1812.

105. Hosmer A. Two Cases in Which Sudden Death Was Caused by Fatty Degeneration of the Heart.
The Boston Medical and Surgical Journal. 1864;70(16):319-21.

106.  Szczepaniak LS, Victor RG, Orci L, Unger RH. Forgotten but not gone: the rediscovery of fatty
heart, the most common unrecognized disease in America. Circ Res. 2007;101(8):759-67.

107.  Zhou YT, Grayburn P, Karim A, Shimabukuro M, Higa M, Baetens D, et al. Lipotoxic heart disease
in obese rats: implications for human obesity. Proc Natl Acad Sci U S A. 2000;97(4):1784-9.

108. Sharma S, Adrogue JV, Golfman L, Uray |, Lemm J, Youker K, et al. Intramyocardial lipid
accumulation in the failing human heart resembles the lipotoxic rat heart. FASEB J. 2004;18(14):1692-
700.

1009. Baroldi G, Silver MD, De Maria R, Parodi O, Pellegrini A. Lipomatous metaplasia in left ventricular
scar. Can J Cardiol. 1997;13(1):65-71.

110. Su L, Siegel JE, Fishbein MC. Adipose tissue in myocardial infarction. Cardiovasc Pathol.
2004;13(2):98-102.

111.  SungE, Prakosa A, Zhou S, Berger RD, Chrispin J, Nazarian S, et al. Fat infiltration in the infarcted
heart as a paradigm for ventricular arrhythmias. Nat Cardiovasc Res. 2022;1(10):933-45.

31



770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

112. Towbin JA, McKenna WJ, Abrams DJ, Ackerman MJ, Calkins H, Darrieux FCC, et al. 2019 HRS
expert consensus statement on evaluation, risk stratification, and management of arrhythmogenic
cardiomyopathy. Heart Rhythm. 2019;16(11):e301-e72.

113. MaC, Avenell A, Bolland M, Hudson J, Stewart F, Robertson C, et al. Effects of weight loss
interventions for adults who are obese on mortality, cardiovascular disease, and cancer: systematic
review and meta-analysis. BMJ. 2017;359:j4849.

114.  Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay |, et al. Once-Weekly
Semaglutide in Adults with Overweight or Obesity. N Engl J Med. 2021;384(11):989-1002.

115.  Shi Q, Nong K, Vandvik PO, Guyatt GH, Schnell O, Ryden L, et al. Benefits and harms of drug
treatment for type 2 diabetes: systematic review and network meta-analysis of randomised controlled
trials. BMJ. 2023;381:e074068.

116.  Lincoff AM, Brown-Frandsen K, Colhoun HM, Deanfield J, Emerson SS, Esbjerg S, et al.
Semaglutide and Cardiovascular Outcomes in Obesity without Diabetes. N Engl J Med.
2023;389(24):2221-32.

117.  Ussher JR, Drucker DJ. Glucagon-like peptide 1 receptor agonists: cardiovascular benefits and
mechanisms of action. Nat Rev Cardiol. 2023;20(7):463-74.

118. DuanK, Yan X, Gao Z, Hou Y, Lv X, Song G. Effect of glucagon-like peptide-1 receptor agonists on
fat distribution in patients with type 2 diabetes: A systematic review and meta-analysis. J Diabetes
Investig. 2022;13(7):1149-60.

119.  Wittgrove AC, Clark GW, Tremblay LJ. Laparoscopic Gastric Bypass, Roux-en-Y: Preliminary
Report of Five Cases. Obes Surg. 1994;4(4):353-7.

120.  Sjostrom L, Narbro K, Sjostrom CD, Karason K, Larsson B, Wedel H, et al. Effects of bariatric
surgery on mortality in Swedish obese subjects. N Engl J Med. 2007;357(8):741-52.

121. Doumouras AG, Wong JA, Paterson JM, Lee Y, Sivapathasundaram B, Tarride JE, et al. Bariatric
Surgery and Cardiovascular Outcomes in Patients With Obesity and Cardiovascular Disease:: A
Population-Based Retrospective Cohort Study. Circulation. 2021;143(15):1468-80.

122.  Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ, Curtis AB, et al. 2017
AHA/ACC/HRS Guideline for Management of Patients With Ventricular Arrhythmias and the Prevention
of Sudden Cardiac Death: Executive Summary: A Report of the American College of Cardiology/American
Heart Association Task Force on Clinical Practice Guidelines and the Heart Rhythm Society. Circulation.
2018;138(13):e210-e71.

123.  Shen L, Jhund PS, Petrie MC, Claggett BL, Barlera S, Cleland JGF, et al. Declining Risk of Sudden
Death in Heart Failure. N Engl J Med. 2017;377(1):41-51.

124.  Kober L, Thune JJ, Nielsen JC, Haarbo J, Videbaek L, Korup E, et al. Defibrillator Implantation in
Patients with Nonischemic Systolic Heart Failure. N Engl J Med. 2016;375(13):1221-30.

