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Abstract

Objective

Obesity has been reported as a risk factor for severe coronavirus disease 2019 (COVID-19)

in recent studies. However, the relationship between body mass index (BMI) and COVID-19

severity and fatality are unclear.

Research design and methods

This study included 4,141 COVID-19 patients who were released from isolation or had died

as of April 30, 2020. This nationwide data was provided by the Korean Centers for Disease

Control and Prevention Agency. BMI was categorized as follows; < 18.5 kg/m2, 18.5–22.9

kg/m2, 23.0–24.9 kg/m2, 25.0–29.9 kg/m2, and� 30 kg/m2. We defined a fatal illness if the

patient had died.

Results

Among participants, those with a BMI of 18.5–22.9 kg/m2 were the most common (42.0%),

followed by 25.0–29.9 kg/m2 (24.4%), 23.0–24.9 kg/m2 (24.3%),� 30 kg/m2 (4.7%), and

< 18.5 kg/m2 (4.6%). In addition, 1,654 (41.2%) were men and 3.04% were fatalities. Multi-

variable analysis showed that age, male sex, BMI < 18.5 kg/m2, BMI� 25 kg/m2, diabetes

mellitus, chronic kidney disease, cancer, and dementia were independent risk factors for

fatal illness. In particular, BMI < 18.5 kg/m2 (odds ratio [OR] 3.97, 95% CI 1.77–8.92), 25.0–

29.9 kg/m2 (2.43, 1.32–4.47), and� 30 kg/m2 (4.32, 1.37–13.61) were found to have higher

ORs than the BMI of 23.0–24.9 kg/m2 (reference). There was no significant difference

between those with a BMI of 18.5–22.9 kg/m2 (1.59, 0.88–2.89) and 23.0–24.9 kg/m2.

Conclusions

This study demonstrated a non-linear (U-shaped) relationship between BMI and fatal illness.

Subjects with a BMI of < 18.5 kg/m2 and those with a BMI� 25 kg/m2 had a high risk of fatal
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illness. Maintaining a healthy weight is important not only to prevent chronic cardiometabolic

diseases, but also to improve the outcome of COVID-19.

Introduction

Since the first coronavirus disease 2019 (COVID-19) case was reported in December 2019 in

China, the pandemic has been progressing worldwide. Nowadays, people are more likely to

gain weight as a result of increasing social distancing, increasing intake of unhealthy food, and

decreased physical activity [1]. Obesity and overweight are related to metabolic syndrome and

cardiovascular events, and are important health issues that can cause various chronic illnesses

[2]. Previous studies of body mass index (BMI) showed that mortality due to cardiovascular

diseases and all other causes are increased in both underweight and obesity, which can be rep-

resented by a U-shaped curve [3–6].

Importantly, obesity adversely affects the immune system, and consequently increases the

risk of infection [2]. Furthermore, obesity is a risk factor for severe COVID-19 [7]. In a French

study, patients with BMI > 35 kg/m2 had a higher odds ratio of 7.36, than those with BMI <

25 kg/m2 for invasive mechanical ventilation among patients admitted to the intensive care

unit (ICU) due to COVID-19 [8]. From a study in China, obese men (BMI� 28 kg/m2) were

associated with increased risk of severe COVID-19 than normal weight men (BMI< 24 kg/

m2) with an odds ratio of 5.66 (95% CI; 1.8–17.75) [9]. Recent studies using Mendelian ran-

domization showed a higher genetically proxied BMI-related increasing risk of severe respira-

tory COVID-19 and COVID-19 hospitalization [10, 11].

Previously, cardiac disease and obesity have also been reported as common comorbidities

in the Middle East respiratory syndrome [12]. Similarly, in the 2009 influenza pandemic, obe-

sity was reported as a common comorbidity in critically ill patients admitted to the ICU [13].

However, one study showed an apparent decrease in the rate of pneumonia with increasing

BMI, and pneumonia was more common in underweight individuals during the same influ-

enza pandemic [14]. Furthermore, the obesity survival paradox (the inverse relationship

between obesity and mortality) has also been reported in patients with pneumonia in a meta-

analysis [15]. Hence, this issue remained controversial, as other studies have showed that there

is no association between BMI and survival during the influenza pandemic [16].

To date, there is scarcity of information regarding the obesity survival paradox or underweight

risk associated with the outcomes of COVID-19. A systematic review found that the association of

obesity with poor clinical presentation and the need for hospitalization due to COVID-19 was

consistent, but the association of obesity mortality was not [17]. Hence, in this study, we aimed at

evaluating the relationship between BMI and severe COVID-19, especially fatality.

Materials and methods

Data source and study population

This study was performed using nationwide data of COVID-19 confirmed patients who were

released from isolation or who died from January 19 to April 30, 2020, in the Republic of

Korea. The Korean government has centralized control systems for medical insurance and dis-

ease control. The Korea Disease Control and Prevention Agency (KDCA) has been actively

tracking and managing almost all confirmed cases and contactors from the beginning of the

COVID-19 outbreak. They constructed a nationwide registry of COVID-19 and provided the

data (anonymized without personal information) to researchers with granted permission. We
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temporarily accessed the data from the KDCA through an encrypted remote system that con-

tained anonymized data of 5,628 patients who were released from isolation or died during the

aforementioned period. After excluding 1,487 patients (272 patients under the age of 20, 19

pregnant women, 26 without clinical severity information, 4 with no information regarding

comorbidity, and 1,166 without available BMI value), 4,141 patients were included in the anal-

ysis for this study.

The Ewha Womans University Mokdong Hospital Institutional Review Board deemed this

study exempt from ethical review and waived the requirement for informed consent

(EUMC2020-07-002), since it was completely anonymized and without personal information.

Study definitions and outcome assessment

COVID-19 was diagnosed based on the detection of severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) by real-time polymerase chain reaction test with respiratory speci-

mens [18]. The investigation of comorbid diseases was performed depending on whether the

patients were previously diagnosed with specific diseases or not. Body temperature and BMI

were the initial findings of hospital admission.

BMI was calculated as body weight in kilograms divided by height in meter squared and

categorized as followings [19–21]: < 18.5 kg/m2, 18.5–22.9 kg/m2, 23.0–24.9 kg/m2, 25.0–29.9

kg/m2, and� 30 kg/m2.

Disease severity was defined according to the guidelines of the KDCA and World Health

Organization (WHO) [22, 23]. Briefly, we defined a patient as having a “critical illness” if they

required more than invasive mechanical ventilation and “fatal illness” if they died. Critical ill-

nesses included patients requiring invasive mechanical ventilation, those with multi-organ fail-

ure, those requiring extracorporeal membrane oxygenation therapy, and/or those who died.

