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Background: Metabolically healthy obese (MHO) individuals and their association with
cardiometabolic diseases have remained controversial. We aimed to explore the risk of
incident heart failure (HF) based on the baseline metabolic health and obesity status as
well as their transition over 2 years.

Methods: The Korean National Health Insurance Service-National Health Screening
Cohort data of 514,886 participants were analyzed. Obesity was defined as BMI >25
kg/m? according to the Korean Centers for Disease Control and Prevention. The
metabolic health and obesity status were evaluated at baseline and after two years.
Study participants were followed to either the date of newly diagnosed HF or the last
follow-up visit, whichever occurred first.

Results: The MHO group comprised 9.1% of the entire population and presented a better
baseline metabolic profile than the metabolically unhealthy non-obese (MUNO) and
metabolicavlly unhealthy obese (MUO) groups. During the median 71.3 months of
follow-up, HF developed in 5,406 (1.5%) participants. The adjusted hazard ratios [HRs
(95% Cl)] of HF at baseline compared with the metabolically healthy non-obese (MHNO)
group were 1.29 [1.20-1.39], 1.37 [1.22-1.53], and 1.63 [1.50-1.76] for MUNO, MHO,
and MUO groups, respectively. With the stable MHNO group as reference, transition into
metabolically unhealthy status (MUNO and MUQO) increased the risk of HF, regardless of
the baseline status. Subjects who were obese at both baseline and follow-up showed an
increased risk of HF, regardless of their metabolic health status.

Conclusions: Metabolic health and obesity status and their transition can predict the risk
of incident HF. Losing metabolic health in baseline non-obese and obese individuals and
remaining obese in baseline obese individuals showed a significantly increased risk of
incident HF. Maintaining good metabolic health and a lean body may prevent the
development of HF.
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INTRODUCTION

Obesity is a major global health issue, as the prevalence of obesity
has constantly increased to a degree that almost one-third of the
population worldwide is either overweight or obese (1). Obesity
leads to numerous chronic diseases, such as type 2 diabetes,
cardiovascular diseases (CVDs), cancer, musculoskeletal disorders,
and psychological disorders (2); however, huge individual
variability is observed in the risk of metabolic and clinical
morbidity associated with obesity (3, 4). Among the obese
population, the subgroup that does not exhibit cardiovascular and
metabolic outcomes of obesity is classified as metabolically healthy
obese (MHO) (5). MHO individuals are characterized by normal
blood pressure (BP), favorable lipid profiles, and better insulin
sensitivity despite their increased adiposity and can be exempted
from increased risk of obesity-related disorders (6, 7); however, the
prognostic value of MHO is debatable and it might depend on the
health outcomes being tested (5, 8). Furthermore, MHO is not a
fixed state, as metabolic health is a dynamic concept that can
change over time. Accordingly, alteration of an individual’s
metabolic health and obesity status over time should be
considered while evaluating the risk of obesity-related disorders (4).

Among the various CVDs, heart failure (HF) has been an
important public health concern worldwide due to its high
morbidity and mortality (9). Obesity is a key determinant of
cardiovascular health and is an independent risk factor for the
development of HF (10, 11). Nevertheless, increased body mass
index (BMI) causes left ventricular remodeling and neurohormonal
alterations (12, 13). Moreover, higher BMI is frequently
accompanied by numerous metabolic disorders characterized by
hypertension, type 2 diabetes, and dyslipidemia, all of which are risk
factors for HF (11, 14). Therefore, the importance of obesity per se as
an independent contributor to HF, irrespective of obesity-induced
metabolic disturbances, remains uncertain. Furthermore, being
metabolically unhealthy, regardless of BMI, is generally associated
with increased risk of CVD including HF, and normal weight does
not necessarily indicate metabolic health (15-18). Therefore, how
metabolic health and obesity distinctly affect the risk of HF
development remains inconclusive.

Based on these backgrounds, we aimed to investigate the effect
of metabolic health and obesity status on the risk of developing
HF in a large national population-based cohort. Considering the
dynamic nature of metabolic health and obesity, we also assessed
the impact of transition in metabolic health and obesity status
over two years on the risk of incident HF.

MATERIALS AND METHODS

Data Source

The present study was based on the data provided by the Korean
National Health Insurance Service (NHIS). The Korean NHIS
requires all Korean citizens to register for national health care
insurance. The use of health services, prescription or procedure
records, and the 10th revision of the International Statistical
Classification of Diseases and Related Health Problems (ICD-10)
diagnosis codes is documented in the NHIS database. NHIS

provides health screening examinations biennially for all those
registered in the NHIS. The health examination includes
anthropometry, comorbidities, family history, self-reported health
behavior, and laboratory results. The NHIS-National Health
Screening Cohort (NHIS-HEALS) 2002-2015 data was released
in 2017, and ever since, it has been used as representative of the
Korean population in research. This cohort comprises a random
selection of 514,866 subjects, corresponding to about 10% of the
entire population that underwent NHIS health exams between
2002 and 2003. This sample of individuals was followed up until
death, emigration, or the end of the study period in 2015. The
detailed structure and function of Korean NHIS-HEALS have been
described elsewhere (19). Because this database was anonymized
and de-identified, informed consent was waived. This study
conforms to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved by the Asan Medical Center (Seoul,
Korea) Institutional Review Board (IRB-No 2020-0852).

Study Population

The present study examined the NHIS-HEALS data from January
1, 2009 to December 31, 2010, as the baseline data. This period
was selected because laboratory results such as triglyceride (TG)
and high-density lipoprotein cholesterol (HDL-C) were included
from 2009 (19). The follow-up data were collected from January 1,
2011 to December 31, 2012, to analyze the effect of change in
metabolic health and obesity. Of the initially selected 514,866
subjects—after excluding the deceased before the year 2012 (n =
33,358), those with a previous history of HF before 2012 (n =
20,063), those with missing measurements of BP, BMI, fasting
plasma glucose (FPG), TG, or HDL-C (n = 105,130), and those
with BMI >40 kg/m2 at baseline (n = 57)—eventually 356,258
subjects were included in the analysis.

Definition of Metabolic Health and

Obesity Status

Metabolic health was determined by the presence of risk factors
defined according to the Adult Treatment Panel III (ATP III)
criteria. The risk factors were as follows: (1) systolic BP =130
mmHg and/or diastolic BP =85 mmHg and/or use of
antihypertensive medications; (2) TG 2150 mg/dl and/or use
of lipid-lowering medications; (3) FPG =100 mg/dl and/or use of
antidiabetic medications; and (4) HDL-C <40 mg/dl in men and
<50 mg/dl in women. A metabolically healthy status was defined
as having none or one of the above-mentioned criteria. Obesity
was defined as body mass index (BMI) >25 kg/m?, based on
Asia-Pacific criteria, organized by the World Health
Organization Western Pacific Region (20). Korean medical and
governmental organizations including Korean Centers for
Disease Control and Prevention have officially applied this
definition of obesity (21). All subjects were divided into four
groups based on the metabolic health and obesity criteria:

1. metabolically healthy non-obese (MHNO) group, defined as
BMI <25 kg/m” and none or one metabolic risk factor;

2. metabolically unhealthy non-obese (MUNO) group, defined
as BMI <25 kg/m” and two or more metabolic risk factors;

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 12 | Article 625083


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kim et al.