125. Sabbag A, Suleiman M, Laish-Farkash A, Samania N, Kazatsker M, Goldenberg |, et al.
Contemporary rates of appropriate shock therapy in patients who receive implantable device therapy in
a real-world setting: From the Israeli ICD Registry. Heart Rhythm. 2015;12(12):2426-33.

126. Chandon P, Wansink B. Does food marketing need to make us fat? A review and solutions. Nutr
Rev. 2012;70(10):571-93.

127.  Ello-Martin JA, Ledikwe JH, Rolls BJ. The influence of food portion size and energy density on
energy intake: implications for weight management. Am J Clin Nutr. 2005;82(1 Suppl):2365-41S.

128. Bianchettin RG, Lavie CJ, Lopez-Jimenez F. Challenges in Cardiovascular Evaluation and
Management of Obese Patients: JACC State-of-the-Art Review. J Am Coll Cardiol. 2023;81(5):490-504.
129.  Swinburn BA, Sacks G, Hall KD, McPherson K, Finegood DT, Moodie ML, et al. The global obesity
pandemic: shaped by global drivers and local environments. Lancet. 2011;378(9793):804-14.

32



816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863

130. Havmoeller R, Reinier K, Teodorescu C, Ahmadi N, Kwok D, Uy-Evanado A, et al. Elevated plasma
free fatty acids are associated with sudden death: a prospective community-based evaluation at the
time of cardiac arrest. Heart Rhythm. 2014;11(4):691-6.

131.  Jouven X, Charles MA, Desnos M, Ducimetiere P. Circulating nonesterified fatty acid level as a
predictive risk factor for sudden death in the population. Circulation. 2001;104(7):756-61.

132.  PilzS, Scharnagl H, Tiran B, Wellnitz B, Seelhorst U, Boehm BO, et al. Elevated plasma free fatty
acids predict sudden cardiac death: a 6.85-year follow-up of 3315 patients after coronary angiography.
Eur Heart J. 2007;28(22):2763-9.

133. Holmstrom L, Pylkas K, Tervasmaki A, Vahatalo J, Porvari K, Pakanen L, et al. Genetic
contributions to the expression of acquired causes of cardiac hypertrophy in non-ischemic sudden
cardiac death victims. Sci Rep. 2021;11(1):11171.

134. IchikawaY, Kitagawa K, Chino S, Ishida M, Matsuoka K, Tanigawa T, et al. Adipose tissue
detected by multislice computed tomography in patients after myocardial infarction. JACC Cardiovasc
Imaging. 2009;2(5):548-55.

135. Raney AR, Saremi F, Kenchaiah S, Gurudevan SV, Narula J, Narula N, et al. Multidetector
computed tomography shows intramyocardial fat deposition. J Cardiovasc Comput Tomogr.
2008;2(3):152-63.

136. Lorenz M, Lawson F, Owens D, Raccah D, Roy-Duval C, Lehmann A, et al. Differential effects of
glucagon-like peptide-1 receptor agonists on heart rate. Cardiovasc Diabetol. 2017;16(1):6.

137.  Al-Sadawi MA, Aslam FM, Tao M, Alsaiqali M, Almasry |0, Fan R, et al. Effects of GLP-1 Agonists
on mortality and arrhythmias in patients with Type Il diabetes. Int J Cardiol Heart Vasc. 2023;47:101218.
138.  WuS, LuW, Chen Z, Dai Y, Chen K, Zhang S. Association of glucagon-like peptide-1 receptor
agonists with cardiac arrhythmias in patients with type 2 diabetes or obesity: a systematic review and
meta-analysis of randomized controlled trials. Diabetol Metab Syndr. 2022;14(1):195.

139.  Narayanan K, Reinier K, Uy-Evanado A, Teodorescu C, Chugh H, Marijon E, et al. Frequency and
determinants of implantable cardioverter defibrillator deployment among primary prevention
candidates with subsequent sudden cardiac arrest in the community. Circulation. 2013;128(16):1733-8.
140.  Waks JW, Sitlani CM, Soliman EZ, Kabir M, Ghafoori E, Biggs ML, et al. Global Electric
Heterogeneity Risk Score for Prediction of Sudden Cardiac Death in the General Population: The
Atherosclerosis Risk in Communities (ARIC) and Cardiovascular Health (CHS) Studies. Circulation.
2016;133(23):2222-34.

141.  Holmstrom L, Chugh H, Nakamura K, Bhanji Z, Seifer M, Uy-Evanado A, et al. An ECG-based
artificial intelligence model for assessment of sudden cardiac death risk. Commun Med (Lond).
2024;4(1):17.

142.  McEvoy RD, Antic NA, Heeley E, Luo Y, Ou Q, Zhang X, et al. CPAP for Prevention of
Cardiovascular Events in Obstructive Sleep Apnea. N Engl J Med. 2016;375(10):919-31.