The severity evaluation was based on the most severe condition during the hospital stay. Criti-

cal illness was defined as severe COVID-19.

Statistical analysis

Descriptive statistics were described using frequencies and proportions for categorical vari-

ables. The chi-square test was used to compare the variables. The values of continuous vari-

ables were expressed as mean and standard deviation. Analysis of variance was performed for

the body temperature.

Multivariable logistic regression was used to analyze the independent risk for COVID-19

critical illness and COVID-19 fatal illness after adjusting for age, sex, BMI, and five comorbid

diseases: diabetes mellitus (DM), hypertension, chronic kidney disease (CKD), cancer (exclud-

ing cured cases) and dementia. The age variable was given as a categorical variable in units of

10 years, but we calculated the odds ratio of every 10 years as a continuous variable. Since

dementia had missing data (n = 314) that were not replaced, 3827 participants were included

in the multivariable analysis. Although the BMI of 23.0–24.9 kg/m2 was classified as over-

weight rather than normal-weight according to the Asia-Pacific cutoff values [21], we used it

as a reference. Since this group is of normal weight according to the WHO classification [24],

and a previous study reported a BMI cutoff value of Koreans as 24.2 kg/m2 [25].

To analyze the relationship between BMI and fatality by sex, we performed a multivariable

analysis after adjusting for age and the five comorbid conditions. In addition to sex, we ana-

lyzed the relationship between BMI and fatality according to whether they had DM or HTN.

We performed multivariable analysis after adjusting for age, sex, and four comorbidities other

than the target disease (DM or HTN). Then, the relationships between BMI and fatality in the

groups with and without the diseases (DM or HTN) were evaluated separately.

PLOS ONE BMI and COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0253640 June 22, 2021 3 / 13

https://doi.org/10.1371/journal.pone.0253640


The threshold for statistical significance was set at P<0.05. Statistical analyses were per-

formed using SAS software (version 9.4, SAS Institute, Cary, NC, USA).

Results

Baseline characteristics according to BMI are presented in Table 1. A BMI of 18.5–22.9 kg/m2

was the most common, with 1,741 (42.0%) patients, followed by BMI of 25.0–29.9, 23.0–24.9

kg/m2 as 1,011 (24.4%), and 1,005 (24.3%), respectively. Moreover, BMI of< 18.5, and� 30

kg/m2 were less than 5%. In the BMI < 18.5, 18.5–22.9, and� 30 kg/m2 groups, the most

patients were in their 20s, whereas in the BMI of 23.0–24.9, and 25.0–29.9 kg/m2 groups, most

patients were in their 50s. The BMI of 18.5–22.9 kg/m2 was the most common both in male

and female, whereas the proportions of the BMI ranging 23.0–24.9 and 25.0–29.9 kg/m2 were

higher in male than in female (raw %, male: 27.3, 32.0 vs. female: 22.1, 19.0%, respectively).

Those with BMI� 25.0 kg/m2 had higher body temperature than others (P< 0.0001). Dys-

pnea was a more frequent complaint in patients with a BMI of< 18.0 and� 25.0 kg/m2 than

in others (P = 0.0135). Hypertension and DM were more common in the BMI of 23.0–24.9

and� 25.0 kg/m2 than in others (P< 0.0001).

S1 Table shows the patient characteristics according to the fatal illness. We noted that

41.7% were male. There were no deaths in patients aged< 40 years. The overall proportions of

patients in their 20s and 50s were 942 (22.7%) and 873 (21.1%), respectively. Systolic blood

pressures of< 120 mmHg and� 140 mmHg were more related to fatal illness than those

between 120 mmHg and 140 mmHg (P< 0.0001).

Independent risk factors associated with severe COVID-19 are shown in Table 2. With

every 10 years of increase in age, the odds ratio of multivariable analyses for critical and fatal

illness increased to 2.64 (95% CI: 2.20–3.15) and 3.04 (2.45–3.78), respectively. Male sex was

also found to be an independent risk factor. When the BMI of 23.0–24.9 kg/m2 group was

used as a reference, the risk of BMI ranging 18.5–22.9 kg/m2 was as high as 1.59 (0.88–2.89)

for fatal illness without statistical significance. All five comorbidities (DM, hypertension,

CKD, cancer, and dementia) were related to a higher critical illness rate compared to the

absence of comorbidities. Hypertension had an odds ratio of 1.34 in fatal illness, but had no

statistical power (95% CI: 0.96–2.30) in multivariable analysis.

S1 Fig shows the number of critical and fatal illnesses according to the BMI group and the

fatality rate of the study population. The BMI of 23.0–24.9 kg/m2 group was found to have the

lowest fatality. Fatality rate increased in both BMI of< 18.5 and 25.0–29.9 kg/m2 groups, but

slightly decreased in the BMI of� 30.0 kg/m2 group. As shown in S1 Fig, patient fatality was the

highest in the BMI of< 18.5 kg/m2, followed by the BMI of 25.0–29.9, and� 30.0 kg/m2. After

multivariable analysis with adjusting covariates, a similar result was shown in the group with

BMI< 18.5 kg/m2 (Fig 1). However, the result according to the degree of obesity showed that the

odds ratio of BMI� 30.0 kg/m2 was higher in patients with critical and fatal illness than in those

with a BMI of 25.0–29.9 kg/m2. Hence, the risk was increased in the BMI< 18.5 kg/m2 and BMI

of� 25.0 kg/m2 groups, resulting in a U-shaped curve for critical and fatal illness (Fig 1).

Fig 2 shows the association between BMI and sex for critical and fatal illnesses. This was

expressed as an odds ratio after adjusting for age and comorbidities. Fig 2 shows similar

U-shaped curves in both males and females, although it seems to be slightly different in detail

depending on sex. Women showed a higher risk in their BMI < 18.5 kg/m2 population than

men. While, men showed a higher risk in their BMI� 25.0 kg/m2 population than women

(Fig 2A and 2B). However, the Pinteraction for among males and females were not significant.

Similar non-linear relationships are shown in Fig 3. This figure shows subgroup analyses of

subjects with (A) DM or (B) hypertension. Each group showed a non-linear pattern with
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Table 1. Baseline characteristics of the study population according to the body mass index.

