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index, smoking and COVID-19-related
mortality: a systematic review and meta-
analysis of observational studies

Yahya Mahamat-Saleh
Matthieu Mulot,® Anthony Guihur

Nathan Peiffer-Smadja,**®° Dagfinn Aune

ABSTRACT

Objectives We conducted a systematic literature review
and meta-analysis of observational studies to investigate
the association between diabetes, hypertension, body
mass index (BMI) or smoking with the risk of death in
patients with COVID-19 and to estimate the proportion of
deaths attributable to these conditions.

Methods Relevant observational studies were identified
by searches in the PubMed, Cochrane library and

Embase databases through 14 November 2020. Random-
effects models were used to estimate summary relative
risks (SRRs) and 95% Cls. Certainty of evidence was
assessed using the Cochrane methods and the Grading
of Recommendations, Assessment, Development and
Evaluations framework.

Results A total of 186 studies representing 210 447
deaths among 1 304 587 patients with COVID-19 were
included in this analysis. The SRR for death in patients with
COVID-19 was 1.54 (95% Cl 1.44 to 1.64, 1>=92%, n=145,
low certainty) for diabetes and 1.42 (95% Cl 1.30 to 1.54,
[2=90%, n=127, low certainty) for hypertension compared
with patients without each of these comorbidities.
Regarding obesity, the SSR was 1.45 (95% Cl 1.31 to
1.61, 1°=91%, n=54, high certainty) for patients with

BMI >30 kg/m? compared with those with BMI <30 kg/
m? and 1.12 (95% CI 1.07 to 1.17, [>=68%, n=25) per 5
kg/m? increase in BMI. There was evidence of a J-shaped
non-linear dose—response relationship between BMI and
mortality from COVID-19, with the nadir of the curve at

a BMI of around 22—24, and a 1.5-2-fold increase in
COVID-19 mortality with extreme obesity (BMI of 40—45).
The SRR was 1.28 (95% Cl 1.17 to 1.40, 1>=74%, n=28,
low certainty) for ever, 1.29 (95% Cl 1.03 to 1.62, 1>=84%,
n=19) for current and 1.25 (95% Cl 1.11 to0 1.42, >=75%,
n=14) for former smokers compared with never smokers.
The absolute risk of COVID-19 death was increased by
14%, 11%, 12% and 7% for diabetes, hypertension,
obesity and smoking, respectively. The proportion of
deaths attributable to diabetes, hypertension, obesity and
smoking was 8%, 7%, 11% and 2%, respectively.
Conclusion Our findings suggest that diabetes,
hypertension, obesity and smoking were associated with
higher COVID-19 mortality, contributing to nearly 30% of
COVID-19 deaths.

Trial registration number CRD42020218115.

,! Thibault Fiolet," Mathieu Edouard Rebeaud,?
.2 Douae El Fatouhi,' Nasser Laouali,’
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Strengths and limitations of this study

» We did a systematic review and meta-analysis of
186 observational studies (210 447 deaths among 1
304 587 patients with COVID-19) to investigate the
association between diabetes, hypertension, obesi-
ty and smoking and risk of death in patients with
COVID-19 and to estimate the proportion of deaths
attributable to these four conditions.

» We performed several subgroup analyses, and as-
sessed certainty of evidence using the Cochrane
methods and the Grading of Recommendations,
Assessment, Development and Evaluations frame-
work. A non-linear dose—response relation between
body mass index and COVID-19 mortality was also
explored.

» However, we did not investigate the association be-
tween presence of two or more coexisting comor-
bidities and risk of death in patients with COVID-19.

INTRODUCTION

COVID-19 is a viral infectious disease caused
by SARS-CoV-2, which was first reported
in Wuhan City, China, in December 2019."
SARS-CoV-2 has since spread to all countries
worldwide and COVID-19 has been declared
a pandemic by the WHO.? As of 24 August
2021, over 212.3 million cases and 4.4 million
deaths have been reported globally since
the start of the pandemic.” Age is the main
risk factor for poor outcome in people with
COVID-19 infcs:ction,4 % as it is correlated with
more comorbidities. About 70%-87% of
COVID-19 deaths are among people aged 70
years or older.”” Patients with comorbidities,
including diabetes, cardiovascular disease,
respiratory disease, chronic kidney disease
and others chronic diseases are at increased
risk of developing severe or critical COVID-
19, ¥ which may partly explain a greater
mortality in hospital.'"""* Studies suggest that
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about 20%-51% of patients hospitalised with COVID-19
have at least one comorbidity.'” "

Previous meta-analyses reported a higher mortality rate
from COVID-19 in patients with comorbidities.'** Ssen-
tongo et al, based on 25 studies published from December
2019 to 9 July 2020, suggested that diabetes and hyper-
tension were respectively associated with a 1.48-fold and
1.82-fold greater risk of COVID-19 death compared with
those without these comorbidities.'® Based on studies
published during the same period, Luo et al reported
similar results.'” Du et al found that patients with obesity
had a 2.68-fold risk of dying from COVID-19 compared
with non-obese patients.'® Most of the published meta-
analyses did notinvestigate the shape of the dose-response
relationship between body mass index (BMI) and risk of
death in order to clarify whether the association is dose-
dependent or if there are threshold effects.”” *** In addi-
tion, evidence suggests that smoking may increase risk
of severe disease and death from COVID-19." However,
it is not clear whether such an increase in COVID-19
mortality is different in current and past smokers since
previlg%szgneta-analyses have not performed separate anal-
yses.