Obesity Phenotypes and Heart Failure

3. metabolically healthy obese (MHO) group, defined as BMI
>25 kg/m* and none or one metabolic risk factor; and

4. metabolically unhealthy obese (MUO) group, defined as BMI
>25 kg/m® and two or more metabolic risk factors.

Study Outcome

The primary outcome of this study was incident HF during the
study period. Newly diagnosed HF was defined as at least one
new inpatient and/or outpatient care for HF, with the diagnostic
code of 150 as a principal or subsidiary diagnosis (22, 23). The
risk of incident HF was analyzed by baseline metabolic health
and obesity status as well as by the transition of the status after a
2-year follow-up period.

Definitions of Type 2 Diabetes,
Hypertension, and Dyslipidemia
People who were prescribed antidiabetic drugs and those with
ICD-10 codes E11 (non-insulin-dependent diabetes mellitus),
E12 (malnutrition-related diabetes mellitus), E13 (other specified
diabetes mellitus), and E14 (unspecified diabetes mellitus) were
defined as having type 2 diabetes. The following eight classes of
antidiabetic drugs were distributed by pharmacies in Korea during
the study period: sulfonylureas, biguanides, a-glucosidase
inhibitors, thiazolidinediones, meglitinides, glucagon-like peptide-
1 receptor agonists, dipeptidyl peptidase-4 inhibitors, and insulin.
People who were prescribed antihypertensive medications and
those with ICD-10 codes 10 [essential (primary) hypertension], I11
(hypertensive heart disease), I12 [hypertensive chronic kidney
disease (CKD)], I13 (hypertensive heart and CKD), and I15
(secondary hypertension) were defined as having hypertension.
The following five classes of antihypertensive medications were
distributed by pharmacies in Korea during the study period:
angiotensin receptor blockers, angiotensin-converting enzyme
inhibitors, beta-blockers, calcium-channel blockers, and diuretics.
People who were prescribed lipid-lowering medications and those
with ICD-10 code E78 (disorders of lipoprotein metabolism and
other lipidemias) were defined as having dyslipidemia. Lipid-
lowering medications distributed by pharmacies in Korea during
the study period included statins, ezetimibe, and fibrates.

Covariates
Covariates included age, sex, income, health-related behaviors,
such as drinking (none, mild, moderate, or heavy drinking),
smoking (non-, ex-, or current smoker), and physical activities
(0, 1-2, 3-4, or =5 times per week), total cholesterol (TC),
estimated glomerular filtration rate (eGFR), and associated
medical history and comorbidities, such as atrial fibrillation
(AF), ischemic heart disease (IHD), and chronic obstructive
pulmonary disease (COPD). Heavy drinkers were defined as
individuals consuming >seven drinks on one occasion and
drinking >5 days per week, whereas mild and moderate drinkers
were those consuming <seven drinks in one day and drinking 1-2
or 3-4 days per week, respectively (24, 25). The definitions of
diseases mentioned are listed in Supplement Table 1.

The eGFR was calculated using the Chronic Kidney Disease
Epidemiology Collaboration equation as follows (26):

GFR = 141 x min (Scr/k, 1)* x max (Scr/k, 1)712% x
0.993%8° x 1.018 (if female), where Scr is serum creatinine, K is
0.7 for females and 0.9 for males, o is —0.329 for females and
—0.411 for males, and min and max indicate the minimum and
maximum of Scr/K or 1, respectively.

Statistical Analysis

Continuous variables were presented as means * standard
deviation (SD), and categorical variables as percentages (%).
To compare the baseline characteristics of the study participants
based on their metabolic health and obesity status, analysis of
variance (ANOVA) and Scheffe’s test for post-hoc analysis or chi-
square test was employed. Multiple imputation procedure was
performed to impute the missing variables. The hazard ratio
(HR) and 95% confidence interval (CI) for incident HF during
the follow-up period for each group were determined by
performing Cox proportional hazards analyses. Model 1 was
adjusted for age, sex, and income; model 2 was further adjusted
for smoking, alcohol drinking, and physical activities; model 3
was adjusted for TC, eGFR (eGFR <60 ml/min/1.73 m” or >60
ml/min/1.73 m?), AF, IHD, and COPD as well as for the
variables included in model 2.

Initially, the risk of incident HF was assessed in terms of the
baseline metabolic health and obesity status, with the MHNO
group being considered as the reference group. Next, the transition
of metabolic health and obesity status over 2 years, with the stable
MHNO group as the reference group, was further analyzed.
Statistical analyses were performed using the SAS Enterprise
Guide software (version 7.1, SAS Institute, Inc., Cary, NC).

RESULTS

Baseline Characteristics of the Study
Population

The baseline characteristics of the study participants are
presented in Table 1. The MHNO, MUNO, MHO, and MUO
groups each comprised 29.8% (n = 106,289), 34.4% (n =
122,455), 9.1% (n = 32,547), and 26.7% (n = 94,967),
respectively, of the entire study population. As expected, the
baseline metabolic parameters showed significant differences
between groups. Compared with the MHNO group, the MHO
group revealed worse overall metabolic parameters with elevated
FPG, TG, low-density lipoprotein cholesterol (LDL-C), and TC
levels and reduced HDL-C level. Compared with the MUNO and
MUO groups, the MHO group presented a favorable metabolic
profile, including lower FPG and TG levels and higher HDL-C
levels. Some unusual findings were observed. The mean TC levels
in the MHO group were marginally above normal, and the
systolic and diastolic BP levels were significantly higher in the
MHO group compared with the MHNO group.

Incident HF According to Baseline
Metabolic Health and Obesity Status

During the follow-up period (median, 71.3 months), 5,406 of the
356,258 individuals (1.5%) developed incident HF. The crude
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TABLE 1 | Characteristics of study participants according to baseline metabolic health and obesity status.

Obesity category Non-obese (BMI < 25 kg/m?) Obese (BMI > 25 kg/m?) P value
Risk factor 0-1 risk factor 22 risk factors 0-1 risk factor >2 risk factors
MHNO MUNO MHO MUO

n (%) 106,289 (29.8) 122,455 (34.4) 32,547 (9.1) 94,967 (26.7)
Sex (% male) 48.8 56.0 50.7 58.6 <0.001
Age (years) 57.5 +5.4* 60.0 £ 8.9 57.5+7.8" 59.0 +8.3 <0.001
BMI (kg/m?) 221+19 227 1.7 268+ 1.6 272+19 <0.001
WC (cm) 771 +£6.7 80.4 + 6.4 86.9 +6.4 89.4 +6.5 <0.001
SBP (mmHg) 119.0 £ 13.9 129.7 £ 14.5 123.4 + 141 1322 +£14.3 <0.001
DBP (mmHg) 73.9 +9.3 80.4 +£94 76.4 +£9.5 82.0+96 <0.001
Current Smoker (%) 15.8 19.9 13.1 17.8 <0.001
Drinking (%) <0.001