Body mass index (kg/m2), N (column %)

<18.5 18.5–22.9 23.0–24.9 25.0–29.9 �30 p

N (row %) 191 (4.6) 1741 (42.0) 1005 (24.3) 1011 (24.4) 193 (4.7)

Age (years) <0.0001

20–29 68 (35.6) 455 (26.1) 172 (17.1) 193 (19.1) 54 (28.0)

30–39 24 (12.6) 183 (10.5) 102 (10.1) 117 (11.6) 43 (22.3)

40–49 13 (6.8) 270 (15.5) 133 (13.2) 145 (14.3) 34 (17.6)

50–59 20 (10.5) 347 (19.9) 241 (24.0) 234 (23.1) 31 (16.1)

60–69 16 (8.4) 249 (14.3) 204 (20.3) 186 (18.4) 19 (9.8)

70–79 28 (14.7) 136 (7.8) 111 (11.0) 95 (9.4) 8 (4.1)

� 80 22 (11.5) 101 (5.8) 42 (4.2) 41 (4.1) 4 (2.1)

Female 135 (70.7) 1182 (67.9) 534 (53.1) 459 (45.4) 105 (54.4) <0.0001

Male 56 (29.3) 559 (32.1) 471 (46.9) 552 (54.6) 88 (45.6)

BT (˚C) 36.97 ± 0.5 36.91 ± 0.5 36.92 ± 0.5 37.02 ± 0.6 37.05 ± 0.6 <0.0001

Dyspnea 0.0135

Yes 26 (13.6) 176 (10.1) 118 (11.7) 146 (14.4) 26 (13.5)

No 165 (86.4) 1565 (89.9) 886 (88.2) 865 (85.6) 167 (86.5)

SBP� (mmHg) <0.0001

<120 81 (42.4) 529 (30.4) 183 (18.2) 152 (15.0) 19 (9.8)

120–129 36 (18.8) 387 (22.2) 219 (21.8) 207 (20.5) 31 (16.1)

130–139 27 (14.1) 344 (19.8) 205 (20.4) 209 (20.7) 55 (28.5)

140–159 30 (15.7) 363 (20.9) 291 (29.0) 329 (32.5) 65 (33.7)

� 160 16 (8.4) 115 (6.6) 107 (10.6) 113 (11.2) 23 (11.9)

Diabetes mellitus <0.0001

Yes 18 (9.4) 157 (9.0) 137 (13.6) 160 (15.8) 29 (15.0)

No 173 (90.6) 1584 (91.0) 868 (86.4) 851 (84.2) 164 (85.0)

Hypertension <0.0001

Yes 28 (14.7) 234 (13.4) 247 (24.6) 301 (29.8) 52 (26.9)

No 163 (85.3) 1507 (86.6) 758 (75.4) 710 (70.2) 141 (73.1)

Heart failure 0.0132

Yes 6 (3.1) 12 (0.7) 8 (0.8) 13 (1.3) 1 (0.5)

No 185 (96.9) 1729 (99.3) 997 (99.2) 998 (98.7) 192 (99.5)

Chronic heart disease�� 0.0686

Yes 7 (3.7) 42 (2.4) 40 (4.0) 41 (4.1) 4 (2.1)

No 183 (95.8) 1693 (97.2) 961 (95.6) 965 (95.5) 189 (97.9)

Asthma 0.0333

Yes 3 (1.6) 31 (1.8) 32 (3.2) 23 (2.3) 9 (4.7)

No 188 (98.4) 1710 (98.2) 973 (96.8) 988 (97.7) 184 (95.3)

Chronic obstructive lung disease 0.0006

Yes 6 (3.1) 14 (0.8) 5 (0.5) 3 (0.3) 1 (0.5)

No 185 (96.9) 1727 (99.2) 1000 (99.5) 1008 (99.7) 192 (99.5)

Chronic kidney disease 0.7807

Yes 3 (1.6) 18 (1.0) 8 (0.8) 12(1.2) 3 (1.6)

No 188 (88.4) 1723 (99.0) 997 (99.2) 999 (98.8) 190 (98.4)

Malignancy 0.2349

Yes 7 (3.7) 48 (2.8) 26 (2.6) 18 (1.8) 8 (4.1)

No 184 (98.4) 1693 (97.2) 979 (99.2) 993 (98.2) 185 (95.9)

Dementia¶ <0.0001

(Continued)
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increasing BMI. In addition, there was no significant difference according to the presence or

absence of the diseases (Pinteraction = 0.62 for DM, Pinteraction = 0.19 for hypertension)

Discussion

In this nationwide study, we showed that BMI� 25.0 kg/m2 was associated with an increased

risk for fatal illness as well as critical illness from COVID-19. Furthermore, BMI < 18.5 kg/m2

Table 1. (Continued)

Body mass index (kg/m2), N (column %)

<18.5 18.5–22.9 23.0–24.9 25.0–29.9 �30 p

Yes 20 (10.5) 65 (3.7) 20 (2.0) 16 (1.6) 0

No 162 (84.8) 1528 (87.8) 911 (90.6) 924 (91.4) 181 (93.8)

Disease severity 0.0003

Non critical 175 (91.6) 1686 (96.8) 980 (97.5) 962 (95.2) 186 (96.4)

Critical 16 (8.4) 55 (3.2) 25 (2.5) 49 (4.8) 7 (3.6)

Discharge <0.0001

Live 175 (91.6) 1695 (97.4) 985 (98.0) 972 (96.1) 188 (97.4)

Death 16 (8.4) 46 (2.6) 20 (2.0) 39 (3.9) 5 (2.6)

BT, body temperature, mean ± standard deviation; SBP, systolic blood pressure; DM, diabetes mellitus; CHD, chronic heart disease; COPD, chronic obstructive

pulmonary disease; CKD, chronic kidney disease.

Missing data

� n = 5

�� n = 16

¶ n = 314.

https://doi.org/10.1371/journal.pone.0253640.t001

Table 2. Logistic analyses of in critical and fatal illness patients.