However, since the publication of these meta-analyses,
several observational studies have been published on
diabetes, hypertension, obesity or smoking and risk of
death in patients with COVID-19***7** and the strength
of the associations differed greatly between studies. More-
over, the proportion of deaths attributable to diabetes,
hypertension, obesity or smoking habits has not been esti-
mated. This last aspect may help adapting public health
measures and vaccination strategies to populations at risk
of severe COVID-19.

Given the rapidly increasing death from COVID-19
globally, and since diabetes, hypertension, obesity and
tobacco smoking represent the most important public
health problems worldwide, which contributed to higher
risk of death globally; we thus conducted a systematic
review and meta-analysis of published observational
studies to investigate the association between diabetes,
hypertension, smoking and obesity and risk of death
in patient with COVID-19 and to clarify the strength of
these associations. We further estimated the proportion
of deaths attributable to these conditions.

MATERIALS AND METHODS

Search strategy and selection criteria

The meta-analysis was reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses statement'* and Meta-Analysis of Observational
Studies in Epidemiology.'** This study was registered
and accepted in the International Prospective Register
of PROSPERO in October 2020. PubMed (MEDLINE),
Cochrane library and Embase databases were searched
to identify relevant articles published in English from
December 2019 to 14 November 2020. The search terms
that we used are provided in online supplemental file.

In addition, we searched the reference lists of the rele-
vant publications, reviews and meta-analyses to identify
additional potentially relevant studies. We only included
observational studies (cohort studies and cross-sectional)
that reported relative risk estimates (such as hazard ratios
(HRs), relative risk (RR) or odds ratios (ORs)) with
the 95% CIs with or without adjustment for potential
confounders. The search was independently screened by
two researchers (YM-S and TF) and discrepancies were
resolved by discussion with a third researcher (MER).

Data collection

From each included publication, we extracted results and
study characteristics which included first author’s last
name, publication year, country where the research was
conducted in, study design, study description or name,
study period, sample size with number of deaths, exposure,
categories, risk estimate and 95% CIs, and adjustment
factors. Data were extracted by YM-S and extractions were
checked for accuracy by TF. Discrepancies were resolved
through discussion with a third researcher (MER).

Quality assessment and risk of bias

The quality of individual studies was assessed inde-
pendently by two researchers (YM-S and TF) using the
Cochrane risk of bias tool ROBINS-I, which grades studies
on a scale from critical risk of bias to low risk of bias
considering bias due to confounding, selection of study
participants, exposure measurement, misclassification of
exposure during follow-up, missing data, measurement of
outcomes and bias due to selection of reported results.'*
Following the assessment of risk of bias, the body of
evidence for each comorbidity and risk of death was rated
independently using the Grading of Recommendations,
Assessment, Development and Evaluations approach.'*
Discrepancies were resolved through discussion with a
third researcher (DA).

Data analysis

We used random effects models that consider both
within study and between-study variation to calculate
summary RRs (SRRs) (95% CIs) of COVID-19 mortality
for patients with diabetes compared with those without
diabetes, for patients with hypertension versus those
without hypertension, for obese versus non-obese and for
current, former and ever smoker compared with never
smokers. The natural logarithm of the RRs was weighted
using random effects weights.'*” Statistical heterogeneity
between studies was assessed by the Cochrane Q test and
the I statistic.'”™ We calculated the absolute risk differ-
ence (RD) from the baseline risk of mortality (BR) from
Docherty et al,'® large cohort and relative risk (RR) using
the formula RD=BRx(RR-1)."%

We further performed a dose-response analysis for the
associations between BMI and COVID-19 mortality using
the method described by Greenland and Longnecker to
compute the linear trend from the natural logs of the RRs
and CIs across categories of BML'""' We calculated SRRs
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and 95% CIs for a 5-unit increment in BMI using random
effects models. This method required mean or median
of BMI, RRs and 95% ClIs for at least three categories.
The mean or median BMI level per category was used if
provided in the publication, and if not, the midpoint of
the upper and lower boundaries was estimated as a range
in each category. When the highest and lowest catego-
ries were open-ended, we used the width of the adjacent
interval to estimate the upper and lower boundaries for
the category. For studies that reported results separately
for young and adults, for current and former smoker, but
not overall, we pooled the results using a fixed-effects
model as reported by the Hamling procedure to obtain
an overall estimate to be used in the meta-analysis.'*

To explore the potential non-linear dose-response
relation between BMI and mortality among patients with
COVID-19, we used fractional polynomial models."* We
determined the best fitting second order fractional poly-
nomial regression model, defined as the one with the
lowest deviance. Only studies which presented more than
two categories of BMI were included in the non-linear
analysis. Subgroup and meta-regression analyses were
conducted to investigate potential sources of heteroge-
neity. Small-study effects, such as publication bias, were
visually assessed by examining funnel plots for asymmetry,
and with Egger’s test,””* and the results were considered
to indicate potential small-study bias when p values
were <0.10. We conducted sensitivity analyses excluding
one study at a time to clarify whether the results were
driven by one large study or a study with an extreme
result.