None 60.5 55.7 58.1 52.8

Mild 18.6 16.5 17.8 16.2

Moderate 4.0 4.8 4.0 4.3

Heavy 14.7 20.6 17.6 243
Physical activity (%) <0.001

None 26.5 29.1 27.2 29.0

1-2 times/week 22.3 22.0 22.8 23.6

3-4 times/week 21.6 20.7 21.2 20.9

>5 times/week 27.9 26.1 26.8 24.4
Medical history (%)

Type 2 diabetes 2.1 156.3 2.5 18.1 <0.001

Hypertension 138.0 43.9 221 54.8 <0.001

Dyslipidemia 4.1 20.7 4.4 35.0 <0.001

Atrial fibrillation 0.6 1.1 0.7 1.1 <0.001

IHD 51 121 6.3 14.5 <0.001

COPD 0.7 0.9 0.5 0.7 <0.001
FPG (mg/dl) 916+ 128 108.7 £ 29.7 92.3 121 110.7 £ 29.7 <0.001
TG (mg/dl) 97.7 + 46.3 166.9 + 102.3 109.1 £ 49.4 189.2 + 111.6 <0.001
LDL-C (mg/dl) 120.0 + 33.8 121.4 £ 40.8 1259 £4.2 122.8 £ 42.0 <0.001
HDL-C (mg/dl) 59.5 + 259 51.5 +26.6 56.8 + 24.6 49.2 + 23.4 <0.001
TC (mg/dl) 198.3 + 33.2 204.1 + 39.9* 203.7 + 33.8* 207.2 + 39.9 <0.001
eGFR (ml/min/1.73m?) 82.6 (18.3) 78.5 (19.6) 81.3(18.0) 77.7 (19.5) <0.001
eGFR <60 ml/min/1.73m? (%) 6.7 11.2 7.2 1.9 <0.001

Results reported as means + SD (standard deviation), unless otherwise indicated.

All variables were statistically different among the four groups, unless otherwise indicated. *No statistical difference was observed.

BMI, body mass index; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; HDL-C,
high-density lipoprotein-cholesterol; IHD, ischemic heart disease; LDL-C, low-density lipoprotein-cholesterol; MHNO, metabolically healthy non-obese group; MHO, metabolically healthy
obese group;, MUNO, metabolically unhealthy non-obese group; MUQO, metabolically unhealthy obese group; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride; WC,

waist circumference.

incidence rate of HF was 1.0% (1,053/106,289) in the MHNO
group, 1.7% (2,038/122,455) in the MUNO group, 1.3% (432/
32,547) in the MHO group and 2.0% (1,883/94,967) in the MUO
group. Figure 1A presents the HF-free survival curves for the
four groups defined by the baseline metabolic health and
obesity state.

Table 2 and Figure 1B demonstrate the HRs for incident HF
according to the baseline metabolic health and obesity status.
Compared with the MHNO group, the risk of HF significantly
increased in the MUNO, MHO, and MUO groups after complete
adjustment (Table 2, model 3). The MUNO, MHO, and MUO
groups presented HRs of 1.29 (95% CI, 1.20-1.39), 1.37 (95% CI,
1.22-1.53), and 1.63 (95% CI, 1.50-1.76), respectively.

Incident HF According to the Transition of
Metabolic Health and Obesity Status

To further analyze the differential effect of obesity and metabolic
health on the risk of incident HF, we separately calculated the

HRs for incident HF in the baseline non-obese (Table 3) and
obese (Table 4) groups by considering their transition over the 2
years. As listed in Table 3, in the baseline MHNO group, the
transition to the metabolically unhealthy, i.e., MUNO and MUO,
increased the risk of incident HF with HR values of 1.33 (95% CI,
1.15-1.54) and 1.67 (95% CI, 1.21-2.32), respectively after full
adjustment (Table 3, model 3). Similarly, in the baseline MUNO
group, maintenance of metabolically unhealthy status (i.e., stable
MUNO and MUNO to MUO) significantly increased the risk of
incident HF (HR 1.47, 95% CI, 1.33-1.64 for stable MUNO and
HR 1.68, and 95% CI, 1.40-2.01 for MUNO to MUO,
respectively), compared with that for stable MHNO group
(Table 3, model 3). On the other hand, becoming obese
without deterioration of metabolic risk factors, i.e.,
transitioning from MHNO to MHO, did not alter the risk of
incident HF (HR 0.71; 95% CI: 0.45-1.11), implying that the
obesity aspect may not raise the risk of incident HF in
metabolically healthy status.
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FIGURE 1 | Risk of incident heart failure according to the metabolic health and obesity status at baseline. (A) Heart failure-free survival curves of four groups divided by the
baseline metabolic health and obesity status. (B) Hazard ratios for the development of heart failure according to the baseline metabolic health and obesity status.

TABLE 2 | Risk of incident HF according to baseline metabolic health and obesity status defined by BMI criteria.

Obesity category Non-obese (BMI < 25 kg/m?) Obese (BMI > 25 kg/m?)
Risk factor 0-1 risk factor >2 risk factors 0-1 risk factor >2 risk factors
MHNO MUNO MHO MUO
n (% of total) 106,289 (29.8) 122,455 (34.4) 32,547 (9.1) 94,967 (26.7)
HF event incidence
Number of events (%) 1,053 (1.0) 2,088 (1.7) 432 (1.3) 1,883 (2.0)
Incidence/1000 person-years (95% Cl) 1.68 (1.58-1.79) 2.82 (2.70-2.95) 2.26 (2.05-2.48) 3.37 (3.22-3.52)
Crude HR (95% Cl) 1.00 (ref) 1.67 (1.55-1.80) 1.34 (1.20-1.50) 2.00 (1.85-2.15)
Multivariable-adjusted HR (95% Cl)
Model 12 1.00 (ref) 1.41 (1.31-1.52) 1.38 (1.23-1.54) 1.83 (1.70-1.97)
Model 2° 1.00 (ref) 1.41 (1.31-1.51) 1.38 (1.24-1.55) 1.83 (1.69-1.97)
Model 3° 1.00 (ref) 1.29 (1.20-1.39) 1.37 (1.22-1.53) 1.63 (1.50-1.76)

AF, atrial fibrillation; BMI, body mass index; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; HF, heart failure; HR, hazard
ratio; IHD, ischemic heart disease; MHNO, metabolically healthy non-obese group, MHO, metabolically healthy obese group; MUNO, metabolically unhealthy non-obese group; MUO,
metabolically unhealthy obese group.

@Adjusted for age, sex, and income.

bAdjusted for age, sex, income, smoking, alcohol drinking, and physical activities.

“Adjusted for age, sex, income, smoking, alcohol drinking, physical activities, total cholesterol, eGFR(<60mL/min/1. 73mP), AF, IHD, and COPD.

TABLE 3 | Risk of incident HF in participants according to baseline and 2-year metabolic health and obesity status among non-obese subjects at baseline.