Critical illness Fatal illness

Odds ratio (95% CI) Odds ratio (95% CI)

Univariable Multivariable� Univariable Multivariable�

Age�� 3.09 (2.65–3.60) 2.64 (2.20–3.15) 3.65 (3.03–4.39) 3.04 (2.45–3.78)

Male (vs. female) 1.97 (1.42–2.74) 2.85 (1.94–4.19) 1.90 (1.33–2.72) 2.92 (1.90–4.48)

BMI (kg/m2)

<18.5 3.58 (1.88–6.85) 3.29 (1.54–7.04) 4.50 (2.29–8.86) 3.97 (1.77–8.92)

18.5–22.9 1.28 (0.79–2.07) 1.59 (0.94–2.71) 1.34 (0.79–2.27) 1.59 (0.88–2.89)

23–24.9 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

25.0–29.9 2.00 (1.22–3.26) 2.37 (1.38–4.07) 1.98 (1.14–3.41) 2.43 (1.32–4.47)

�30 1.48 (0.63–3.46) 4.40 (1.66–11.66) 1.31 (0.49–3.53) 4.32 (1.37–13.61)

Diabetes mellitus 5.74 (4.10–8.04) 1.95 (1.32–2.86) 6.42 (4.46–9.25) 2.38 (1.50–3.51)

Hypertension 6.60 (4.72–9.23) 1.64 (1.11–2.43) 6.47 (4.48–9.33) 1.48 (0.96–2.30)

CKD 10.6 (5.35–21.02) 3.12 (1.36–7.19) 10.1 (4.87–20.92) 2.74 (1.11–6.76)

Cancer 3.88 (2.12–7.09) 2.28 (1.12–4.62) 4.80 (2.61–8.83) 3.01 (1.44–6.28)

Dementia 12.48 (8.09–19.26) 2.13(1.25–3.63) 16.17 (10.36–25.22) 2.50 (1.43–4.36)

�n = 3827, The ORs of multivariable analyses were adjusted for age, sex, and five comorbidities (diabetes mellitus, hypertension, chronic kidney disease, cancer, and

dementia).

��Age was given as a categorical variable in units of 10 years, but we calculated the odds ratio of every 10 years as a continuous variable. BMI, body mass index; CKD,

chronic kidney disease.

https://doi.org/10.1371/journal.pone.0253640.t002
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also increased the risk of critical and fatal illness caused by COVID-19, similar to that seen

with BMI� 25.0 kg/m2. The frequency data of S1 Fig shows that fatality decreased in those

with BMI� 30.0 kg/m2, and it appeared as if the obesity paradox existed. However, the odds

ratio after adjusting for covariates showed a U-shaped curve, as shown in Fig 1. Hence,

BMI� 25.0 kg/m2 and < 18.5 kg/m2 were found to have an association with increased fatality

from COVID-19 independent of combined comorbidities. Although the male sex showed a

higher risk of fatal illness from COVID-19, there was no definite evidence that BMI had a

more detrimental effect on men than on women in this study.

Fig 1. Odds ratios for critical and fatal illness according to body mass index. Odds ratios were adjusted for age, gender, and five comorbidities (diabetes mellitus,

hypertension, chronic kidney disease, cancer, and dementia).

https://doi.org/10.1371/journal.pone.0253640.g001

Fig 2. Odds ratios for critical and fatal illness of male and female according to body mass index (A) critical illness, (B) fatal illness Odds ratios were

adjusted for age and five comorbidities (diabetes mellitus, hypertension, chronic kidney disease, cancer, and dementia).

https://doi.org/10.1371/journal.pone.0253640.g002
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The results of the current study showed that maintaining a healthy weight in the general

population, regardless of underlying comorbidities, is still important in the COVID-19 pan-

demic era. In this study, normal weight (18.5 < BMI <25 kg/m2) according to the WHO crite-

ria, especially 23–25 kg/m2 in the South Korean population, is considered a healthy weight in

the COVID-19 pandemic era.

Obesity, defined using BMI, has different cutoff values between the global and Asia-Pacific

standards. The WHO announced the Asia-Pacific perspective: redefining obesity and its treat-

ment’ in 2000 on the evidence that the Asian population has an increased risk of diseases at

BMI> 23 kg/m2 [21]. The Asia-Pacific BMI was categorized as followings; underweight

(< 18.5 kg/m2), normal-weight (18.5–22.9 kg/m2), overweight (23.0–24.9 kg/m2), obesity-1

(25.0–29.9 kg/m2), and obesity-2 (� 30 kg/m2). Proposed mechanisms of this inter-population

discrepancy of defined obesity by BMI include differences in percentage and distribution of

body fat across populations, the interplay of genetic susceptibility, and environmental factors

related to diet and sedentary lifestyle [19, 20].

However, the debate on whether racial differences exist in defining obesity based on BMI is

still ongoing. Despite the differences in BMI cutoff points for obesity in these populations, a

meta-analysis of four continents in 239 prospective studies showed that BMI and all-cause

mortality were broadly consistent across the four continents [3]. In 2004, WHO expert consul-

tation recommended that the use of global standards is appropriate because the BMI standards

for obesity do not differ greatly by race, and it is not appropriate to stipulate different stan-

dards for the Asia-Pacific region due to small differences [19]. In a study comparing the BMI

cutoff value of the South Koreans with the global standard in 2015, the cutoff point of Korean

BMI was 24.2 kg/m2 (sensitivity 78%, specificity 71%, as the result of receiver operating charac-

teristic cure, based on the body fat percentage) and it was only 1.3 kg/m2 lower than the global

standard [25]. The result supports the recommendation of the WHO expert consultation in

2004. Nonetheless, the Korean government continues to follow the 2000 Asian-Pacific cut-off

values. Hence, to avoid confusion, we did not express obesity or normal for the BMI group,

but only used numeric values in this study.

Fig 3. Subgroup analyses for fatal illness according to the BMI in patients with/without diabetes mellitus or hypertension (A) Diabetes

Mellitus�, (B) Hypertension��. �Odds ratios were adjusted for age, gender, and four comorbidities (hypertension, chronic kidney disease,

cancer, and dementia). ��Odds ratios were adjusted for age, gender, and four comorbidities (diabetes mellitus, chronic kidney disease,

cancer, and dementia).

https://doi.org/10.1371/journal.pone.0253640.g003
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There are limited studies on the clinical implications of BMI, from underweight to obesity,

in viral pandemics. In the case of influenza-associated pneumonia, an increase in risk has been

observed in underweight and obesity [4]. However, regarding obesity, contradictory results–

obesity paradox-were reported in previous studies [15]. Similarly, there was a recent study on

‘an obesity survival paradox’ that authors showed the projected rates of COVID-19 infection

and mortality drop with elevated prevalence of obesity in United States [26]. However, in the

current COVID-19 pandemic, the majority of studies reported obesity as a risk factor for pro-

gressing to severe COVID-19 and were associated with the need for hospitalization and admis-

sion to the critical care unite due to COVID-19 [7, 17, 27, 28]. Importantly, our study also

showed increased BMI as a risk factor for critical and fatal illness of COVID-19 and cannot

prove the ‘obesity survival paradox.’