143.  PekerY, Glantz H, Eulenburg C, Wegscheider K, Herlitz J, Thunstrom E. Effect of Positive Airway
Pressure on Cardiovascular Outcomes in Coronary Artery Disease Patients with Nonsleepy Obstructive
Sleep Apnea. The RICCADSA Randomized Controlled Trial. Am J Respir Crit Care Med. 2016;194(5):613-
20.

144. Sanchez-de-la-Torre M, Sanchez-de-la-Torre A, Bertran S, Abad J, Duran-Cantolla J, Cabriada V,
et al. Effect of obstructive sleep apnoea and its treatment with continuous positive airway pressure on
the prevalence of cardiovascular events in patients with acute coronary syndrome (ISAACC study): a
randomised controlled trial. Lancet Respir Med. 2020;8(4):359-67.

145.  Ball K, Crawford D. Socioeconomic status and weight change in adults: a review. Soc Sci Med.
2005;60(9):1987-2010.

146.  Flegal KM, Kruszon-Moran D, Carroll MD, Fryar CD, Ogden CL. Trends in Obesity Among Adults in
the United States, 2005 to 2014. JAMA. 2016;315(21):2284-91.

33



864 147.  Reinier K, Thomas E, Andrusiek DL, Aufderheide TP, Brooks SC, Callaway CW, et al.

865 Socioeconomic status and incidence of sudden cardiac arrest. CMAJ. 2011;183(15):1705-12.

866 148. Reinier K, Sargsyan A, Chugh HS, Nakamura K, Uy-Evanado A, Klebe D, et al. Evaluation of
867  Sudden Cardiac Arrest by Race/Ethnicity Among Residents of Ventura County, California, 2015-2020.
868  JAMA Netw Open. 2021;4(7):e2118537.

869

34



870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

Figure titles

Central Illustration. Sudden cardiac death (SCD) in obesity: potential mechanisms and future
directions for management. Especially visceral obesity increases the risk of SCD, and the risk is
likely mediated by several alterations in the cardiovascular system due to obesity. Future studies
are required to investigate novel individual and community-based methods to decrease the

burden of obesity-related SCD.

Figure 1. Global BMI-related mortality and disability-adjusted life-years 1990-2015. The figure
shows the number of deaths and disability-adjusted life-years in adults that are related to a high
BMI in 1990 and 2015 according to the BMI level and cause. Panel A: BMlI-related disability-
adjusted life-years in 1990. Panel B: BMI-related disability-adjusted life-years in 2015. Panel C:
BMI-related mortality in 1990. Panel D: BMI-related mortality in 2015. BMI threshold for
overweight (25-29 kg/m2) and obesity (>30 kg/m2) are marked with the vertical lines. From:

GBD 2015 Obesity Collaborators; Afshin A, et al. N Engl J Med. 2017;377:13-27.

Figure 2. The relationship between sagittal abdominal diameter, sudden death, and fatal M.
Data from the Paris Prospective study showed that abdominal obesity increases the risk of SCD
regardless of BMI, and the association was stronger between abdominal obesity and SCD than

between abdominal obesity and fatal MI. From: Empana P, et al. Circulation. 2004;110:2781-5.

Figure 3. Potential development of obesity cardiomyopathy. Obesity leads to significant
hemodynamic changes (e.g., higher blood volume) which promote cardiac hypertrophy,

dilatation, and heart failure. From: Lavie CJ, et al. J Am Coll Cardiol. 2018;72:1506-1531.

Figure 4. Obesity and cardiomegaly. A study from the U.K. reported autopsy findings in sudden

cardiac death victims with unexplained cardiomegaly in obesity (OCM) versus controls with
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obesity and normal weight controls. Cases with OCM presented with left ventricle enlargement

and excess epicardial fat. From: Westaby J, et al. JACC Adv. 2023;2:100414.

Figure 5. Epicardial adipose tissue and ventricular arrhythmias. Panel A illustrates the
infiltration of adipose tissue in the myocardium and a zigzag electrical activation pattern leading
to re-entry. Panel B illustrates how regional conduction disturbances lengthen the distance and
prolong the activation time, and panel C illustrates electrogram fractionation due to conduction
disturbances. From: Ernault AC, et al. J Am Coll Cardiol. 2021;78:1730-1745. Original data
from Vigmond EJ, et al. HeartRhythm Case Rep. 2017;3:546-550 and de Bakker JM, et al.

Circulation 1993;88:915-26.

Figure 6. Obstructive sleep apnea (OSA) and diurnal variation of sudden death. A study on
polysomnograms and the death certificates of 112 sudden cardiac death (SCD) victims found that
cases with OSA had a peak in SCD occurrence during sleeping hours. From: Gami AS, et al. N

Engl J Med. 2005;352:1206-14.

Figure 7. Intramyocardial lipid accumulation. Lipid droplets in myocardium sections of an
untreated obese Zucker Diabetic Fatty (ZDF) rat (left) and a troglitazone-treated obese ZDF rat
(right). Lipid droplets appear in white and are marked with an I. From: Zhou YT, et al. Proc Natl

Acad Sci U S A. 2000;97:1784-9.
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