Baseline Follow-up n (%) HF event (n, %) Incidence rate Crude HR Multivariable HR
Model 12 Model 2° Model 3°
MHNO MHNO 63,934 (69.2) 519 (0.8) 1.38 (1.26-1.50) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
MUNO 22,348 (24.2) 298 (1.3) 2.26 (2.01-2.53) 1.64 (1.42-1.89) 1.34 (1.16-1.55) 1.34 (1.16-1.55) 1.33 (1.15-1.54)
MHO 3,599 (3.9) 20 (0.6) 0.94 (0.57-1.45) 0.68 (0.44-1.07) 0.72 (0.46-1.13) 0.72 (0.46-1.13) 0.71 (0.45-1.11)
MUO 2,524 (2.7) 39 (1.6) 2.61 (1.86-3.57) 1.90 (1.37-2.62) 1.72 (1.25-2.39) 1.72 (1.24-2.38) 1.67 (1.21-2.32)
P-value <.001 <.001 <.001 0.001
MUNO MHNO 27,642 (26.2) 289 (1.1) 1.76 (1.57-1.98) 1.27 (1.10-1.47) 1.14 (0.99-1.32) 1.14 (0.99-1.32) 1.10 (0.96-1.28)
MUNO 68,008 (64.3) 1,179 (1.7) 2.93 (2.76-3.10) 2.12 (1.91-2.35) 1.66 (1.50-1.85) 1.66 (1.50-1.85) 1.47 (1.33-1.64)
MHO 1,932 (1.8) 21 (1.1) 1.83 (1.13-2.80) 1.32 (0.85-2.04) 1.22 (1.79-1.89) 1.28 (0.79-1.90) 1.20 (0.78-1.86)
MUO 8,119 (7.7) 154 (1.9) 3.21 (2.73-3.76) 2.33 (1.95-2.79) 1.92 (1.60-2.30) 1.92 (1.60-2.30) 1.68 (1.40-2.01)
P-value <.001 <.001 <.001 <.001

Incidence rate and HR were presented as /1,000 person-years (95% Cl)” and “HR (95% CI)”, respectively. P-value was calculated by test for trend among the subset of baseline MHO
status, in order of follow-up MHO status and stable MHNO group as a reference.

MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, metabolically unhealthy non-obese; MUQO, metabolically unhealthy obese.

AAdjusted for age, sex, and income.

bAdjusted for age, sex, income, smoking, alcohol drinking, and physical activities.

CAdjusted for age, sex, income, smoking, alcohol drinking, physical activities, total cholesterol, eGFR(<60mL/min/1.73m?), AF, IHD, and COPD.
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TABLE 4 | Risk of incident HF in participants according to baseline and 2-year metabolic health and obesity status among obese subjects. at baseline.

Baseline Follow-up n (%) HF event (n, %) Incidence rate

MHNO MHNO 63,934 (69.2) 519 (0.8) 1.38 (1.26-1.50)

MHO MHNO 3,392 (12.0) 26 (0.8) 1.30 (0.85-1.90)
MUNO 1,605 (5.7) 24 (1.5) 2.52 (1.62-3.75)
MHO 13,316 (47.1) 165 (1.2) 2.10 (1.80-2.45)
MUO 9,940 (35.2) 157 (1.6) 2.68 (2.27-3.13)

P-value

MUO MHNO 3,022 (3.7) 26 (0.9) 1.45 (0.95-2.12)
MUNO 9,508 (11.5) 202 (2.1) 3.58 (3.10-4.11)
MHO 11,447 (13.9) 163 (1.4) 2.41 (2.05-2.81)
MUO 58,4083 (70.9) 1,232 (2.1) 3.58 (3.38-3.78)

P-value

Crude HR Multivariable HR
Model 1° Model 2° Model 3°
1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
0.94 (0.63-1.39) 0.89 (0.60-1.31) 0.88 (0.569-1.31) 0.86 (0.58-1.28)
1.82 (1.21-2.74)  1.43(0.95-2.15)  1.42(0.94-2.14)  1.39 (0.92-2.09)
1.563 (1.29-1.83) 1.64 (1.37-1.95) 1.62 (1.36-1.93) 1.61 (1.35-1.92)
1.94 (1.63-2.32)  1.79(1.50-2.15)  1.78 (1.49-2.13)  1.75 (1.46-2.09)
<.001 <.001 <.001 <.001
1.04 (0.70-1.55) 0.95 (0.64-1.40) 0.94 (0.63-1.39) 0.91 (0.61-1.35)
257 (218-3.02)  1.99 (1.69-2.34)  1.97 (1.67-2.32)  1.76 (1.49-2.07)
1.74 (1.46-2.08)  1.72(1.44-2.05)  1.71 (1.43-2.03)  1.65 (1.38-1.97)
260 (2.35-2.88)  2.30 (2.07-2.55)  2.28 (2.05-2.53)  2.01 (1.80-2.23)
<.001 <.001 <.001 <.001

Incidence rate and HR were presented as /1,000 person-years (95% Cl)” and “HR (95% Cl)”, respectively. P-value was calculated by test for trend among the subset of baseline MHO

status, in order of follow-up MHO status and stable MHNO group as a reference.

MHNO, metabolically healthy non-obese; MHO, metabolically healthy obese; MUNO, metabolically unhealthy non-obese; MUQO, metabolically unhealthy obese.

FAdjusted for age, sex, and income.
bAdjusted for age, sex, income, smoking, alcohol drinking, and physical activities.

CAdjusted for age, sex, income, smoking, alcohol drinking, physical activities, total cholesterol, eGFR(<60 ml/min/ 1.73m?), AF, IHD, and COPD.

Table 4 shows the risk of incident HF in the baseline obese
population. Among the subjects with MHO at baseline, 12.0% (n =
3392) achieved weight loss while maintaining their metabolic
health (MHO to MHNO), which conferred no significant
increase in the risk of incident HF (HR 0.86, 95% CI: 0.58-1.28),
compared with that in the stable MHNO group. However, both
remaining at the stable MHO condition and transitioning to
unhealthy status irrespective of their obesity status (i.e., MHO to
MUNO and MHO to MUO group) revealed an increased risk of
incident HF, although the HR of MHO to MUNO group was
statistically marginal (HR 1.39, 95% CI, 0.92-2.09, p-value = 0.071,
Table 4). Similarly, among the baseline MUO participants, who
maintained their obesity status regardless of their metabolic health
status (MUO to MHO and stable MUO) and retained their
unhealthy status despite their body weight reduction (MUO to
MUNO), there was a significantly increased risk of incident HF
(Table 4). Figures 2 and 3 summarize the associations of metabolic
health and obesity with incident HF, thereby focusing on the
transitions in metabolic health and obesity status.