In contrast to obesity, the relationship between underweight and COVID-19 is unknown.

A recent study showed a J-shaped (non-linear) relationship between BMI and risk for

COVID-19 related hospitalization, ICU admission, and death [28]. In our study, subjects with

a BMI� 30 kg/m2 presented higher fatality with an odds ratio of 4.32, compared to subjects of

a 23�BMI< 25 kg/m2. In addition, BMI < 18.5 kg/m2 also showed an odds ratio of 3.97

(1.77–8.92) for fatal illness.

One recent remarkable study is the analysis of the UK biobank, even though preliminary

data are available [29, 30]. They showed that BMI was strongly associated with positive results

in the COVID-19 test and the risk of death related to COVID-19 [29]. Interestingly, both BMI

and waist circumference were associated with testing positive for COVID-19 in a dose-

response fashion [30]. However, another study using a two-sample multivariable Mendelian

randomization failed to show the impact of body composition (waist circumference, trunk fat

ratio) on COVID-19 susceptibility and severity; only BMI was significant [31]. Our study has a

limitation in that it did not include body composition.

In infectious diseases, research on whether there are gender differences in the effect of BMI

on mortality is limited. In a UK study [32], with the national mortality data of 3.6 million

adults, the mortality specific outcome related to respiratory infection, the hazard ratio (HR) of

underweight increased similarly to obesity, showing a U-shaped curve, which is consistent

with our study results. Further, the UK study showed the difference between men and women

in all-cause mortality among never-smokers. Underweight women were associated with a

greater increase in HR than men, while obese men were associated with a greater increase in

HR than women (Pinteraction < 0.0001). In other words, underweight and obesity were associ-

ated with an increase in the HR of all-cause mortality in both men and women, but the

increased risk was greater in underweight women and obese men. This is consistent with our

results shown in Fig 2. However, there are some differences between the study populations

and the target outcomes, since our study aimed at evaluating the association between the fatal-

ity of COVID-19 and BMI. Additionally, we did not have information regarding smoking his-

tory. Furthermore, the sample size in our study was relatively small, and when divided by

subgroup analysis, a similar pattern was shown as the UK study between men and women,

although the Pinteraction did not show a significant value. Therefore, it is necessary to verify this

through large-scale research. A Chinese study of 383 patients found that obesity, especially in

men, significantly increased the risk of developing severe COVID-19 [9]. In this study, we

found that there was a slight difference in the odds ratio and increasing pattern in those with

BMI of< 18.5 and� 25.0 kg/m2 according to sex. Male sex was associated with an increased

odds ratio of fatal illness (2.92 [1.9–4.48]) than the female sex. However, there was no definite

evidence that men had a higher risk of severe COVID-19 due to BMI than women.

All-cause mortality due to obesity is attenuated by aging. Large-scale epidemiological stud-

ies have reported that heathy BMI shifts to the right in old age compared to young age [3, 32,
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33]. Among the those with COVID-19, young obese patients (< 60 years old and BMI > 35

kg/m2) were reported to be 3.6 times more likely to be admitted to the critical care unit than

those with BMI < 30 kg/m2 [34]. However, in our study, the incidence of severe COVID-19 in

patients aged< 60 years was low (fatal illness was only 8 cases and critical illness was as small

as 15 cases), so there was a limit to whether obesity was related to critical illness at a young age.

Obesity is regarded as an important public health issue, mainly related to chronic diseases.

Obesity potentiates multiple cardiovascular risk factors and causes atherosclerosis. It also

causes insulin resistance and reduces beta cell function [35]. It can cause functional immuno-

logical deficits through dysregulation of the immune system, resulting in diseases mainly

related to cardiometabolic problems and chronic inflammation [2]. However, in the recent

SARS-CoV2 pandemic, obesity was reported to be associated with severe COVID-19, and its

clinical significance in acute infections may be receiving new attention from researchers. In

addition to chronic metabolic conditions, proposed mechanisms for the detrimental effect of

obesity in severe COVID-19 are related to the cardiorespiratory system, increased thrombo-

genicity, and immune hyper-reactivity [7, 36, 37]. Beyond these proposed mechanisms,

COVID-19 can induce direct target organ damage, regardless of the underlying disease. Direct

invasion or inflammation of cardiomyocyte is related to poor disease outcomes [18, 38, 39]. In

the case of SARS, induced by SARS-CoV, the possibility of disruption of pancreatic beta cell

function through pancreatic invasion through binding to the cellular entry, ACE-2, was con-

firmed in an autopsy report [40]. However, there is paucity of evidence in COVID-19 pancrea-

titis through direct beta cell involvement of SARS-CoV-2 [41]. Furthermore, there is no

available data regarding whether obesity or underweight can augment the virus infection

related to direct target organ damage by altering the susceptibility or ACE-2.

The present study has some limitations. Despite the advantage of nationwide data com-

pared to previous studies related to COVID-19 and BMI, this study was limited to Koreans

and did not include a diverse population. Although the fatality of BMI and COVID-19 was

evaluated by adjusting for sex, age, and comorbid conditions, there was an issue in subgroup

analysis because the sample was insufficient in terms of specific diseases. Furthermore, detailed

information about comorbidities was not provided. The number of patients with BMI < 18.5,

or� 30 kg/m2, was small; 191 (4.6%) or 193 (4.7%), respectively. Therefore, there is a chance

of being statistically underpowered or having an increased margin of error. Furthermore, we

could not check the distribution of continuous BMI according to fatal illness status. The

KCDA provided BMI data in a categorized form. Finally, it was an observational study and

could not clearly explain causal relationships. Although the characteristics of acute infectious

disease act as a limitation in the study of COVID-19, a large-scale prospective cohort study of

various populations is of utmost important.

Conclusions

We analyzed the relationship between BMI and criticality/fatality from COVID-19. In particu-

lar, those with a BMI of< 18.5 kg/m2 and� 25.0 kg/m2 were found to have a higher associa-

tion with critical and fatal illness compared to those with a BMI of 23.0–24.9 kg/m2.

Maintaining a healthy weight is important not only to prevent chronic cardiometabolic dis-

eases, but also to improve the outcome of COVID-19.
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(TIF)

Acknowledgments

We acknowledge all health-care workers involved in the diagnosis and treatment of patients

with COVID-19 in South Korea. We thank the Korea Disease Control & Prevention Agency,

National Medical Center and the Health Information Manager in hospitals for their efforts in

collecting the medical records.

Author Contributions

Conceptualization: In Sook Kang, Kyoung Ae Kong.

Data curation: Kyoung Ae Kong.

