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Background and purpose: The coronavirus disease 2019 (COVID-19) pandemic presents an unprecedented health
crisis to the entire world. As reported, the body mass index (BMI) may play an important role in COVID-19; how-
ever, this still remains unclear. The aim of this study was to explore the association between BMI and COVID-19
severity and mortality.

Methods: The Medline, PubMed, Embase and Web of science were systematically searched until August 2020.

gz{lw (;;iss:s index Random-effects models and dose-response meta-analysis were used to synthesize the results. Combined odds
COV%D—]B ratios (ORs) with their 95% confidence intervals (Cls) were calculated, and the effect of covariates were analyzed

BMI using subgroup analysis and meta-regression analyses.

Obesity Results: A total of 16 observational studies involving 109,881 patients with COVID-19 were included in the meta-

Meta-analysis analysis. The pooled results showed that patients with a BMI > 30 kg/m? had a 2.35-fold risk (OR = 2.35, 95%Cl =
1.64-3.38, P < 0.001) for critical COVID-19 and a 2.68-fold risk for COVID-19 mortality (OR = 2.68, 95%Cl =
1.65-4.37, P < 0.001) compared with patients with a BMI <30 kg/m?. Subgroup analysis results showed that pa-
tients with obesity and age > 60 years was associated with a significantly increased risk of critical COVID-19 (OR
= 3.11, 95%Cl = 1.73-5.61, P < 0.001) and COVID-19 mortality (OR = 3.93, 95%CI = 2.18-7.09, P < 0.001).
Meta-regression analysis results also showed that age had a significant influence on the association between
BMI and COVID-19 mortality (Coef. = 0.036, P = 0.048). Random-effects dose-response meta-analysis showed
a linear association between BMI and both critical COVID-19(Pyon-iinearity = 0.242) and mortality (Phon-tinearity =
0.116). The risk of critical COVID-19 and mortality increased by 9%(OR = 1.09, 95%CI = 1.04-1.14,P < 0.001) and
6%(OR = 1.06, 95%CI = 1.02-1.10, P = 0.002) for each 1 kg/m? increase in BMI, respectively.
Conclusions: Evidence from this meta-analysis suggested that a linear dose-response association between BMI
and both COVID-19 severity and mortality. Further, obesity (BMI > 30 kg/m?) was associated with a significantly
increased risk of critical COVID-19 and in-hospital mortality of COVID-19.

© 2020 Published by Elsevier Inc.

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has led to
worldwide research efforts to identify individuals at greatest risk of de-
veloping critical illness and dying [1]. Initial data indicated that diabetes,
cardiovascular disease, and respiratory or kidney disease were associ-
ated with an increased risk of adverse outcomes in patients with
COVID-19 [2-4]. Increasing numbers of reports have linked obesity to
more severe COVID-19 and mortality [5-8]. However, existing studies,

Abbreviations: BMI, body mass index; Cl, confidence intervals; COVID-19, coronavirus
disease-2019; OR, odds ratio.
* Corresponding authors at: 36 Lushan Road, Yuelu District, Changsha City, Hunan
Province, China.
E-mail addresses: 284792906@qg.com (Y. Lv), 183259829@qq.com (W. Zha).
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including epidemiological studies and meta-analyses, reported incon-
sistent results on the association between BMI and COVID-19.

In a French cohort study, the risk for invasive mechanical ventilation
in patients with COVID-19 infection admitted to Intensive Treatment
Unit was >7-fold higher for those with a BMI >35 kg/m? compared
with those with a BMI <25 kg/m? [9]. Among individuals with COVID-
19 in New York, those with a BMI between 30 and 34 kg/m? and >35
kg/m? were 1.8 times and 3.6 times more likely to be admitted to critical
care, respectively, than individuals with a BMI <30 kg/m? [10]. Besides,
the meta-analysis conducted by Yang et al. [11] and Soeroto et al. [12]
revealed that patients with severe COVID-19 have a higher BMI than
non-severe ones. However, Cai et al. reviewed a study in the Third
People's Hospital of Shenzhen, Guangdong province, China, with 298
patients (aged 33-61 years) with COVID-19 and found no significant
differences between non-severe (n = 240) and severe (n = 58)
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patients with the value of BMI being 22.9 kg/m? and 25.5 kg/m?, respec-
tively [13]. Thus, great differences were shown among existing studies.
In addition, most conclusions were obtained from univariate estimates
only and the sample size is also small. Whether obesity is an indepen-
dent risk factor for COVID-19 and the dose-response association be-
tween BMI and the risk of severe COVID-19 and mortality are unclear.
Therefore, we conducted this meta-analysis to explore the associa-
tion between BMI and COVID-19. Compared with the previously pub-
lished meta-analyses, we herein performed a subgroup analysis based
on the adjusted effect estimates to explore whether obesity is an inde-
pendent risk factor for critical COVID-19 and mortality. In addition,
age, sex and some comorbidities were analyzed by meta-regression
analyses. More importantly, the dose-response association between
BMI and the risk of critical COVID-19 and mortality were established.