DISCUSSION

In this large, population-based study, we demonstrated that the
risk of incident HF increased in the metabolically unhealthy
obese and non-obese subjects, as well as in metabolically healthy
obese subjects (MUNO, MUO, and MHO), compared to that
observed in the metabolically healthy non-obese population
(MHNO). Longitudinal assessment of the participants’
metabolic health and obesity status further indicated that
among the non-obese population, metabolically unhealthy state
at follow-up regardless of weight gain significantly increased the
risk of incident HF (Table 3 and Figure 2), thereby highlighting
the crucial role of metabolic health as a contributing factor to
incident HF. In contrast, among those subjects with obesity at
baseline, either losing metabolic health (MHO becoming MUO
or MHO becoming MUNO) or maintaining healthy obesity
(stable MHO) was associated with increased risk of HF in
comparison with the stable MHNO as the reference group
(Table 4 and Figure 3). Interestingly, the baseline MUO group

Transition from Baseline MUNO
MUNO to MHNO e
Stable MUNO 1 —a—
MUNO to MHO ———
MUNO to MUO 1 ——
0 1 2 3

Hazard ratio (95% CI)

FIGURE 2 | Risk of incident heart failure according to the transition of metabolic health and obesity status among non-obese individuals at baseline in reference to

A
Transition from Baseline MHNO
Stable MHNO 4

MHNO to MUNO {1 —a—

MHNO to MHO —t

MHNO to MUO 41—

0 1 2 3
Hazard ratio (95% CI)
the stable MHNO group. (A) Transition from baseline MHNO, (B) transition from baseline MUNO.
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0 1 2 3
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B
Transition from Baseline MUO
MUO to MHNO ——
MUO to MUNO —a—
MUO to MHO ——
Stable MUO E —¥—
0 1 2 3

Hazard ratio (95% Cl)

FIGURE 3 | Risk of incident heart failure according to the transition of metabolic health and obesity status among obese individuals at baseline in reference to the
stable MHNO group. (A) Transition from baseline MHO, (B) transition from baseline MUO.

was still associated with increased risk of HF, compared with the
stable MHNO group as reference (Table 4 and Figure 3), even
after weight loss (MUO becoming MUNO) or restoring
metabolic health (MUO becoming MHO), thus implicating the
importance of obesity per se as a risk factor for incident HF. The
stable MUO group showed the highest risk of incident HF (HR
2.01, 95% CI 1.80-2.23) (Table 4 and Figure 3).

Obesity is a well-established risk factor for CVD, and it
aggravates other CVD risk factors, such as insulin resistance,
BP, dyslipidemia, and systemic inflammation (27). In general,
obesity combined with other risk factors can alter the
cardiovascular physiology and function, thereby resulting in
the development of CVD, including hypertension, IHD, HF,
peripheral artery disease, and AF (28). Obesity as an independent
risk factor of HF was examined in the previous analysis of 5,881
participants in the Framingham Heart Study (11). One unit
increase in BMI resulted in 5 and 7% increased risk of incident
HF, each for men and women, respectively, even after
adjustment of other known risk factors of HF (11). A similar
pattern was observed in the Physicians’ Health Study, which
reported an 11% increase in HF risk for one unit rise of BMI (29);
however, a population of obesity without other CVD risk factors
is yet to be investigated.

As the concept of obesity without cardiometabolic risk factors
emerged, MHO and its association with the risk of obesity-
related diseases have been questioned. Previous studies reported
that MHO subjects, compared with MUO subjects, did not
exhibit an increased risk of CVD (30, 31); however, only a few
studies were conducted on the relationship between MHO and
HF. In the Norwegian population-based cohort of 61,299
participants, the MHO subgroup was associated with increased
risk of HF, but simultaneously it was not associated with
increased risk of acute myocardial infarction, compared with
the non-obese, metabolically healthy (MHNO) subgroup (32).
The risk of HF increased with elevated BMI and long-lasting
obesity, regardless of metabolic health (32). In another study,
MHO individuals presented greater desynchrony and early
diastolic dysfunction, compared with healthy individuals,
suggesting that obesity, regardless of metabolic health status, is
associated with cardiovascular risk (33). In contrast, the research

performed in Greece demonstrated that the risk of HF increased
in patients with metabolic syndrome, regardless of BMI (34).
Although the previous studies claimed that either obesity or
metabolic health was independently associated with increased
risk of HF, how differently obesity and metabolic health affect the
risk of incident HF remains unclear. To further characterize their
possible differential effect on the development of HF, we
performed a separate analysis based on the presence of obesity
in our present study.

An individual’s metabolic health and obesity can change over
time, and this dynamic nature of metabolic health and obesity
status increases the risk of CVD (25, 35, 36). Previous studies
reporting the transition in metabolic health and obesity in
relation to the risk of HF are limited. One previous study
followed patients with metabolic syndrome for 6 years and
revealed that they were at 2.3, 2.6, and 2.1 (normal weight,
overweight, and obese, respectively) times higher risk of
developing HF than those without metabolic syndrome (34).
Another recent longitudinal study revealed that the
hospitalization for HF was increased in obese subjects who
transitioned from metabolically healthy to unhealthy status
(37). Among individuals without metabolic syndrome, obese
individuals were at a higher risk of hospitalization for HF than
non-obese individuals (37). The two previous studies classified
patients according to their metabolic syndrome, which indicates
meeting three or more of the five criteria, including waist
circumference, BP, fasting TG level, fasting HDL-C, and FPG
levels (38). In the present study, metabolic health was defined as
having none or one of the five criteria, and the difference in the
number of metabolic risk factors while sorting the participants
may produce varying results. Nevertheless, our analysis on the
transition of metabolic health and obesity status in the obese
population also revealed an increased risk of HF in the subgroups
that maintained obesity and/or acquired metabolic risk factors.

Among obese patients at baseline, reduced body weight
without improvement in their metabolic health at follow-up
did not decrease the risk of HF (Table 4 and Figure 3). While
the HR of developing HF among the MHO to MHNO group was
0.86 (95% HR 0.58-1.28), the incidence of HF among the MUO
to MUNO and MUO to MUO groups was both 2.1%, and the HR
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of incident HF was 1.76 and 2.01, respectively (Table 4 and
Figure 3). Our result is contradictory to that of a recent study,
dealing with the incidence of hospitalization for HF among
metabolically healthy and obese individuals, which indicated
that those who managed to lose weight and acquired the
metabolically healthy and non-obese status were associated
with a decreased risk of hospitalization for HF (37); however,
as aforementioned, the criteria for metabolic health differed
between the two studies. Moreover, the endpoint was set up
differently, hospitalization for HF in the previous study and
inpatient and/or outpatient care for HF in the present study.

In the present study, few individuals exhibited changes in
obesity status over time. Overall, the baseline non-obese
population is likely to remain non-obese; only 6.6% of the
individuals in the MHNO group and 9.5% of the individuals in
the MUNO group gained weight and became obese. Similarly,
baseline obese subjects exhibited the tendency to stay obese, with
merely 17.7 and 15.2% of the individuals in the MHO and MUO
groups managed to lose weight. In particular, in the baseline
MUO population, the HRs of incident HF were increased even in
the subgroups, which showed improved metabolic health and
became MHO or managed to reduce weight and became MUNO
(Table 4 and Figure 3). The obese population in Asia is
characterized by visceral obesity, and visceral fat is known to
promote systemic inflammation and induce metabolic
derangements (39). Visceral fat is associated with left
ventricular concentricity and remodeling, both of which are
considered harbingers of HF (40, 41). Once visceral obesity
initiates the inflammatory process, it may not be reversed by
improving either metabolic health or obesity according to our
results. Both metabolic health and normal weight may be able to
reverse the pathological process.