We finally calculated the population attributable frac-
tion (PAF) of mortality among patients with COVID-19
due to diabetes, hypertension, obesity and smoking,

worldwide using the following formula'*:
B x (RR—1)
PAF = [pp>< (RR—T1)+1]

Where RR was the relative risk, p was the prevalence
of the exposure in patient with COVID-19. The preva-
lence of diabetes (11.5%), hypertension (22.9%), obesity
(29%) and smoking (9%) were obtained from previous
meta-analyses.'**'%

Patient and public involvement

Patients or the public were not involved in any aspect of
the study design, conduct or in the development of the
research question or outcome measures.

RESULTS

A total of 6007 records were identified in MEDLINE,
Cochrane library and in EMBASE (figure 1). A total of
4665 publications were excluded after reading title and
abstract or because of duplicates. Among 1342 full-text
articles retrieved, 994 were excluded as not meeting the
inclusion criteria, leaving a total of 348 publications.
Of these, 162 articles were not eligible because they
lacked sufficient data,139 140 reported no risk estimate or

Records identified through
searching Pubmed
(n=1,801)

Records identified
through Embase
(n=2,095)

Records identified
through Cochrane library
(n=2,111)

|

|

|

¥ I

Records identified
(n=6,007) Records excluded based on
title and abstract or because
of dupli (n=4,665)
Full-text articles assessed Full-text articles excluded,
for eligibility (n=1,342) with reasons (n=994):
e Irrelevant patient (eg.
pregnant women, cancer)
® lIrrelevant exposure
o * Irrelevant outcome
% FuI‘I-text articles relatfed to « non-English
® diabetes, hypertension, o Abstract, letter, note or
w BMI or smoking and commentary
mortality risk in patients *  Meta-analysis or review
with COVID-19 (n=348) o Not tested positive for
COVvID-19
e Protocol
—_— Full-text articles excluded
based on the following criteria
(n=162)
186 observational studies included in * No risk estimate
E quantitative synthesis e Retracted article
3 * Data from same hospital
2 ® 167 retrospective cohort studies o Irrelevant data
- e 12 prospective cohort studies
o 7 cross sectional study
Figure 1 Flow-chart of study selection.

irrelevant data,139 10 pecause they had identical popu-
lations' #7171
observational studies were included in this meta-analysis.
Of the included studies, 58 were from Europe, 58 from
North America, 60 from Asia, 6 from South America and
4 from Africa (online supplemental table 1). From the
186 publications assessed using the ROBINS-I tool, 92
were evaluated as being at low risk of bias, 49 at moderate
risk of bias, 21 at serious risk of bias and 24 at critical
risk of bias because of insufficient adjustment of relevant
confounders (online supplemental table 2).

or were retracted.'” Finally, a total of 186

Diabetes and mortality in patient with COVID-19

A total of 145 studies® *¥119 121 122129155200 e e included
in the analysis of the association between diabetes and
mortality, including a total of 198 491 deaths among 1
165 897 patients with COVID-19. The SRR for diabetes
patients compared with those without diabetes was 1.54
(95% CI 1.44 to 1.64) and there was high heteroge-
neity among studies (I°=92%). We found that diabetes
increased the absolute risk of death by 14% (table 1). The
funnel plot did not provide evidence of publication bias
(online supplemental figure 1) and we found no evidence
of small study effects (Egger’s test, p value=0.54).

The positive association persisted across all
subgroups analyses stratified by study design, number
of patients, geographic location and adjustment for
some confounding factors (table 2). However, meta-
regression analyses suggested some indication of hetero-
geneity between studies that adjusted for multiple factors
such as age, sex and other comorbidities versus studies
without such adjustment or adjusted for age only (P, ...
"eiW:O.OOS), with a stronger association for the studies with
no adjustment factors or those adjusted for age only. The
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Table 2 Subgroup analyses of association between diabetes and hypertension and mortality risk in patients with COVID-19

Diabetes Hypertension
n SRR (95% Cl) P (%) Pyt Powerd D SRR (95% ClI) (%) Pt L |

All studies 145 1.54 (1.44 to 1.64) 91.7 <0.0001 127 1.42 (1.30 to 1.54) 90.1 <0.0001
Study design

Retrospective 129 1.54 (1.44 to 1.64) 91.7 <0.0001 112 1.42 (1.30 to 1.56) 90.9 <0.0001

Prospective 11 1.28 (1.12 to 1.48) 70.0 <0.0001 9 1.21 (0.98 to 1.50) 73.4 <0.0001

Cross-sectional 5) 2.47 (1.56 to 3.94) 81.4 <0.0001  0.05 6 1.70(1.18 t0 2.44) 61.8 0.02 0.50
Geographical location

North America 45 1.33 (1.19 to 1.48) 90.3 <0.0001 40 1.30 (1.12 to 1.50) 93.4 <0.0001