2. Materials and methods

This meta-analysis was planned and conducted according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) checklist [14]. Additionally, because the included studies
were observational in design, we also followed the Meta-analysis of Ob-
servational Studies in Epidemiology (MOOSE) guidelines [15].

3. Literature search strategy

A systematic search of published articles was conducted in the
Medline, PubMed, Embase, Web of Science and Cochrane Library data-
bases until August 27, 2020. Following search terms were used: (“coro-
navirus disease 2019” OR “COVID-19” OR “SARS-CoV-2" OR
“coronavirus” OR “nCoV-2019”) AND (“body mass index” OR “BMI” OR
“weight” OR “overweight” OR “obesity” OR “risk factor” OR “characteris-
tics” OR “clinical features”) AND (“clinical trial” OR “observational
study” OR “cohort” OR “trial” OR “case-control” OR “study”). We also

Records identified through

electronic database search
(n=2617

v
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reviewed the reference lists from the retrieved articles and manually
searched to identify additional relevant studies that may not have
been identified by our database searches.

4. Inclusion and exclusion criteria

Studies that met the following criteria were included in this meta-
analysis: 1) observational studies in humans with either a cohort or
case-control or cross-sectional design; 2) concerning the effects of BMI
on COVID-19; 3) patients were diagnosed as COVID-19 by the labora-
tory test and age>18 years old; 4) outcomes of COVID-19 infection se-
verity reported; 5) provided data of mortality - critical or no-critical
between patients with at least two BMI categories; and 6) publication
in English. Conversely, studies that met the following criteria were ex-
cluded: 1)duplicate studies; 2) reviews, reports, conferences, commen-
taries; 3) insufficient data; and 4) sample size <10; In this study,
patients with acute respiratory distress syndrome (ARDS) who required
life support, mechanical ventilation, or intensive care unit (ICU) support
were considered as critically illness patients. And obesity was defined as
a BMI 230 kg/m?. Two of the authors independently searched all refer-
ences, and any discrepancy was resolved by all authors, on the basis of
a vote.

5. Data extraction

Two authors (Yanbin Du and Nan Zhou) performed the data extrac-
tion, again any disagreements were discussed and resolved by consen-
sus. For each study, the following information was collected: first
author's name, publication year, country, study design, age and sex dis-
tribution, sample size, BMI category and risk estimates with 95% confi-
dence intervals (CIs) for each exposure category, number of patients
with different BMIs in the severe and non-severe COVID-19 groups,
number of patients with different BMIs in the survivors and non-

Additional records identified
through other rescurces

(n=16)

Records after duplicates removed
(n=2174)

EligibilityJ Screening’ Identification

,L Records excluded by
screening title and andabstract
Records screened Unrelated studies(7=1010)
(n=2174) Reviews or systematic
p l reviews or reports(n=1083)
Full-text articles Did not provide available data
assessed for eligibility > indicators (7=44 )
—_— (n=87) No definition of types of BMI
(n=15)
No deficition of severe
B COVID-19 (n=12)
©
= Included in the meta
§ -analysis (n=16)

Fig. 1. Flowchart of the study procedure.
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survivors groups. In addition, other data, such as the presence of diabe-
tes, hypertension, cardiovascular disease, cancer, or other diseases and
smoking, were also collected.

6. Quality assessment

Quality assessment of the eligible studies was performed by two in-
vestigators (Wenting Zha and Xiuqgin Hong), using the Newcastle-Ot-
tawa Quality Assessment Scale (NOS), which is a validated scale for
non-randomized observational studies [16]. Each study was assessed
on the basis of three broad perspectives: selection (0-4points), compa-
rability (0-2 points), and exposure (0-3 points) with a score ranging

Metabolism Clinical and Experimental 117 (2021) 154373

from 0 to 9 points. We assigned scores of 0-3, 4-6, and 7-9 points for
low, moderate, and high quality of the studies, respectively.

7. Statistical analysis

Odds ratios (ORs) and 95%Cls were considered to determine the as-
sociation between BMI and the risk of critical COVID-19 and mortality.
Heterogeneity among the studies was estimated using the Q and I? sta-
tistic. For the Q statistics, P < 0.10 indicated a statistically significant
heterogeneity. And the I? values of 25%, 25-50%, 50-75%, and > 75%
were classified as indicating no, small, moderate, and significant hetero-
geneity, respectively. Pooled ORs were obtained using the fixed-effects