Various mechanisms have been hypothesized to explain the
association between obesity and HF. Adipose tissue deposition
increases the circulating blood volume, thus requiring more left
ventricular stroke volume and cardiac output (42). This results in
enlargement and hypertrophy of the left ventricle, finally leading
to left ventricular failure (42). During this process, hypertension
can develop and contribute to HF development. Moreover, sleep
apnea and hypoventilation due to obesity cause chronic hypoxia,
resulting in pulmonary hypertension and right ventricular failure
(43). Furthermore, neurohormonal alterations, involving
aldosterone, leptin, and neprilysin, activate the sympathetic
nervous and renin-angiotensin-aldosterone systems and induce
fluid retention and cardiac remodeling (13, 44-46). Exacerbation
of inflammation by acquiring insulin resistance and metabolic
disturbances may also contribute to the initiation of HF (47).
When obese participants remain obese and acquire cardio-
metabolic risk factors, the pathophysiological mechanisms may be
stimulated, thereby accelerating the process of HF development.
The distinct process among MHO subjects remains unclear;
however, MHO and MUO certainly have discrepancies in HF
incidence, thereby predicting may be useful to prevent HF.

The concept of the “obesity paradox” indicates that
individuals with high BMI have increased incidence of HF, but
simultaneously present improved HF outcome, compared with

those with low BMI (48). A previous study supported this
“obesity paradox” by reporting higher CVD incidence and
lower all-cause mortality in the Korean population (25). Our
study examined only the development of incident HF as the
outcome, so whether the “obesity paradox” applies to this
subpopulation needs further assessment of the follow-up data.

This study had several limitations. First, only Koreans were
included in the study; therefore, the results may not be
generalized to other ethnic groups. Second, the follow-up
duration is relatively short; hence, the number of HF events
may be underestimated. Third, this study may have selection
bias, as the age and sex of the present study population differ
from those of the general Korean population. Fourth, due to the
retrospective setting, despite adjustment for possible relevant
confounders, the results of this study may have been influenced
by such factors.

These limitations are complemented by the strengths of this
study. First, we used large-scale, national population-based data.
Second, the data analyzed in this study were longitudinal; hence,
we could evaluate the evolution of metabolic health and obesity
status as well as its relationship with the development of HF over
time. Third, we adjusted for various confounding factors that
might have affected the development of HF, including coexisting
conditions as AF, IHD, and COPD.

In conclusion, an individual’s metabolic health and obesity as
well as the transition of metabolic health and obesity status can
predict the risk of incident HF. In non-obese individuals, losing
metabolic health was the principal determinant for developing
incident HF, whereas in obese individuals, either losing
metabolic health or maintaining the obesity status was
significantly associated with increased risk of HF. Therefore,
efforts to concurrently preserve metabolic health and lose weight
can be helpful in reducing the risk of developing HF.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Asan Medical Center Institutional Review Board
(IRB-No 2020-0852). Written informed consent for participation
was not required for this study in accordance with the national
legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

CJ conceptualized this study. HK and CJ designed the study. HK,
JL, and YC collected data. HK and Y-JK conducted the analysis.
J-YP, WL, HK, Y-JK, and CJ interpreted the results. HK wrote

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 12 | Article 625083


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kim et al.

Obesity Phenotypes and Heart Failure

the initial draft of the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by a grant (2014-583, and 2015-583)
from the Asan Institute of Life Sciences, Republic of Korea and
by a grant (CJ, 2020F-2) from the Korean Diabetes Association.
These funding sources had no roles in the design of the study, the
collection, analysis, and interpretation of data, the writing of the
article, or the decision to submit the article for publication.

REFERENCES

1. Obesity Collaborators GBD, 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. doi: 10.1056/NEJMoal614362
2. Chooi YC, Ding C, Magkos F. The epidemiology of obesity. Metabolism
(2019) 92:6-10. doi: 10.1016/j.metabol.2018.09.005
3. Ruderman N, Chisholm D, Pi-Sunyer X, Schneider S. The metabolically
obese, normal-weight individual revisited. Diabetes (1998) 47(5):699-713.
doi: 10.2337/diabetes.47.5.699
4. Soriguer F, Gutierrez-Repiso C, Rubio-Martin E, Garcia-Fuentes E, Almaraz
MC, Colomo N, et al. Metabolically healthy but obese, a matter of time?
Findings from the prospective Pizarra study. J Clin Endocrinol Metab (2013)
98(6):2318-25. doi: 10.1210/jc.2012-4253
5. Tacobini C, Pugliese G, Blasetti Fantauzzi C, Federici M, Menini S.
Metabolically healthy versus metabolically unhealthy obesity. Metabolism
(2019) 92:51-60. doi: 10.1016/j.metabol.2018.11.009
6. Stefan N, Haring HU, Hu FB, Schulze MB. Metabolically healthy obesity:
epidemiology, mechanisms, and clinical implications. Lancet Diabetes
Endocrinol (2013) 1(2):152-62. doi: 10.1016/s2213-8587(13)70062-7
7. Carbone S, Lavie CJ, Arena R. Obesity and Heart Failure: Focus on the Obesity
Paradox. Mayo Clin Proc (2017) 92(2):266-79. doi: 10.1016/j.mayocp.2016.11.001
8. Jung CH, Lee WJ, Song KH. Metabolically healthy obesity: a friend or foe?
Korean ] Intern Med (2017) 32(4):611-21. doi: 10.3904/kjim.2016.259
9. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, et al.
Heart disease and stroke statistics—2013 update: a report from the American
Heart Association. Circulation (2013) 127(1):e6-e245. doi: 10.1161/
CIR.0b013e31828124ad
10. Loehr LR, Rosamond WD, Poole C, McNeill AM, Chang PP, Folsom AR, et al.
Association of multiple anthropometrics of overweight and obesity with
incident heart failure: the Atherosclerosis Risk in Communities study. Circ
Heart Fail (2009) 2(1):18-24. doi: 10.1161/circheartfailure.108.813782
11. Kenchaiah S, Evans JC, Levy D, Wilson PW, Benjamin EJ, Larson MG, et al.
Obesity and the risk of heart failure. N Engl ] Med (2002) 347(5):305-13.
doi: 10.1056/NEJM0a020245
12. Alpert MA, Karthikeyan K, Abdullah O, Ghadban R. Obesity and Cardiac
Remodeling in Adults: Mechanisms and Clinical Implications. Prog
Cardiovasc Dis (2018) 61(2):114-23. doi: 10.1016/j.pcad.2018.07.012
13. Packer M. Leptin-Aldosterone-Neprilysin Axis: Identification of Its
Distinctive Role in the Pathogenesis of the Three Phenotypes of Heart
Failure in People With Obesity. Circulation (2018) 137(15):1614-31.
doi: 10.1161/circulationaha.117.032474
14. Baena-Diez JM, Byram AO, Grau M, Gomez-Fernandez C, Vidal-Solsona M,
Ledesma-Ulloa G, et al. Obesity is an independent risk factor for heart failure: Zona
Franca Cohort study. Clin Cardiol (2010) 33(12):760-4. doi: 10.1002/clc.20837
15. Bozkurt B, Aguilar D, Deswal A, Dunbar SB, Francis GS, Horwich T, et al.
Contributory risk and management of comorbidities of hypertension, obesity,
diabetes mellitus, hyperlipidemia, and metabolic syndrome in chronic heart
failure: a scientific statement from the American Heart Association.
Circulation (2016) 134(23):e535-¢e78. doi: 10.1161/CIR.0000000000000450
16. Eckel N, Li Y, Kuxhaus O, Stefan N, Hu FB, Schulze MB. Transition from
metabolic healthy to unhealthy phenotypes and association with cardiovascular