Formal analysis: In Sook Kang, Kyoung Ae Kong.

Investigation: In Sook Kang, Kyoung Ae Kong.

Methodology: In Sook Kang.

Supervision: In Sook Kang.

Validation: In Sook Kang, Kyoung Ae Kong.

Visualization: In Sook Kang.

Writing – original draft: In Sook Kang.

Writing – review & editing: In Sook Kang, Kyoung Ae Kong.

References

1. Lim S, Shin SM, Nam GE, Jung CH, Koo BK. Proper Management of People with Obesity during the

COVID-19 Pandemic. J Obes Metab Syndr. 2020; 29(2):84–98. https://doi.org/10.7570/jomes20056

PMID: 32544885.

2. Lavie CJ, Laddu D, Arena R, Ortega FB, Alpert MA, Kushner RF. Healthy Weight and Obesity Preven-

tion: JACC Health Promotion Series. Journal of the American College of Cardiology. 2018; 72

(13):1506–31. https://doi.org/10.1016/j.jacc.2018.08.1037 PMID: 30236314

3. Di Angelantonio E, Bhupathiraju SN, Wormser D, Gao P, Kaptoge S, de Gonzalez AB, et al. Body-mass

index and all-cause mortality: individual-participant-data meta-analysis of 239 prospective studies in

four continents. The Lancet. 2016; 388(10046):776–86. https://doi.org/10.1016/S0140-6736(16)30175-

1 PMID: 27423262

4. Dobner J, Kaser S. Body mass index and the risk of infection—from underweight to obesity. Clin Micro-

biol Infect. 2018; 24(1):24–8. Epub 2017/02/25. https://doi.org/10.1016/j.cmi.2017.02.013 PMID:

28232162.

5. Kong KA, Park J, Hong S-h, Hong YS, Sung Y-A, Lee H. Associations between body mass index and

mortality or cardiovascular events in a general Korean population. PLOS ONE. 2017; 12(9):e0185024.

https://doi.org/10.1371/journal.pone.0185024 PMID: 28915262

6. Wu C-Y, Chou Y-C, Huang N, Chou Y-J, Hu H-Y, Li C-P. Association of Body Mass Index with All-

Cause and Cardiovascular Disease Mortality in the Elderly. PLOS ONE. 2014; 9(7):e102589. https://

doi.org/10.1371/journal.pone.0102589 PMID: 25014070

7. Sattar N, McInnes IB, McMurray JJV. Obesity Is a Risk Factor for Severe COVID-19 Infection: Multiple

Potential Mechanisms. Circulation. 2020; 142(1):4–6. Epub 2020/04/23. https://doi.org/10.1161/

CIRCULATIONAHA.120.047659 PMID: 32320270.

PLOS ONE BMI and COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0253640 June 22, 2021 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253640.s002
https://doi.org/10.7570/jomes20056
http://www.ncbi.nlm.nih.gov/pubmed/32544885
https://doi.org/10.1016/j.jacc.2018.08.1037
http://www.ncbi.nlm.nih.gov/pubmed/30236314
https://doi.org/10.1016/S0140-6736%2816%2930175-1
https://doi.org/10.1016/S0140-6736%2816%2930175-1
http://www.ncbi.nlm.nih.gov/pubmed/27423262
https://doi.org/10.1016/j.cmi.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28232162
https://doi.org/10.1371/journal.pone.0185024
http://www.ncbi.nlm.nih.gov/pubmed/28915262
https://doi.org/10.1371/journal.pone.0102589
https://doi.org/10.1371/journal.pone.0102589
http://www.ncbi.nlm.nih.gov/pubmed/25014070
https://doi.org/10.1161/CIRCULATIONAHA.120.047659
https://doi.org/10.1161/CIRCULATIONAHA.120.047659
http://www.ncbi.nlm.nih.gov/pubmed/32320270
https://doi.org/10.1371/journal.pone.0253640


8. Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette J, Duhamel A, et al. High Prevalence of Obe-

sity in Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) Requiring Invasive Mechani-

cal Ventilation. Obesity. 2020; 28(7):1195–9. https://doi.org/10.1002/oby.22831 PMID: 32271993

9. Cai Q, Chen F, Wang T, Luo F, Liu X, Wu Q, et al. Obesity and COVID-19 Severity in a Designated Hos-

pital in Shenzhen, China. Diabetes Care. 2020:dc200576. https://doi.org/10.2337/dc20-0576 PMID:

32409502

10. Li S, Hua X. Modifiable lifestyle factors and severe COVID-19 risk: a Mendelian randomisation study.

BMC Medical Genomics. 2021; 14(1):38. https://doi.org/10.1186/s12920-021-00887-1 PMID:

33536004

11. Ponsford MJ, Gkatzionis A, Walker VM, Grant AJ, Wootton RE, Moore LSP, et al. Cardiometabolic

Traits, Sepsis, and Severe COVID-19. Circulation. 2020; 142(18):1791–3. https://doi.org/10.1161/

CIRCULATIONAHA.120.050753 PMID: 32966752

12. Badawi A, Ryoo SG. Prevalence of comorbidities in the Middle East respiratory syndrome coronavirus

(MERS-CoV): a systematic review and meta-analysis. International Journal of Infectious Diseases.

2016; 49:129–33. https://doi.org/10.1016/j.ijid.2016.06.015 PMID: 27352628

13. Bangalore S, Sharma A, Slotwiner A, Yatskar L, Harari R, Shah B, et al. ST-Segment Elevation in

Patients with Covid-19—A Case Series. New England Journal of Medicine. 2020; 382(25):2478–80.

https://doi.org/10.1056/NEJMc2009020 PMID: 32302081

14. Blumentals WA, Nevitt A, Peng MM, Toovey S. Body mass index and the incidence of influenza-associ-

ated pneumonia in a UK primary care cohort. Influenza Other Respir Viruses. 2012; 6(1):28–36. Epub

2011/05/19. https://doi.org/10.1111/j.1750-2659.2011.00262.x PMID: 21668664.

15. Nie W, Zhang Y, Jee SH, Jung KJ, Li B, Xiu Q. Obesity survival paradox in pneumonia: a meta-analysis.

BMC Medicine. 2014; 12(1):61. https://doi.org/10.1186/1741-7015-12-61 PMID: 24722122

16. Domı́nguez-Cherit G, Lapinsky SE, Macias AE, Pinto R, Espinosa-Perez L, de la Torre A, et al. Critically

Ill Patients With 2009 Influenza A(H1N1) in Mexico. JAMA. 2009; 302(17):1880–7. https://doi.org/10.