South America 6 1.54 (1.27 t0 1.87) 93.7 <0.0001 2  2.03(0.991to04.18) 69.1 0.072

Europe 46 1.53 (1.36 to 1.72) 93.8 <0.0001 43 1.36 (1.20 to 1.54) 82.8 <0.0001

Asia 43 1.94 (1.65 to 2.29) 75.1 <0.0001 38 1.62 (1.28 to 2.04) 86.1 <0.0001

Africa 5) 1.56 (0.92 to 2.62) 87.3 <0.0001 0.10 4  1.08(0.86 to 1.35) 14.9 0.318 0.33
Number of patients

<1000 79 1.73 (1.52 to 1.97) 74.8 <0.0001  0.001 78 1.56 (1.36 to 1.79) 74.8 <0.0001

>1000 66 1.43 (1.32 to 1.55) 95.4 <0.0001 49 1.28 (1.14 to 1.44) 94.8 <0.0001 <0.0001
Patients admission unit

Non-ICU 142 1.55 (1.45 to 1.66) 91.6 <0.0001 0.24 125 1.43 (1.31 to 1.56) 90.2 <0.0001 0.28

admitted

ICU admitted 3 1.22 (1.14 to 1.30) 0.0 0.81 2 0.98(0.82to0 1.17) 0.0 0.81
Risk of bias

Low 72 1.46 (1.34 to 1.59) 92.4 <0.0001 63 1.17 (1.08 to 1.29) 80.2 <0.0001

Moderate 37 1.28 (1.19 to 1.39) 64.9 <0.0001 34 1.34 (1.13 to 1.59) 88.9 <0.0001

Serious 17 1.90 (1.44 to 2.51) 86.4 <0.0001 15 1.83 (1.42 to 2.37) 84.4 <0.0001

Critical 19 2.11 (1.61 10 2.77) 93.4 <0.0001  0.001 15 2.64 (1.61 to 4.34) 96.3 <0.0001 <0.0001
Adjustment for
confounders

No 21 2.09 (1.62 to 2.69) 89.4 <0.0001 17 2.54 (1.62 to 3.99) 95.9 <0.0001

Age only 18 1.90 (1.56 to 2.31) 85.4 <0.0001  0.003 14 1.78 (1.36 to0 2.32) 85.1 <0.0001

Multiple 106 1.40 (1.30 to 1.49) 87.5 <0.0001 96 1.23 (1.13 to 1.33) 85.4 <0.0001 <0.0001

I (%) is a measure of the proportion of the heterogeneity attributed to between study variation rather than due to chance. I values of 25%, 50% and 75% indicates

low, moderate and high between study heterogeneity, respectively.

*P value for heterogeneity within each subgroup.

TP value for heterogeneity between subgroups with meta-regression analysis.
Cl, confidence interval; ICU, intensive care unit; SRR, summary relative risk.

the global estimate did not substantially change (online
supplemental figure 6).

Twenty-five studies (32 072 deaths
amon 95 852 atients with COVID-
19)38 96 61748689 91-0397 108 111 112 161 162 175 177 221 222 220-235 o
included in the dose-response meta-analysis of BMI and
mortality risk. The summary RR for a 5 kg/m2 increment
in BMI was 1.12 (95% CI 1.07 to 1.17, I’=68%) (figure 3)
and no statistically significant evidence of publication
bias (p value=0.11) or by inspection of the funnel plot
was observed (online supplemental figure 7). However,
evidence of a J-shaped non-linear relation between BMI
and mortality risk was observed (P . - <0.0001),
suggesting a flat dose-response curve at a BMI around
22-24 kg/m” with a slight increase in risk of death below
that range and a 1.5-2-fold increase in risk of death with
a BMI of 40-45 versus 22-24 kg/m” (figure 4).

In sensitivity analyses excluding one study at a time
from the analysis, the summary for a 5 kg/m2 increment
in BMI ranged from 1.11 (95% CI 1.06 to 1.15) when
excluding the Czernichow et al. Study'® to 1.13 (95%
CI 1.08 to 1.19) when excluding the Ferrando-Vivas et al
study®™ (online supplemental figure 8).

Smoking and mortality in patient with COVID-19
Twenty—eight studies‘% 40 58 61 63 66 67 76 93 97 103 108 110 111 118 121

129 161 164-186 175 177 183 232 236-238 . .
2 64-166 252 236-238 \ere included in the anal-