ACKNOWLEDGEMENTS

The authors thank Editage for the English language review.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2021.625083/
full#supplementary-material

disease risk across BMI categories in 90 257 women (the Nurses’ Health
Study): 30 year follow-up from a prospective cohort study. Lancet Diabetes
Endocrinol (2018) 6(9):714-24. doi: 10.1016/s2213-8587(18)30137-2

17. St-Onge MP, Janssen I, Heymsfield SB. Metabolic syndrome in normal-weight
Americans: new definition of the metabolically obese, normal-weight
individual. Diabetes Care (2004) 27(9):2222-8. doi: 10.2337/diacare.27.9.2222

18. Wildman RP, Muntner P, Reynolds K, McGinn AP, Rajpathak S, Wylie-
Rosett ], et al. The obese without cardiometabolic risk factor clustering and the
normal weight with cardiometabolic risk factor clustering: prevalence and
correlates of 2 phenotypes among the US population (NHANES 1999-2004).
Arch Intern Med (2008) 168(15):1617-24. doi: 10.1001/archinte.168.15.1617

19. Seong SC, Kim YY, Park SK, Khang YH, Kim HC, Park JH, et al. Cohort
profile: the National Health Insurance Service-National Health Screening
Cohort (NHIS-HEALS) in Korea. BM] Open (2017) 7(9):e016640.
doi: 10.1136/bmjopen-2017-016640

20. Expert Panel on Detection, Evaluation, And Treatment of High Blood
Cholesterol In Adults (Adult Treatment Panel III). Executive Summary of
The Third Report of The National Cholesterol Education Program (NCEP).
Jama (2001) 285(19):2486-97. doi: 10.1001/jama.285.19.2486

21. Seo MH, Lee WY, Kim SS, Kang JH, Kang JH, Kim KK, et al. 2018 Korean
society for the study of obesity guideline for the management of obesity in
korea. ] Obes Metab Syndr (2019) 28(1):40-5. doi: 10.7570/jomes.2019.28.1.40

22. Kwon S, Lee SR, Choi EK, Lee SH, Han KD, Lee SY, et al. Visit-to-visit
variability of metabolic parameters and risk of heart failure: A nationwide
population-based study. Int J Cardiol (2019) 293:153-8. doi: 10.1016/
j.ijcard.2019.06.035

23. Lee SR, Choi EK, Han KD, Jung JH, Oh S, Lip GYH. Edoxaban in Asian
Patients With Atrial Fibrillation: Effectiveness and Safety. ] Am Coll Cardiol
(2018) 72(8):838-53. doi: 10.1016/j.jacc.2018.05.066

24. Jung CH, Lee MJ, Kang YM, Jang JE, Leem ], Hwang JY, et al. The risk of
incident type 2 diabetes in a Korean metabolically healthy obese population:
the role of systemic inflammation. J Clin Endocrinol Metab (2015) 100(3):934—
41. doi: 10.1210/jc.2014-3885

25. Cho YK, Kang YM, Yoo JH, Lee J, Park JY, Lee W], et al. Implications of the
dynamic nature of metabolic health status and obesity on risk of incident
cardiovascular events and mortality: a nationwide population-based cohort
study. Metabolism (2019) 97:50-6. doi: 10.1016/j.metabol.2019.05.002

26. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF,3, Feldman HI, et al.
A new equation to estimate glomerular filtration rate. Ann Intern Med (2009)
150(9):604-12. doi: 10.7326/0003-4819-150-9-200905050-00006

27. Koliaki C, Liatis S, Kokkinos A. Obesity and cardiovascular disease: revisiting an
old relationship. Metabolism (2019) 92:98-107. doi: 10.1016/j.metabol.2018.10.011

28. Lavie CJ, Milani RV, Ventura HO. Obesity and cardiovascular disease: risk
factor, paradox, and impact of weight loss. ] Am Coll Cardiol (2009) 53
(21):1925-32. doi: 10.1016/j.jacc.2008.12.068

29. Kenchaiah S, Sesso HD, Gaziano JM. Body mass index and vigorous physical
activity and the risk of heart failure among men. Circulation (2009) 119(1):44—
52. doi: 10.1161/circulationaha.108.807289

30. Calori G, Lattuada G, Piemonti L, Garancini MP, Ragogna F, Villa M, et al.
Prevalence, metabolic features, and prognosis of metabolically healthy obese
Italian individuals: the Cremona Study. Diabetes Care (2011) 34(1):210-5.
doi: 10.2337/dc10-0665

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 12 | Article 625083


https://www.frontiersin.org/articles/10.3389/fendo.2021.625083/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.625083/full#supplementary-material
https://doi.org/10.1056/NEJMoa1614362
https://doi.org/10.1016/j.metabol.2018.09.005
https://doi.org/10.2337/diabetes.47.5.699
https://doi.org/10.1210/jc.2012-4253
https://doi.org/10.1016/j.metabol.2018.11.009
https://doi.org/10.1016/s2213-8587(13)70062-7
https://doi.org/10.1016/j.mayocp.2016.11.001
https://doi.org/10.3904/kjim.2016.259
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1161/circheartfailure.108.813782
https://doi.org/10.1056/NEJMoa020245
https://doi.org/10.1016/j.pcad.2018.07.012
https://doi.org/10.1161/circulationaha.117.032474
https://doi.org/10.1002/clc.20837
https://doi.org/10.1161/CIR.0000000000000450
https://doi.org/10.1016/s2213-8587(18)30137-2
https://doi.org/10.2337/diacare.27.9.2222
https://doi.org/10.1001/archinte.168.15.1617
https://doi.org/10.1136/bmjopen-2017-016640
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.7570/jomes.2019.28.1.40
https://doi.org/10.1016/j.ijcard.2019.06.035
https://doi.org/10.1016/j.ijcard.2019.06.035
https://doi.org/10.1016/j.jacc.2018.05.066
https://doi.org/10.1210/jc.2014-3885
https://doi.org/10.1016/j.metabol.2019.05.002
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1016/j.metabol.2018.10.011
https://doi.org/10.1016/j.jacc.2008.12.068
https://doi.org/10.1161/circulationaha.108.807289
https://doi.org/10.2337/dc10-0665
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Kim et al.