Table 1
Characteristics of patients included in the severity analysis studies.
Author and publication year Country Study design Age (years) Men Sample BMI Critical Non-critical Multivariate
. 5 e
(%) size (kg/m*) N%) (%) M(%) m(%) analysis
Palaiodimos et al., 2020 [8]  USA Cohort 64(50-73.5) 49% 200 >35 32 11 168 35 Yes
(16%)  (34.3%) (84%)  (20.8%)
Kalligeros et al., 2020 [21] USA Cohort 60 (52-70) 61.17% 103 <25 44 5 59 14 Yes
(42.7%) (11.3%) (57.3%) (23.7%)
25-29.9 14 21
(31.8%) (35.5%)
30-34.9 11 11
(25%) (18.6%)
>35 14 13
(31.8%) (22%)
Busetto et al., 2020 [22] Italy Cross-sectional 70.5(55-84) 61.9% 92 >30 47 22 45 7 No
(51%)  (46.8%) (49%) (15.6%)
Hajifathalian et al., 2020 USA Cohort 64(47-81) 61% 434 <185 241 5 193 3 Yes
[23] (55.5%) (2.1%) (44.5%) (1.6%)
18.5-30 98 91
(40.6%) (47.1%)
>30 138 99
(57.3%) (51.3%)
Zheng et al., 2020 [24] China Cross-sectional 47(18-75) 25.8% 66 <25 19 2 47 19 No
(28.8%) (10.5%) (71.2%) (40%)
25-29.9 6 12
(31.6%) (25.6%)
>30 11 16
(67.3%) (34.4%)
Petrilli et al., 2020 [25] USA Cohort <60 53% 1582 <30 650 359 932 504 Yes
(41.1%) (55.2%) (58.9%) (54.1%)
30-40 210 312
(32.3%) (33.5%)
>40 50 66
(7.7%) (7.1%)
Gao et al., 2020 [26] China  Cohort 48(18-75) 62.7% 150 >30 36 12 114 17 No
(24%)  (333%) (76%) (14.7%)
Giannouchos et al., 2020 Mexico Cohort 44(18-75) 51% 89,756 >30 11,706 3160 78,050 15,220 Yes
[27] (13%)  (27%)  (87%)  (19.5%)
Salman et al., 2020 [28] Kuwait  Cohort 54.0 63.5% 1158 <25 104 33 1054 398 Yes
(46.4-63.4) (9%) (31.7%) (91%)  (37.8%)
25-29.9 47 523
(45.2%) (49.6%)
30-35 15 83
(14.4%) (7.8%)
35-40 5 35
(4.8%) (3.3%)
>40 4 15
(3.8%) (1.4%)
Rottoli et al., 2020 [29] Italy Cohort 66(49-83) 62.7% 482 <30 67 31 415 365 No
(13.9%) (46.3%) (86.1%) (88%)
30-35 28 35
(41.8%) (8.4%)
>35 8 15
(11.9%) (3.6%)
Kaeuffer et al., 2020 [30] France  Cohort 66(40-82) 59% 1045 >30 424 164 621 187 Yes
(40.6%) (38.7%) (11.9%) (30.1%)
Mendy et al., 2020 [31] USA Cohort 60(49-75) 53% 689 >30 91 24 598 104 Yes
(13.2%) (26.4%) (86.8%) (17.4%)

N: Total number of critical patients; n: Number of critical patients with each BMI category.

M: Total number of non-critical patients. m: Number of non-critical patients with each BMI category.
* The multivariate analysis was adjusted for age, sex, history of cancer, smoking, diabetes, cardiovascular diseases, hypertension, chronic kidney disease (CKD), and other chronic

diseases.
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model, if I < 50%; otherwise, the random-effects model was used [17].
In addition, we performed subgroup analyses using geography (Asian
vs. non-Asian), age (<60 years vs. >60 years), study type (cohort vs.
cross-sectional), sample size (< 1000 vs. > 1000), BMI category (BMI
>35 kg/m? vs. 30-35 kg/m?) and performance of a multivariate analysis
(Yes vs. No) to explore the potential heterogeneity. We also performed
meta-regression analyses to examine the effect of age, sex and comor-
bidities (diabetes, hypertension, and cardiovascular disease) on the as-
sociation between BMI and both COVID-19 severity and mortality.

A dose-response analysis was also performed to further describe the
relationship between BMI and critical COVID-19 and mortality using the
method described by Orsini et al. [18]. The potential nonlinear dose-re-
sponse association between BMI and risk of critical COVID-19 and mor-
tality was examined using a restricted cubic splines regression model
with three knots at the 25th, 50th and 75th percentiles of the BMI distri-
bution. We calculated the nonlinear P-value by testing the null hypoth-
esis that the second spline coefficient is equal to zero [19]. Considering
the heterogeneity among the studies, we performed a random-effect
meta-analysis to calculate the trend based on the relevant logOR esti-
mated across BMI levels. And a generalized least squares (GLS) regres-
sion was used to estimate the dose-response coefficients and 95%Cls.
The median or mean BMI level in each category was assigned to the cor-
responding risk estimates of each study. If the BMI level was in a range,

Table 2
Characteristics of patients included in the mortality analysis studies.
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the midpoint of the upper and lower boundaries was considered the
dose; when the highest or lowest category was open-ended, we as-
sumed the width between boundaries to be equal to that of the adjacent
category.

To assess the potential publication bias, we used funnel plots and
Egger's linear regression test [20]. Sensitivity analyses were conducted
by excluding each study and reanalyzing the data. All statistical analyses
were performed using STATA 15.0 (Stata Corp, Texas, USA). The signifi-
cance level was set at P-values <0.05, and all statistical tests were two-
sided.