1001/jama.2009.1536 PMID: 19822626

17. Peres KC, Riera R, Martimbianco ALC, Ward LS, Cunha LL. Body Mass Index and Prognosis of

COVID-19 Infection. A Systematic Review. Frontiers in Endocrinology. 2020; 11(562). https://doi.org/

10.3389/fendo.2020.00562 PMID: 32922366

18. Duan J, Wu Y, Liu C, Yang C, Yang L. Deleterious effects of viral pneumonia on cardiovascular system.

European Heart Journal. 2020; 41(19):1833–8. https://doi.org/10.1093/eurheartj/ehaa325 PMID:

32383765

19. consultation* We. Appropriate body-mass index for Asian populations and its implications for policy and

intervention strategies. The Lancet. 2004; 363(9403):157–63. https://doi.org/10.1016/S0140-6736(03)

15268-3 PMID: 14726171

20. Pan WH, Yeh WT. How to define obesity? Evidence-based multiple action points for public awareness,

screening, and treatment: an extension of Asian-Pacific recommendations. Asia Pac J Clin Nutr. 2008;

17(3):370–4. Epub 2008/09/27. PMID: 18818155.

21. World Health Organization. Regional Office for the Western P. The Asia-Pacific perspective: redefining

obesity and its treatment: Sydney: Health Communications Australia; 2000.

22. Henry BM, Lippi G. Chronic kidney disease is associated with severe coronavirus disease 2019

(COVID-19) infection. International Urology and Nephrology. 2020; 52(6):1193–4. https://doi.org/10.

1007/s11255-020-02451-9 PMID: 32222883

23. Marshall JC, Murthy S, Diaz J, Adhikari N, Angus DC, Arabi YM, et al. A minimal common outcome

measure set for COVID-19 clinical research. The Lancet Infectious Diseases. 2020; 20(8):e192–e7.

https://doi.org/10.1016/S1473-3099(20)30483-7 PMID: 32539990

24. Obesity WHOCo, World Health Organization. Division of Noncommunicable D, World Health Organiza-

tion. Programme of Nutrition F, Reproductive H. Obesity: preventing and managing the global epidemic:

report of a WHO Consultation on Obesity, Geneva, 3–5 June 1997. Geneva: World Health Organiza-

tion; 1998.

25. Yoon JL, Cho JJ, Park KM, Noh HM, Park YS. Diagnostic performance of body mass index using the

Western Pacific Regional Office of World Health Organization reference standards for body fat percent-

age. J Korean Med Sci. 2015; 30(2):162–6. Epub 2015/02/06. https://doi.org/10.3346/jkms.2015.30.2.

162 PMID: 25653487; PubMed Central PMCID: PMC4310942.

26. Arbel Y, Fialkoff C, Kerner A, Kerner M. Can reduction in infection and mortality rates from coronavirus

be explained by an obesity survival paradox? An analysis at the US statewide level. International Jour-

nal of Obesity. 2020; 44(11):2339–42. https://doi.org/10.1038/s41366-020-00680-7 PMID: 32934319

PLOS ONE BMI and COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0253640 June 22, 2021 12 / 13

https://doi.org/10.1002/oby.22831
http://www.ncbi.nlm.nih.gov/pubmed/32271993
https://doi.org/10.2337/dc20-0576
http://www.ncbi.nlm.nih.gov/pubmed/32409502
https://doi.org/10.1186/s12920-021-00887-1
http://www.ncbi.nlm.nih.gov/pubmed/33536004
https://doi.org/10.1161/CIRCULATIONAHA.120.050753
https://doi.org/10.1161/CIRCULATIONAHA.120.050753
http://www.ncbi.nlm.nih.gov/pubmed/32966752
https://doi.org/10.1016/j.ijid.2016.06.015
http://www.ncbi.nlm.nih.gov/pubmed/27352628
https://doi.org/10.1056/NEJMc2009020
http://www.ncbi.nlm.nih.gov/pubmed/32302081
https://doi.org/10.1111/j.1750-2659.2011.00262.x
http://www.ncbi.nlm.nih.gov/pubmed/21668664
https://doi.org/10.1186/1741-7015-12-61
http://www.ncbi.nlm.nih.gov/pubmed/24722122
https://doi.org/10.1001/jama.2009.1536
https://doi.org/10.1001/jama.2009.1536
http://www.ncbi.nlm.nih.gov/pubmed/19822626
https://doi.org/10.3389/fendo.2020.00562
https://doi.org/10.3389/fendo.2020.00562
http://www.ncbi.nlm.nih.gov/pubmed/32922366
https://doi.org/10.1093/eurheartj/ehaa325
http://www.ncbi.nlm.nih.gov/pubmed/32383765
https://doi.org/10.1016/S0140-6736%2803%2915268-3
https://doi.org/10.1016/S0140-6736%2803%2915268-3
http://www.ncbi.nlm.nih.gov/pubmed/14726171
http://www.ncbi.nlm.nih.gov/pubmed/18818155
https://doi.org/10.1007/s11255-020-02451-9
https://doi.org/10.1007/s11255-020-02451-9
http://www.ncbi.nlm.nih.gov/pubmed/32222883
https://doi.org/10.1016/S1473-3099%2820%2930483-7
http://www.ncbi.nlm.nih.gov/pubmed/32539990
https://doi.org/10.3346/jkms.2015.30.2.162
https://doi.org/10.3346/jkms.2015.30.2.162
http://www.ncbi.nlm.nih.gov/pubmed/25653487
https://doi.org/10.1038/s41366-020-00680-7
http://www.ncbi.nlm.nih.gov/pubmed/32934319
https://doi.org/10.1371/journal.pone.0253640


27. Anderson MR, Geleris J, Anderson DR, Zucker J, Nobel YR, Freedberg D, et al. Body Mass Index and

Risk for Intubation or Death in SARS-CoV-2 Infection: A Retrospective Cohort Study. Ann Intern Med.

2020:M20–3214. https://doi.org/10.7326/M20-3214 PMID: 32726151.

28. Kompaniyets L, Goodman AB, Belay B, Freedman DS, Sucosky MS, Lange SJ, et al. Body Mass Index

and Risk for COVID-19–Related Hospitalization, Intensive Care Unit Admission, Invasive Mechanical

Ventilation, and Death—United States, March–December 2020. MMWR Morb Mortal Wkly Rep. 2021;

70:355–61. https://doi.org/10.15585/mmwr.mm7010e4 PMID: 33705371

29. Sattar N, Ho FK, Gill JM, Ghouri N, Gray SR, Celis-Morales CA, et al. BMI and future risk for COVID-19

infection and death across sex, age and ethnicity: Preliminary findings from UK biobank. Diabetes

Metab Syndr. 2020; 14(5):1149–51. Epub 2020/07/16. https://doi.org/10.1016/j.dsx.2020.06.060 PMID:

32668401; PubMed Central PMCID: PMC7326434.