ysis of ever smoking versus never smoking and mortality
with a total of 11 333 deaths among 47 096 patients with
COVID-19. The SRR for hospital death in patient with
COVID-19 was 1.28 (95% CI 1.17 to 1.40, I>=74%) for ever
smokers versus never smokers (figure 5). The absolute
risk of death for smoking was increased by 7% (table 1).
There was no evidence of publication or small study bias
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Relative Risk
Author Country (95% ClI)
Almazeedi, 2020 Kuwai 0.22 (0.03, 1.51)
McCarty, 2020 USA 0.69 (0.35, 1.37)
Mccullough, 2020 USA 0.70 (0.43, 1.14)
Salazar, 2020 USA 0.78 (0.36, 1.69)
Arshad, 2020 USA 0.78 (0.63, 0.97)
Stony Brook COVID-19, 2020 USA 0.93 (0.63, 1.37)
Rosenberg, 2020 USA 0.96 (0.75, 1.22)
Price-Haywood, 2020 USA 0.99 (0.77,1.27)
Salacup, 2020 USA 1.02 (0.98, 1.07)
Hashemi, 2020 USA 1.03 (0.51, 2.09)
Biscarini, 2020 Italy 1.03 (0.64, 1.65)
Fried, 2020 USA 1.07 (0.93, 1.24)
Tehrani, 2020 Sweden 1.07 (0.61, 1.87)
Mendy, 2020 us, 1.09 (0.36, 3.32)
Kim, 2020 USA 1.09 (0.92, 1.30)
Rodriguez-Molinero, 2020 Spain 1.12(0.59, 2.11)
Crouse, 2020 USA 1.14 (0.67, 1.94)
Haijifathalian, 2020 USA 1.15(0.62, 2.14)
Berenguer, 2020 Spain 1.21 (1.01, 1.44)
Castelnuovo, 2020 Italy 1.21(0.91, 1.61)
Portoles, 2020 Spain 1.22(0.63, 2.35)
Ramos-Rincon, 2020 Spain 1.24 (1.00, 1.54)
Lombardi, 2020 Italy 1.26 (0.85, 1.86)
Lunski, 2020 USA 1.30 (1.03, 1.64)
Mallow, 2020 USA 1.30 (1.15, 1.47)
Parker, 2020 South Afric: 1.30 (0.51, 3.29)
Rossi, 2020 Italy 1.30 (0.59, 2.86)
Nakeshbandi, 2020 USA 1.30 (1.00, 1.69)
Docherty, 2020 UK 1.33 (1.19, 1.49)
Mirani, 2020 Italy 1.33(0.81, 2.18)
Zhang, 2020 China 1.35(1.08, 1.70)
Sands, 2020 USA 1.41 (1.08, 1.85)
Nufez-Gil, 2020 Spain 1.562(0.83, 2.77)
Wollenstein-Betech, 2020 Brazil 1.66 (1.52, 1.82)
Xie, 2020 USA 1.67 (0.90, 3.12)
Gutierrez, 2020 Mexico 1.68 (1.63, 1.74)
Pettit, 2020 USA 1.70 (1.07, 2.71)
Sousa, 2020 Brazil 1.70 (0.39, 7.46)
DF de Souza, 2020 Brazil i 1.77 (0.84, 3.73)
Shah, 2020 USA - 1.79 (1.12, 2.87)
Imam, 2020 USA [_] 1.80 (1.37, 2.36)
Calmes, 2020 Belgium - 1.80 (1.06, 3.07)
Rottoli, 2020 Italy - 2.18 (1.34, 3.54)
Nachega, 2020 Democratic Republic of the Congo L 2.30 (1.24, 4.27)
Klang, 2020 USA ] 2.30 (1.78, 2.97)
Alamdari, 2020 Iran —-— 2.53 (1.08, 5.92)
Coppelli, 2020 Italy r—— 2.80 (0.97, 8. 09)
Giacomelli, 2020 Italy —— 3.04 (1.42, 6.50)
Yazdanpanah, 2020 Iran 1= 3.32 (1.70, 6.50)
Gazzaruso, 2020 Italy | == 3.62 (2.14, 6.14)
Mather, 2020 USA | —l— 5.87 (2.54, 13.58)
Steinberg, 2020 USA | —— 6.29 (1.76, 22.47)
Escalera-Antezana, 2020 Bolivia |t 12.13 (1.69, 86.97)
Abohamr, 2020 Saudi Arabia - 18.14 (10.86, 30.30)
Overall, DL (I” = 91.0%, p = 0.000) 1.45 (1.30, 1.61)
I I
.02 1 90

Figure 2 Association between obesity and mortality risk in
patients with COVID-19.

(p value=0.91) (online supplemental figure 9). In sensi-
tivity analyses, the results persisted when excluding one
study at a time (online supplemental figure 10).

For current smoking versus never smoking, nineteen
studies,* 78 66 76 97 103 110111 117 118 121 129 161 162 165 177 203 236 239
which included 9845 deaths among 33 147 patients with
COVID-19, were identified. The SRR of current smoking
was 1.29 (95% CI 1.03 to 1.62, I’=84%) (figure 6) and
no statistically significant evidence of publication bias was
observed (p value=0.86) (online supplemental figure 11).

A total of 14 studies? 66 7697 103 110111 118 121129 161'165 177 236
were included in the analysis of former smoking versus
never smoking and mortality risk, including 8121 deaths
among 25 340 patients with COVID-19. The SRR was
1.25 (95% CI1.11 to 1.42) with moderate to high hetero-
geneity (I*=75%) (figure 7). There was no evidence of
publication bias with Egger’s test (p value=0.70). In sensi-
tivity analyses excluding one study at a time from the anal-
yses of current and former smoking, the results were not
materially altered (online supplemental figures 12-13).
Globally, results did not change in nearly all subgroup
analyses (online supplemental table 4).