8. Results
8.1. Literature search

Our electronic literature search identified 2633 studies concerning
effects of BMI (or obesity) on COVID-19, 2621 of which were excluded
because of the following reasons. Firstly, 459 duplicated articles were
excluded, then 2174 articles were screened by title and abstract, leading
to exclusion of 1010 irrelevant studies and 1083 reports, reviews or
meta-analysis, or letters. Thereafter, 87 articles underwent full-text re-
view, which resulted in the exclusion of 44 articles that did not provide
available data index, 15 articles that did not report the BMI category,

Author and publication year ~ Country Study design Age (years) Men (%) Sample size BMI (kg/m?) Non-survivors Survivors Multivariate analysis”
N(%) n(%) M(%) m(%)
Klang et al., 2020 [32]° USA Cohort 40(34-46)  69.4% 572 <30 60 25 512 272 Yes
(10.5%) (41.7%) (89.5%) (53.1%)
30-40 16 171
(26.7%) (31.4%)
> 40 19 69
(31.7%) (13.5%)
Klang et al., 2020 [32]° USA Cohort 68(60-77)  54% 2834 <30 1076 727 1758 1151 Yes
(38.0%) (67.6%) (62%)  (65.5%)
30-40 274 496
(25.5%) (28.2%)
240 75 111
(7%) (6.3%)
Hajifathalian et al., 2020 [23] USA Cohort 64(47-82) 61% 770 <185 88 9 193 3 Yes
(31.3%) (1.1%) (68.7%) (1.6%)
18.5-30 22 91
(25%) (47.1%)
230 57 99
(64.8%) (51.3%)
Palaiodimos et al., 2020 [8] USA Cohort 64(50-73.5) 49% 200 <25 48 12 152 26 Yes
(24%)  (25%)  (76%)  (17.1%)
25-34 20 96
(41.7%) (63.2%)
235 16 30
(33.3%) (19.7%)
Pettit et al., 2020 [33] USA Cohort 58(41-75)  47.5% 238 <25 24 3 214 60 No
(10.1%) (12.5%) (89.9%) (28%)
25-30 7 67
(29.2%) (31.3%)
30-35 5 38
(20.8%) (17.7%)
35-40 4 25
(16.7%) (11.7%)
>40 5 24
(20.8%) (11.2%)
Zhang et al., 2020 [34] China Cohort 32(14-45)  58.4% 53 230 13 3 40 6 No
(24.5%) (23%)  (75.5%) (15%)
Carrillo-Vega et al., 2020 [35] Mexico Cohort 60(45-73) 69% 9946 >30 963 289 8983 1564 No
(9.8%)  (30%)  (90.2%) (17.4%)

N: Total number of non-survivors; n: Number of non-survivors with each BMI category.
M: Total number of survivors. m: Number of survivors with each BMI category.

@ Study in patients aged <60 years.

b Study in patients aged >60 years.

* The multivariate analysis was adjusted for age, sex, history of cancer, smoking, diabetes, cardiovascular diseases, hypertension, chronic kidney disease (CKD), and other chronic

diseases.
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Study %
D OR (95% Cl) Weight
T
1
Kalligeros et al 2020 :—0— 5.74 (2.37, 13.93) 6.63
1
Busetto et al 2020 : +* 4.78 (1.78, 12.84) 6.04
1
Hajifathalian et al 2020 —0—: 1.86 (1.34, 2.59) 10.11
1
Zheng et al 2020 - * 4.36 (1.60, 11.90) 5.96
1
Palaiodimos et al 2020 ——0—;— 1.99 (0.88, 4.51) 7.04
1
Gao et al 2020 _:—0_ 2.85(1.20, 6.77) 6.77
1
1
Giannouchos et al 2020 —0—: 1.51 (0.96, 2.36) 9.44
1
Salman et al 2020 —0—:— 2.08 (1.27, 3.39) 9.17
1
Rottoli et al 2020 : ——t—— 8.48 (4.82, 14.90) 8.70
1
Petrilli et al 2020 —— H 0.97 (0.78, 1.19) 10.65
1
Kaeuffer et al 2020 —_— : 1.46 (1.13, 1.90) 10.45
1
Mendy et al 2020 —0—|—I 1.70 (1.02, 2.84) 9.04
1
Overall (I-squared = 85.8%, p = 0.000) <> 2.35(1.64, 3.38) 100.00
|
NOTE: Weights are from random effects analysis :
1
T
.0671 1 14.9
Fig. 2. Effects of BMI > 30 kg/m? vs. BMI < 30 kg/m? on COVID-19 severity.
Table 3
Subgroups analysis of association between obesity and COVID-19 severity and mortality.
COVID-19 Subgroups Study number OR (95%CI) Heterogeneity test
Q P-value (%)
Severity Overall 12 2.35(1.64-3.38) 77.24 < 0.001 85.8%
Geography
Asia 3 2.49 (1.68-3.68) 1.83 0.401 0
Non-Asia 9 2.25(1.48-3.43) 52.83 < 0.001 79%
Age
<60 years 6 1.77 (1.17-2.69) 21.55 0.001 76.8%
>60 years 6 3.11 (1.73-5.61) 39.09 < 0.001 87%
Study type
Cohort 10 2.14 (1.47-3.12) 69.04 < 0.001 85%
Cross-sectional 4,57 (2.26-9.24) 0.02 0.89 0
Sample size
<1000 8 2.49 (1.81-3.7) 419 < 0.001 75.4%
> 1000 4 1.98 (1.12-3.52) 9.59 0.08 47.9%
BMI (kg/m?)
30-35 4 1.87 (1.19-3.35) 0.04 0.29 0
>35 7 3.64 (1.97-7.45) 52.85 < 0.001 88%
Multivariate analysis
Yes 8 1.69 (1.27-2.27) 28.8 < 0.001 75.7%
No 4 5.15 (3.06-8.69) 4.79 0.188 37.4%
Mortality Overall 7 2.68 (1.65-4.37) 28.97 <0.001 79.3%
Age
<60 years 4 1.94 (1.41-2.67) 0.34 0.952 0
>60 years 3 3.93 (2.18-7.09) 6.37 0.041 48.6%
BMI (kg/m?)
30-35 3 1.62 (1.15-4.28) 247 0.21 25%
>35 3 3.54 (1.48-8.48) 138 0.001 72%
Multivariate analysis
Yes 4 3.34 (1.89-5.90) 13.91 0.003 78.4%
No 3 1.83 (1.23-2.71) 0.09 0.957 0