30. Yates T, Razieh C, Zaccardi F, Davies MJ, Khunti K. Obesity and risk of COVID-19: analysis of UK bio-

bank. Prim Care Diabetes. 2020; 14(5):566–7. Epub 2020/06/05. https://doi.org/10.1016/j.pcd.2020.05.

011 PMID: 32493608; PubMed Central PMCID: PMC7254007.

31. Freuer D, Linseisen J, Meisinger C. Impact of body composition on COVID-19 susceptibility and sever-

ity: A two-sample multivariable Mendelian randomization study. Metabolism. 2021; 118:154732. https://

doi.org/10.1016/j.metabol.2021.154732 PMID: 33631142

32. Bhaskaran K, dos-Santos-Silva I, Leon DA, Douglas IJ, Smeeth L. Association of BMI with overall and

cause-specific mortality: a population-based cohort study of 3�6 million adults in the UK. The Lancet Dia-

betes & Endocrinology. 2018; 6(12):944–53. https://doi.org/10.1016/s2213-8587(18)30288-2.

33. Yi SW, Ohrr H, Shin SA, Yi JJ. Sex-age-specific association of body mass index with all-cause mortality

among 12.8 million Korean adults: a prospective cohort study. Int J Epidemiol. 2015; 44(5):1696–705.

Epub 2015/07/26. https://doi.org/10.1093/ije/dyv138 PMID: 26208807; PubMed Central PMCID:

PMC4681110.

34. Lighter J, Phillips M, Hochman S, Sterling S, Johnson D, Francois F, et al. Obesity in Patients Younger

Than 60 Years Is a Risk Factor for COVID-19 Hospital Admission. Clinical Infectious Diseases. 2020;

71(15):896–7. https://doi.org/10.1093/cid/ciaa415 PMID: 32271368

35. Cerf ME. Beta cell dysfunction and insulin resistance. Frontiers in endocrinology. 2013; 4:37–. https://

doi.org/10.3389/fendo.2013.00037 PMID: 23542897.

36. Kim I-C, Han S. Epicardial adipose tissue: fuel for COVID-19-induced cardiac injury? European Heart

Journal. 2020; 41(24):2334–5. https://doi.org/10.1093/eurheartj/ehaa474 PMID: 32464652

37. Rebello CJ, Kirwan JP, Greenway FL. Obesity, the most common comorbidity in SARS-CoV-2: is leptin

the link? International Journal of Obesity. 2020; 44(9):1810–7. https://doi.org/10.1038/s41366-020-

0640-5 PMID: 32647360

38. Tao G, Guo T, Fan Y, Chen M, Wu X, Zhang L, et al. Cardiovascular Implications of Fatal Outcomes of

Patients With Coronavirus Disease 2019 (COVID-19). JAMA Cardiology. 2020; 5(7):811–8. https://doi.

org/10.1001/jamacardio.2020.1017 PMID: 32219356

39. Tavazzi G, Pellegrini C, Maurelli M, Belliato M, Sciutti F, Bottazzi A, et al. Myocardial localization of

coronavirus in COVID-19 cardiogenic shock. European Journal of Heart Failure. 2020; 22(5):911–5.

https://doi.org/10.1002/ejhf.1828 PMID: 32275347

40. Ding Y, He L, Zhang Q, Huang Z, Che X, Hou J, et al. Organ distribution of severe acute respiratory syn-

drome (SARS) associated coronavirus (SARS-CoV) in SARS patients: implications for pathogenesis

and virus transmission pathways. The Journal of Pathology. 2004; 203(2):622–30. https://doi.org/10.

1002/path.1560 PMID: 15141376

41. Thaweerat W. Current evidence on pancreatic involvement in SARS-CoV-2 infection. Pancreatology.

2020; 20(5):1013–4. Epub 2020/05/27. https://doi.org/10.1016/j.pan.2020.05.015 PMID: 32498973.

PLOS ONE BMI and COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0253640 June 22, 2021 13 / 13

https://doi.org/10.7326/M20-3214
http://www.ncbi.nlm.nih.gov/pubmed/32726151
https://doi.org/10.15585/mmwr.mm7010e4
http://www.ncbi.nlm.nih.gov/pubmed/33705371
https://doi.org/10.1016/j.dsx.2020.06.060
http://www.ncbi.nlm.nih.gov/pubmed/32668401
https://doi.org/10.1016/j.pcd.2020.05.011
https://doi.org/10.1016/j.pcd.2020.05.011
http://www.ncbi.nlm.nih.gov/pubmed/32493608
https://doi.org/10.1016/j.metabol.2021.154732
https://doi.org/10.1016/j.metabol.2021.154732
http://www.ncbi.nlm.nih.gov/pubmed/33631142
https://doi.org/10.1016/s2213-8587%2818%2930288-2.
https://doi.org/10.1093/ije/dyv138
http://www.ncbi.nlm.nih.gov/pubmed/26208807
https://doi.org/10.1093/cid/ciaa415
http://www.ncbi.nlm.nih.gov/pubmed/32271368
https://doi.org/10.3389/fendo.2013.00037
https://doi.org/10.3389/fendo.2013.00037
http://www.ncbi.nlm.nih.gov/pubmed/23542897
https://doi.org/10.1093/eurheartj/ehaa474
http://www.ncbi.nlm.nih.gov/pubmed/32464652
https://doi.org/10.1038/s41366-020-0640-5
https://doi.org/10.1038/s41366-020-0640-5
http://www.ncbi.nlm.nih.gov/pubmed/32647360
https://doi.org/10.1001/jamacardio.2020.1017
https://doi.org/10.1001/jamacardio.2020.1017
http://www.ncbi.nlm.nih.gov/pubmed/32219356
https://doi.org/10.1002/ejhf.1828
http://www.ncbi.nlm.nih.gov/pubmed/32275347
https://doi.org/10.1002/path.1560
https://doi.org/10.1002/path.1560
http://www.ncbi.nlm.nih.gov/pubmed/15141376
https://doi.org/10.1016/j.pan.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32498973
https://doi.org/10.1371/journal.pone.0253640