Finally, a total of 15 studies2 145258107174 186 192 208 218 240-243
did not provide a definition of the smoking variable (>76
400 deaths, 682 310 patients) and the SRR was 1.31 (95%

Relative

Author Country Risk (95% ClI)

Salazar, 2020 USA 0.76 (0.49, 1.20)
Haase, 2020 Denmark 0.96 (0.81, 1.14)
Li, 2020 China 0.99 (0.83, 1.17)
Calmes, 2020 Belgium 1.00 (0.86, 1.61)
Hajifathalian, 2020 USA 1.03 (0.80, 1.32)
Ferrando-Vivas, 2020 UK 1.03 (1.00, 1.06)
Anderson, 2020 USA 1.04 (0.96, 1.14)
Seiglie, 2020 USA 1.05 (0.76, 1.44)
Lombardi, 2020 Italy 1.05 (0.86, 1.22)
Petrilli, 2020 USA 1.07 (0.99, 1.15)
Kabarriti, 2020 USA 1.08 (0.98, 1.18)
Santos, 2020 Brazil 1.09 (1.02, 1.16)
Gupta, 2020 USA 1.10 (1.00, 1.20)
Wang, 2020 USA 1.10 (1.00, 1.16)
Palaiodimos, 2020 USA 1.10 (0.77, 1.59)
Nakeshbandi, 2020 USA 1.12 (0.99, 1.27)
Klang, 2020 (b) USA 1.12(1.03, 1.23)
Gu, 2020 USA —H— 1.13 (0.83, 1.54)
Shah, 2020 USA - 1.25 (1.03, 1.52)
Czernichow, 2020 France | 1.30 (1.20, 1.41)
Rottoli, 2020 Italy . 1.40 (1.10, 1.84)
Gayam, 2020 USA T 1.40 (1.22, 1.69)
Baronio, 2020 Italy —.— 1.47 (1.08, 1.99)
Klang, 2020 (a) USA , —— 1.68 (1.29, 2.18)
Mufoz-Price, 2020 USA | ——=——— 239 (1.28, 4.48)
Overall (I-squared = 68.1%, p = 0.000) [ 1.12 (1.07,1.17)

1
T ! T
4 1 5

Figure 3 Association between body mass index (BMI)
and mortality risk in patients with COVID-19, linear dose-
response analysis, per 5 kg/m? increment of BMI.

CI 1.07 to 1.62, I’=88%) (online supplemental figure 14)
which seemed to be similar to current and ever smoking.

PAF of deaths and assessment of certainty of the body of
evidence

The estimated PAF was 10.6%, 11.8%, 11.5% and 2.5%
for diabetes, hypertension, obesity and ever smoking,
respectively when considering all studies included in this
meta-analysis (table 1). Based on studies that adjusted
for multiple risk factors, attributable death was 8% for

30
BMI (units)

Best fitting fractional polynomial
————— 95% confidence interval

Figure 4 Association between body mass index (BMI) and
mortality risk in patients with COVID-19: non-linear dose-
response analysis.
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Relative

Author Country Risk (95% Cl)

Chachkhiani, 2020 USA 0.50 (0.11, 2.18)
Klang, 2020 USA 0.70 (0.52, 0.94)
Mendy, 2020 USA 0.82 (0.33, 2.02)
Palaiodimos, 2020 USA 0.83 (0.37, 1.87)
Hewitt, 2020 UK and ltaly 0.94 (0.78, 1.14)
loannou, 2020 USA 0.98 (0.86, 1.12)
Maddaloni, 2020 Italy 1.00 (0.38, 2.60)
Shah, 2020 USA 1.03 (0.55, 1.93)
Czernichow, 2020  France 1.06 (0.84, 1.33)
Kim, 2020 USA 1.17 (1.03, 1.32)
Petrilli, 2020 USA 1.21 (1.06, 1.39)
Tartof, 2020 USA 1.26 (0.94, 1.68)

Docherty, 2020 UK
Lombardi, 2020 Italy

1.29 (1.22, 1.38)
1.33 (1.23, 1.43)

Adrish, 2020 USA 1.36 (1.12, 1.66)
Nicholson, 2020 USA 1.36 (1.07, 1.74)
Imam, 2020 USA 1.40 (0.84, 2.33)
Calmes, 2020 Belgium 1.40 (0.83, 2.36)

Yazdanpanah, 2020 France
Rosenberg, 2020 USA

1.42(0.70, 2.87)
1.43 (1.11, 1.85)

Narain, 2020 USA :- 1.68 (1.52, 1.87)
Talavera, 2020 Spain - 1.71 (0.93, 3.13)
Chen, 2020 China . 1.84 (1.16, 2.91)
Nufez-Gil, 2020 Spain - 1.84 (1.33, 2.55)
Gu, 2020 USA —_—— 1.94 (0.70, 5.38)
Mccullough, 2020 USA —a— 2.06 (1.31, 3.24)
Zhang, 2020 China ! 5.21 (1.39, 19.52)
Mufoz-Price, 2020 USA H 7.15 (1.75, 29.27)
Overall (I-squared = 74.0%, p = 0.000) ? 1.28 (1.17, 1.40)
]

T T
A 30

N

Figure 5 Association between ever smoking (vs never
smoking) and mortality risk in patients with COVID-19.

diabetes, 7% for hypertension, 11% for obesity and 2%
for ever smoking.