Abbreviations: OR (95%Cl): odds ratio and 95% confidence intervals; BMI: body mass index.
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and 12 articles that did not describe the severity of COVID-19. Finally, a
total of 16 studies were included in the meta-analysis. The details of the
literature search are shown in Fig. 1.

8.2. Study characteristics and quality assessment

The characteristics of the included studies and patients are shown in
Tables 1 and 2. A total of 16 observational studies (14 cohort design and
2 cross-sectional design) that met the inclusion criteria for our meta-
analysis were published from January to August 2020. Twelve studies
explored the association between BMI and COVID-19 severity [8,21-
31] and seven studies explored the association between BMI and
COVID-19 mortality [8,23,32-35]. Of these studies, four were performed
in Asia [24,26,28,34], including China (n = 3) and Kuwait (n = 1); Nine
in America [8,21,23,25,27,31-33,35], including USA (n = 7) and Mexico
(n = 2); and three in Europe [22,29,30], including Italy (n = 2) and
France (n = 1). In total, 109,881 patients with COVID-19 were included
in this meta-analysis, including critical (n = 13,461), non-critical (n =
82,296), death (n = 2272), survivors (n = 11,852). Mean ages of the
participants ranged from 32 to 70.5 years. Sample size ranged from 53
to 89,756, the proportion of men ranged from 49% to 69.4%. Eight stud-
ies had more than three BMI categories [8,21,23,24,28-31]; the lowest
dose of BMI was <18 kg/m?, and the highest dose of BMI was >40 kg/
m?2. The NOS scores of all studies ranged from 4 to 9 points, and eight
studies had a score of >7 points.

Study

Multivariate analysis

Kalligeros et al 2020

Hajifathalian et al 2020

Palaiodimos et al 2020 -1
Giannouchos et al 2020

Salman et al 2020

M*}
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Table 4
Meta-regression analysis to explore the effects of confounding factors on the association
between obesity and COVID-19.

Variable P-value

Severity Mortality
Age 0.054 0.048"
Sex 0.89 0.737
Diabetes 0.145 0.354
Hypertension 0.169 0.412
Cardiovascular diseases 0.36 0.165

* Indicates significance (P < 0.05).

8.3. Effect of BMI > 30 kg/m? vs. BMI < 30 kg/m? on COVID-19 severity

The effect of BMI on COVID-19 severity was explored from 12 studies
(13,461 cases and 82,296 controls). Heterogeneity test results revealed
significant heterogeneity in these studies (Q = 77.24, P < 0.001, I> =
85.8%). And the random-effects model was applied, the summary OR
for 12 studies showed that patients with a BMI > 30 kg/m? was associ-
ated with a significantly increased risk (OR = 2.35, 95%Cl = 1.64-
3.38, P < 0.001) of developing into the critical condition compared to
patients with a BMI <30 kg/m? (Fig. 2).