Obesity Phenotypes and Heart Failure

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ogorodnikova AD, Kim M, McGinn AP, Muntner P, Khan U, Wildman RP.
Incident cardiovascular disease events in metabolically benign obese individuals.
Obes (Silver Spring) (2012) 20(3):651-9. doi: 10.1038/0by.2011.243

Morkedal B, Vatten L], Romundstad PR, Laugsand LE, Janszky I. Risk of
myocardial infarction and heart failure among metabolically healthy but obese
individuals: HUNT (Nord-Trendelag Health Study), Norway. ] Am Coll
Cardiol (2014) 63(11):1071-8. doi: 10.1016/j.jacc.2013.11.035

Wang YC, Liang CS, Gopal DM, Ayalon N, Donohue C, Santhanakrishnan R,
et al. Preclinical Systolic and Diastolic Dysfunctions in Metabolically Healthy
and Unhealthy Obese Individuals. Circ Heart Fail (2015) 8(5):897-904.
doi: 10.1161/circheartfailure.114.002026

Voulgari C, Tentolouris N, Dilaveris P, Tousoulis D, Katsilambros N,
Stefanadis C. Increased heart failure risk in normal-weight people with
metabolic syndrome compared with metabolically healthy obese individuals.
J Am Coll Cardiol (2011) 58(13):1343-50. doi: 10.1016/j.jacc.2011.04.047
Kouvari M, Panagiotakos DB, Yannakoulia M, Georgousopoulou E, Critselis
E, Chrysohoou C, et al. Transition from metabolically benign to metabolically
unhealthy obesity and 10-year cardiovascular disease incidence: The ATTICA
cohort study. Metabolism (2019) 93:18-24. doi: 10.1016/j.metabol.
2019.01.003

Echouffo-Tcheugui JB, Short MI, Xanthakis V, Field P, Sponholtz TR, Larson
MG, et al. Natural History of Obesity Subphenotypes: Dynamic Changes Over
Two Decades and Prognosis in the Framingham Heart Study. J Clin
Endocrinol Metab (2019) 104(3):738-52. doi: 10.1210/jc.2018-01321

Lee YB, Kim DH, Kim SM, Kim NH, Choi KM, Baik SH, et al. Hospitalization
for heart failure incidence according to the transition in metabolic health and
obesity status: a nationwide population-based study. Cardiovasc Diabetol
(2020) 19(1):77. doi: 10.1186/s12933-020-01051-2

Huang PL. A comprehensive definition for metabolic syndrome. Dis Model
Mech (2009) 2(5-6):231-7. doi: 10.1242/dmm.001180

Neeland IJ, Poirier P, Després JP. Cardiovascular and Metabolic
Heterogeneity of Obesity: Clinical Challenges and Implications for
Management. Circulation (2018) 137(13):1391-406. doi: 10.1161/circulationaha.
117.029617

Abbasi SA, Hundley WG, Bluemke DA, Jerosch-Herold M, Blankstein R,
Petersen SE, et al. Visceral adiposity and left ventricular remodeling: The

41.

42.

43.

44.

45.

46.

47.

48.

Multi-Ethnic Study of Atherosclerosis. Nutr Metab Cardiovasc Dis (2015) 25
(7):667-76. doi: 10.1016/j.numecd.2015.03.016

Neeland IJ, Gupta S, Ayers CR, Turer AT, Rame JE, Das SR, et al. Relation of
regional fat distribution to left ventricular structure and function. Circ
Cardiovasc Imaging (2013) 6(5):800-7. doi: 10.1161/circimaging.113.000532
Alpert MA, Agrawal H, Aggarwal K, Kumar SA, Kumar A. Heart failure and
obesity in adults: pathophysiology, clinical manifestations and management.
Curr Heart Fail Rep (2014) 11(2):156-65. doi: 10.1007/s11897-014-0197-5
Lavie CJ, Alpert MA, Arena R, Mehra MR, Milani RV, Ventura HO. Impact of
obesity and the obesity paradox on prevalence and prognosis in heart failure.
JACC Heart Fail (2013) 1(2):93-102. doi: 10.1016/j.jchf.2013.01.006

Infante M, Armani A, Mammi C, Fabbri A, Caprio M. Impact of Adrenal
Steroids on Regulation of Adipose Tissue. Compr Physiol (2017) 7(4):1425-47.
doi: 10.1002/cphy.c160037

Infante M, Armani A, Marzolla V, Fabbri A, Caprio M. Adipocyte
Mineralocorticoid Receptor. Vitam Horm (2019) 109:189-209. doi: 10.1016/
bs.vh.2018.10.005

Ebong IA, Goff DCJr., Rodriguez CJ, Chen H, Bertoni AG. Mechanisms of
heart failure in obesity. Obes Res Clin Pract (2014) 8(6):e540-8. doi: 10.1016/
j.orcp.2013.12.005

Cocco G, Jerie P, Amiet P, Pandolfi S. Inflammation in Heart Failure: known
knowns and unknown unknowns. Expert Opin Pharmacother (2017) 18
(12):1225-33. doi: 10.1080/14656566.2017.1351948

Goyal A, Nimmakayala KR, Zonszein J. Is there a paradox in obesity? Cardiol
Rev (2014) 22(4):163-70. doi: 10.1097/crd.0000000000000004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kim, Lee, Cho, Park, Lee, Kim and Jung. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

February 2021 | Volume 12 | Article 625083


https://doi.org/10.1038/oby.2011.243
https://doi.org/10.1016/j.jacc.2013.11.035
https://doi.org/10.1161/circheartfailure.114.002026
https://doi.org/10.1016/j.jacc.2011.04.047
https://doi.org/10.1016/j.metabol.2019.01.003
https://doi.org/10.1016/j.metabol.2019.01.003
https://doi.org/10.1210/jc.2018-01321
https://doi.org/10.1186/s12933-020-01051-2
https://doi.org/10.1242/dmm.001180
https://doi.org/10.1161/circulationaha.117.029617
https://doi.org/10.1161/circulationaha.117.029617
https://doi.org/10.1016/j.numecd.2015.03.016
https://doi.org/10.1161/circimaging.113.000532
https://doi.org/10.1007/s11897-014-0197-5
https://doi.org/10.1016/j.jchf.2013.01.006
https://doi.org/10.1002/cphy.c160037
https://doi.org/10.1016/bs.vh.2018.10.005
https://doi.org/10.1016/bs.vh.2018.10.005
https://doi.org/10.1016/j.orcp.2013.12.005
https://doi.org/10.1016/j.orcp.2013.12.005
https://doi.org/10.1080/14656566.2017.1351948
https://doi.org/10.1097/crd.0000000000000004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Differential Effect of Metabolic Health and Obesity on Incident Heart Failure: A Nationwide Population-Based Cohort Study
	Introduction
	Materials and Methods
	Data Source
	Study Population
	Definition of Metabolic Health and Obesity Status
	Study Outcome
	Definitions of Type 2 Diabetes, Hypertension, and Dyslipidemia
	Covariates
	Statistical Analysis

	Results
	Baseline Characteristics of the Study Population
	Incident HF According to Baseline Metabolic Health and Obesity Status
	Incident HF According to the Transition of Metabolic Health and Obesity Status

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgements
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