Regarding the body of evidence, certainty of evidence
was rated ‘low’ for diabetes, hypertension and smoking
and ‘high’ for obesity (online supplemental table 5).

DISCUSSION

Principal findings

To our knowledge, this study is one of the largest meta-
analyses of association between diabetes, hypertension,
obesity, smoking and COVID-19 mortality. We found that

Relative
Author Country Risk (95% CI)
Mccullough, 2020 USA 0.33 (0.04, 2.56)
Tartof, 2020 USA 0.84 (0.30, 2.35)
loannou, 2020 USA 0.87 (0.67, 1.13)
Hewitt, 2020 UK and Italy 0.91(0.59, 1.41)
Petrilli, 2020 USA 0.92 (0.62, 1.37)
Castelnuovo, 2020  Italy 0.94 (0.69, 1.28)
Nicholson, 2020 USA 1.06 (0.78, 1.44)
Docherty, 2020 UK 1.09 (0.95, 1.26)
Gupta, 2020 USA 1.21 (0.76, 1.93)
Kim, 2020 USA 1.22 (0.99, 1.51)
Rosenberg, 2020 USA 1.30 (0.74, 2.29)
Yazdanpanah, 2020 France 1.36 (0.31, 5.91)
Narain, 2020 USA 1.43 (0.93, 2.19)
Adrish, 2020 USA 1.62(1.23, 2.14)
Nufiez-Gil, 2020 Spain 1.95 (0.90, 4.21)
Zhou, 2020 China 2.23 (0.65, 7.64)
Gu, 2020 USA 2.40 (0.15, 39.00)
Alharthy, 2020 Saudi Arabia E ] 3.00 (2.48, 3.62)
Nie, 2020 China —— 3.66 (1.41,9.48)
Overall (I-squared = 84.2%, p = 0.000) <iD 1.29 (1.03, 1.62)
'
'
T * T
.01 1 40

Figure 6 Association between current smoking (vs never
smoking) and mortality risk in patients with COVID-19.

Relative

Author Country Risk (95% CI)

Narain, 2020 USA 0.93 (0.78, 1.11)
Hewitt, 2020 UK and ltaly 0.95 (0.77, 1.18)
loannou, 2020 USA 1.02 (0.88, 1.19)
Petrilli, 2020 USA 1.07 (0.88, 1.31)
Kim, 2020 USA 1.14 (0.98, 1.33)
Adrish, 2020 USA _'._ 1.15(0.87, 1.52)
Tartof, 2020 USA _.._ 1.30 (0.96, 1.76)
Docherty, 2020 UK | 1.35(1.26, 1.45)
Yazdanpanah, 2020  France ——:LI— 1.44 (0.65, 3.21)
Rosenberg, 2020 USA —e.— 1.47 (1.11, 1.95)
Nufiez-Gil, 2020 Spain :'—I— 1.82 (1.27, 2.60)
Nicholson, 2020 USA E —i— 2.05 (1.39, 3.03)
Gu, 2020 China — : 2.06 (0.73, 5.79)
Mccullough, 2020 USA E —— 2.26 (1.42, 3.60)
Overall (I-squared = 74.8%, p = 0.000) @ 1.25 (1.11, 1.42)

T T

5 1 6

Figure 7 Association between former smoking (vs never
smoking) and mortality risk in patients with COVID-19.

patients with diabetes had a 54% higher risk of death
from COVID-19 compared with patients without diabetes;
those with hypertension had a 42% increase in the rela-
tive risk of death from COVID-19 compared with patients
without hypertension and those with obesity have a 45%
greater in the relative risk of COVID-19 death compared
with non-obese patients. In addition, we found that ever,
current and former smoking was associated with 28%,
29% and 25% increases in the relative risk of death in
patients with COVID-19. Our linear dose-response meta-
analysis suggested that each 5 kg/ km? increment in
BMI was associated with a 12% greater risk of COVID-19
death. However, evidence of non-linearity was observed
in the analysis of BMI and risk of COVID-19 death, with
a J-shaped dose-response relation with flattening of the
dose-response curve between 22 and 24 of BMI level
and a slight increase below that range and a 1.5-2-fold
increase in risk with a BMI of 40-45. While there was
no publication bias, study heterogeneity was high for all
exposure and this persisted in most of the subgroup anal-
yses. However, the heterogeneity appeared to be driven to
a larger extent by differences in the strength of the asso-
ciations, than differences in the direction of the effect,
as the vast majority of studies reported significant or
non-significant positive associations between these expo-
sures and increased mortality, and relatively few studies
reported risk estimates in the direction of an inverse asso-
ciation. Given this meta-analysis included more studies
than a typical meta-analysis, I? and heterogeneity were
high as the likelihood of divergent findings increases with
increasing number of studies.