Subgroup analyses indicated that individuals in Asia (OR = 2.49, 95%
Cl = 1.68-3.68) had a higher risk of critical COVID-19 than those in non-
Asia (OR = 2.25, 95%Cl = 1.48-3.43). Older patients (aged>60 years)
had a significantly higher risk of developing into the critical COVID-19

%

OR (95% Cl) Weight

5.74 (2.37,13.93) 6.63
1.86 (1.34, 2.59) 10.11
1.99 (0.88, 4.51) 7.04
1.51(0.96, 2.36) 9.44
2.08 (1.27, 3.39) 9.17

Petrilli et al 2020 —— : 0.97 (0.78, 1.19) 10.65
Kaeuffer et al 2020 — ! 1.46 (1.13, 1.90) 10.45
Mendy et al 2020 — 1.70 (1.02, 2.84) 9.04
Subtotal (I-squared = 75.7%, p = 0.000) <>E 1.69 (1.27, 2.27) 72.53
|
Univariate analysis :
Busetto et al 2020 E + 4.78 (1.78, 12.84) 6.04
Zheng et al 2020 : * 4.36 (1.60, 11.90) 5.96
|

Gao et al 2020
Rottoli et al 2020
Subtotal (I-squared = 37.4%, p =0.188)

Overall (l-squared = 85.8%, p = 0.000)

NOTE: Weights are from random effects analysis

2.85 (1.20, 6.77) 6.77
——%—— 548(4.82,14.90) 870
5.15 (3.06, 8.69) 27.47

2.35(1.64, 3.38) 100.00

T
.0671 1

14.9

Fig. 3. Meta-analysis based on the adjusted effect estimates to explore the effect of BMI > 30 kg/m? vs. BMI < 30 kg/m? on COVID-19 severity.
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(OR = 3.11, 95%CI = 1.73-5.61) than age < 60 years (OR = 1.77, 95%CI
= 1.17-2.69). And different types of study design showed significant
difference in effect of obesity on COVID-19 severity (Cohort: OR =
2.14, 95%Cl = 1.47-3.12; Cross-sectional: OR = 4.57, 95%Cl = 2.26-
9.24). Severe obesity (BMI >35 kg/m?) significantly increased the risk
of critical COVID-19(OR = 3.64, 95%CI = 1.97-7.45) (Table 3). In addi-
tion, the pooled results based on the adjusted OR showed significant dif-
ference in effect of obesity on COVID-19 severity (multivariate analysis:
OR = 1.69, 95%Cl = 1.27-2.27; univariate analysis: OR = 5.15, 95%Cl =
3.06-8.69) (Fig. 3).

Meta-regression analysis results showed that age (Coef. = 0.038, P
= 0.054) may have a significant influence on the association between
obesity and critical COVID-19 (Fig. 6). However, sex (P = 0.89) and
some comorbidities (diabetes: P = 0.145, hypertension: P = 0.1609, car-
diovascular diseases: P = 0.36) did not appear to exert significant effect
on association between obesity and critical COVID-19 (Table 4).

8.4. Effect of BMI > 30 kg/m? vs. BMI < 30 kg/m? on COVID-19 mortality

The effect of BMI on COVID-19 mortality was explored from 7 stud-
ies (2272 cases and 11,852 controls). Combined results through the ran-
dom-effects model revealed that patients with a BMI > 30 kg/m? had a
significantly higher risk of COVID-19 mortality (OR = 2.68, 95%CI =
1.65-4.37, P < 0.001) with moderate heterogeneity in these studies
(Q=28.97,P < 0.001, I = 79.3%) (Fig. 4).

Subgroup analyses indicated that patients with age > 60 years (OR
= 3.93, 95%CI = 2.18-7.09) and severe obesity (BMI >35 kg/m?) (OR
= 3.54, 95%CI = 1.48-8.48) had a significant effect on COVID-19 mor-
tality (Table 3). Pooled results based on the adjusted OR showed that
obesity was an independent risk factor for COVID-19 mortality (OR =
3.34, 95%CI = 1.89-5.90) (Fig. 5). Meta-regression analysis results also
showed that a significant influence of increasing age on the association
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between BMI > 30 kg/m? and COVID-19 mortality (Coef. = 0.036, P =
0.048) (Fig. 6). However, sex (P = 0.737), diabetes (P = 0.354), hyper-
tension (P = 0.412) and cardiovascular diseases (P = 0.165) did not
exert significant effect on association between obesity and COVID-19
mortality (Table 4).

8.5. Dose-response association between BMI and risk of critical COVID-19

A total of six studies [21,23-25,28,29] were included in the dose-re-
sponse meta-analysis of the association between BMI and critical
COVID-19. It was found that there was a linear relationship (Pron-linearity
= 0.242) between BMI and the risk of critical COVID-19 (Fig. 7). And a
1.09-fold increased risk (OR = 1.09, 95%CI = 1.04-1.14, P < 0.001) of
critical COVID-19 for each 1 kg/m? increase in BMI and a 1.19-fold in-
creased risk (OR = 1.19, 95%CI = 1.08-1.30, P < 0.001) of critical
COVID-19 for each 2 kg/m? increase in BMI.

8.6. Dose-response association between BMI and COVID-19 mortality

A total of four articles [8,23,30,31] were included in the dose-re-
sponse meta-analysis of the association between BMI and COVID-19
mortality. A linear dose-response relationship (Phon-iinearity = 0.116)
was showed in Fig. 8. The mortality of patients with COVID-19 increased
by 6%(OR = 1.06, 95%CI = 1.02-1.10, P = 0.002) and 12%(OR = 1.12,
95%Cl = 1.04-1.21, P = 0.002) for each 1 kg/m? and 2 kg/m? increase
in BMI, respectively.

8.7. Sensitivity analysis and publication bias
Sensitivity analysis results showed that removal of each study did

not significantly alter the overall effect of BMI > 30 kg/m? on COVID-
19 severity (OR altered between 1.71 and 3.59) and COVID-19 mortality
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Fig. 4. Effects of BMI > 30 kg/m? vs. BMI < 30 kg/m? on COVID-19 mortality.
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Fig. 5. Meta-analysis based on the adjusted effect estimates to explore the effect of BMI > 30 kg/m? vs. BMI < 30 kg/m? on COVID-19 mortality.

(OR altered between 1.76 and 4.38). No publication bias was detected in
current meta-analysis, although slight asymmetries were observed in
the funnel plots, Egger's linear regression test were not statistically sig-
nificant (severity: P = 0.665; mortality: P = 0.139).

9. Discussion

This meta-analysis explored the association between BMI and
COVID-19 with a sample size of 109,881 individuals from 16 observa-
tional studies published in 2020. The evidence from this meta-analysis
revealed that obesity (BMI > 30 kg/m?) was associated with a 2.35-
fold risk of critical COVID-19 and a 2.68-fold risk of in-hospital mortality
of COVID-19. This conclusions is consistent with the previous most
studies, however, there are several new findings in our study, as indi-
cated below.

Many epidemiological studies showed that obesity-related condi-
tions seem to worsen the effect of COVID-19. However, most of these
findings were obtained from univariate estimates only. Several studies
have shown that the pooled effects based on adjusted effect estimates
were significantly reduced or even disappeared [8,21,27]. Thus, we con-
ducted a meta-analysis based on the adjusted OR, although the pooled
OR was significantly reduced in the multivariate analysis (OR = 1.69,
95%Cl = 1.27-2.27) compared with that in the univariate analysis (OR
= 5.15, 95%CI = 3.06-8.69), the results also showed that obesity was
an independent risk factor for critical COVID-19. Similarly, the pooled
results showed that obesity was an independent risk factor for COVID-
19 mortality (OR = 3.34, 95%Cl = 1.89-5.9). Meta-regression analysis
results also showedthat diabetes, hypertension and cardiovascular dis-
eases did not exert significant effect on the association between obesity
and COVID-19.

More interestingly, the dose-response analysis showed that with an
increase in BMI, the risk of severe COVID-19 and death increased line-
arly. For each 1 kg/m? increase in BMI, the risk of critical COVID-19
and death increased by 9%(OR = 1.09, 95%CI = 1.04-1.14) and 6%(OR
= 1.06, 95%CI = 1.02-1.10), respectively. Therefore, it can be inferred
that severe obesity may be a strong risk factor for COVID-19. Kalligeros
et al. [21] have found that severe obesity (BMI 235 kg/m?) was associ-
ated with a 5.39-fold risk of ICU admission (OR = 5.39, 95%CI = 1.13-
25.64). Palaiodimos et al. [8] indicted that severe obesity (BMI > 35
kg/m?) was independently associated with higher in hospital mortality
(OR = 2.74,95%Cl = 1.25-5.98). They also pointed out that this associ-
ation remained significant even after adjusting for several clinical enti-
ties, such as diabetes, coronary artery disease, heart failure, cancer, or
chronic kidney disease, and smoking, which indicates that severe obe-
sity may predispose to negative outcomes independently.

The initial finding suggesting that at an older ages BMI is less impor-
tant in influencing COVID-19 prognosis, because obesity was defined as
a state of excess fat mass. And the BMI poorly describes excess fat mass
in the elderly. However, subgroup analysis and meta-regression analy-
ses results showed that age had a significant effect on the risk of critical
COVID-19 and mortality. Patients with obesity and age > 60 years had a
near 4-fold higher risk of developing into the critical COVID-19 and
dying. Lighter et al. [10] found that obesity (BMI > 30 kg/m?) was asso-
ciated with a 1.5-fold risk of COVID-19 hospitalization in patients youn-
ger than 60 years and a 3.6-fold risk in patients older than 60 years.
Moreover, a report from the USA showed that obesity was associated
with a 4.5-fold risk of COVID-19 mortality in patients older than 60
years [8]. This may be because the elderly weight and muscle mass
start to decline, and immune senescence. Obesity also has detrimental
effects on lung function, diminishing forced expiratory volume and
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Fig. 6. Random-effects meta-regression analysis to explore the effect of age on association between BMI > 30 kg/m? and COVID-19 severity (a) and mortality (b).

forced vital capacity, it is more harmful to the elderly individuals [36]. In
addition, older patients with obesity are more prone to develop diabe-
tes, hypertension and cardiovascular diseases, which are reported to
be associated with an increased risk of COVID-19 severity [37,38].

Our study also found that COVID-19 patients with obesity in Asian
countries had a higher risk of developing into a critical or mortal condi-
tion than patients in non-Asian countries. Asians have a different BMI
cutoff (28 kg/m?) to define obesity. Thus, Asians with a BMI 230 kg/
m? are actually looking at patients that are more severely obese than
Caucasian ones, this is a possible explanation for Asian studies reporting
more severe outcomes in these patients. Cross-sectional studies showed
a significantly higher effect of obesity on COVID-19 than cohort studies,
and this may be attributed to the limited research data of only two
cross-sectional studies.

In addition, a study from China reported that the risk of obesity to
COVID-19 severity was >6-fold greater in those with metabolic associ-
ated fatty liver disease [24]. Simultaneously, several studies indicated

that the association between obesity and COVID-19 severity may be re-
lated to smoking, but needs to be explored further [39,40]. Moreover,
emerging evidence suggests that visceral fat is a strong contributor to
worse COVID-19 prognosis. Visceral adipose tissue is capable of secret-
ing Interleukin 6 (IL-6), whose levels were found to be increased in
SARS-CoV-2non-survivors [41,42].

Although the pathophysiology underlying COVID-19-infection has
not been completely elucidated, but several mechanisms may exist at
the same time, including: (1) SARS-CoV-2 attacks the alveolar epithelial
cells via angiotensin-converting enzyme 2 (ACE2). Obesity was accom-
panied by increased expression of ACE2, which would bind to the virus S
protein firmly and make adipose tissue a portal for virus invasion, mak-
ing the lung and heart vulnerable to a virus attack [43]. (2) Obesity is in
fact characterized by low-grade systemic inflammation, possibly
playing a major role in the pathogenesis of respiratory conditions. Ex-
cess fat is associated with complement system overactivation, which
may induce an excessive inflammatory response and immune


Image of Fig. 6

Y. Dy, Y. Lv, W. Zha et al.

Metabolism Clinical and Experimental 117 (2021) 154373

//
6.00- GLS model Y
OR A study //
--------- 95%CI /
5.00
RS
w 4.004
[h'4
[2]
°
°
O 3.00-
2.00
= p—— A A
1.00 - g g
A

LIS I B B ELN EL B B B B L B BN LA L B A R LA B LA B |
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Body Mass Index

Fig. 7. Random-effects linear dose-response meta-analysis of the association between BMI and the risk of severe COVID-19(Pyon-inearity = 0.242). Solid line and long dashed lines represent

odds ratio and its 95% confidence interval.

exhaustion in COVID-19 [44,45]. Gralinski et al. [46] identified the com-
plement system as an important host mediator of SARS-CoV-induced
disease. (3) Related comorbidities such as diabetes, a common compli-
cation of excess body fat, are reported as risk factors for worse SARS-
CoV-2 infection progression and prognosis. (4) Ultimately, excess fat
could also lead to the possible presence of ectopic adipocytes within
the alveolar interstitial space that may develop direct viral infection
and in turn aggravate the inflammatory infiltrate, therefore contributing
to the massive interstitial edema being observed [45].

This meta-analysis has several novelties. Firstly, our study showed
that obesity was an independent risk factor for critical COVID-19 and
mortality. Secondly, the dose-response meta-analysis showed a signifi-
cant linear association between BMI and the risk of critical COVID-19
and mortality. Third, we found that patients with obesity and age >
60 years had a significantly higher COVID-19 mortality. Fourth, we

performed multivariate subgroup and meta-regression analyses to
fully explore the potential effect of confounding factors on the associa-
tions between obesity and COVID-19 severity and mortality.
Meanwhile, several potential limitations of our study deserve men-
tion. Firstly, our study is limited with the small sample size of 16 studies,
although we did not restricted our searches based on language, just
studies from English databases and missed non-English articles may af-
fect the final results. Secondly, different diagnostic criteria for obesity in
Asia and non-Asia, which may be one of the sources of heterogeneity.
Third, the majority of patients included in the meta-analysis were of
America (mostly USA population), and it was not possible to test for eth-
nic-specific differences in risk of critical COVID-19 and COVID-19 linked
death, because of the limited studies in no-America individuals. Thus,
further studies, especially on European and Asian populations, are
needed to confirm these findings, and future mechanistic studies are
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Fig. 8. Random-effects linear dose-response meta-analysis of the association between BMI and COVID-19 mortality (Pyon-iineariey = 0.116). Solid line and long dashed lines represent odds

ratio and its 95% confidence interval.

10


Image of &INS id=
Image of Fig. 7

Y. Dy, Y. Lv, W. Zha et al.

also required to better understand the link between BMI and the risk of
severe disease and in-hospital mortality associated with COVID-19.

10. Conclusions

In conclusion, results from this meta-analysis indicate that obesity is
associated with an increased risk of critical COVID-19 and mortality.
Moreover, the dose-response analysis showed that with an increase in
BM], the risk of severe COVID-19 and mortality increased linearly. So,
patients with both COVID-19 and obesity should be paid more attention
to in hospitals, especially those with severe obesity or those older than
60 years.
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