Comparisons to findings from previous epidemiological
studies and biological mechanisms

Since the first reports of COVID-19, several studies have
shown that patients with COVID-19 with comorbidities
have a higher risk of death.* 1724295 However, these studies
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have differed greatly in term of sample size, and results are
conflicting and heterogeneous. Previous meta-analyses
have shown that patients with diabetes, hypertension and
obesity had an increased risk of mortality,'*'® 2! 246 247
Unfortunately, these previous meta-analyses were limited
by the lack of subgroup analyses, which is crucial to
evaluate heterogeneity and no previous meta-analysis
has estimated the number of deaths attributed to these
comorbidities or conditions.

This meta-analysis summarises the results of 186 observa-
tional studies published up to November 2020, including
210 447 deaths among 1 304 587 million patients with
COVID-19. Our findings are similar to results from previ-
ously published systematic reviews, suggesting a higher
mortality rate of COVID-19 in patients with cardiovascular
or chronic condition.'®'”?"# We found a 1.54-fold greater
mortality from COVID-19 among patient with diabetes
compared with those without (n=145 studies), which
is similar to those yielded in previous meta-analyses,'®
whereas the estimate magnitude is weaker than those
in de Almeida-Pititto et al,21 Kumar et al,246 Shang et al*®
and Luo et al'” In our subgroup analyses, we found that
the positive association was stronger in studies without
any adjustment or adjusted for age only compared
with studies that adjusted for multiple factors. Thus,
the higher magnitude observed in the previous meta-
analyses may be in part due to the important number of
studies without adjustment for confounding factors such
as age and comorbidities, which are mostly with critical
or serious risk of bias. In addition, we estimated that
8% of deaths by COVID-19 were attributed to diabetes;
this aspect has to our knowledge not been investigated
previously. The absolute risk of death associated with
diabetes was increased by 14%. The mechanism under-
lying the increased mortality from COVID-19 in patients
with diabetes may be explained by chronic inflammatory
conditions. Patients with COVID-19 with diabetes have a
significantly higher inflammatory markers such as C reac-
tive protein (CRP), interleukin 6 (IL-6) compared with
patients without diabetes.** Inflammatory markers such
as IL-6, CRP, IL-10, lactate dehydrogenase and tumor
necrosis factor-o, which are indicative of different aspects
of COVID-19 severity, requirements of intensive care
support including dialysis and ventilation, are associated
with higher risk of death.*"*!

Regarding hypertension, our findings yielded a 1.42-
fold higher risk of death from COVID-19 in patient with
hypertension (n=127 studies), which also is slightly weaker
than the results from previous meta-analyses.'® 22 27
Nearly 7% of death in patients with COVID-19 could be
attributed to hypertension and we found that hyperten-
sion increased the absolute risk of death by 11%. Previous
clinical studies showed that hypertension is a major risk
factor for worse outcome in patients infected with SARS
and Middle East respiratory syndrome.”* ** Although,
the exact mechanism by which hypertension increase
mortality rate remains unclear, chronic inflammation
may play an active role in increasing risk of death.

Du et al suggested that patients with obesity had a
2.68-fold risk for COVID-19 mortality compared with
non-obese patients (n=7 studies).'® In dose-response
analysis, they showed that for each 1 kg/m” increase in
BMI, the risk of death increased by 6%. Partly consis-
tent with this study, we found that a 5 kg/rn2 increase
in BMI level was associated with a 12% increase in the
risk of death in patient with COVID-19 (n=25 studies).
In addition, we found evidence of a non-linear J-shaped
association between BMI and mortality from COVID-19,
with a flattening of the dose-response curve for BMI
values between 22 and 24 kg/m® and with a slightly
higher risk below that range and a moderate to strong
increase in mortality with severe obesity (BMI 40-45).
Obesity is associated with a low-grade systemic inflam-
mation, which plays a major role in the pathogenesis of
respiratory conditions. Patients with COVID-19 and with
preexisting obesity may have an overactivated inflam-
mation response, which may induce excessive inflam-
matory response.””* Obesity is also strongly associated
with increased risk of diabetes, hypertension and several
other chronic diseases*” that increases risk of COVID-19
mortality.**®

In addition, our finding showed that ever, current
and former smoking was associated with 28%, 29% and
25% increases in the relative risk of death in patients
with COVID-19 compared with never smokers. Tobacco
smoking is known to alter the function of the immune
system; therefore smokers are more likely to get a
severe infection of COVID-19 due to their poor muco-
ciliary clearance, which could lead to the release of pro-
inflammatory markers and oxidative stress and thereby
contribute to higher mortality rates. The risk of death in
former smokers was higher than in never smokers and
only slightly lower than risk in current smoker. However,
more studies are required to clarify the impact of longer
durations of smoking cessation in former smokers on risk
of death in patients with COVID-19.

Although we found that diabetes, hypertension, BMI
and smoking were associated with greater COVID-19
mortality, a recent meta-analysis suggested that mortality
was more frequently observed in patients with COVID-19
with cardiovascular disease, cerebrovascular accident
and chronic kidney disease.”” The authors observed that
COVID-19 mortality among all comorbidities was high in
European and Latin American patients compared with
the US patients. It is possible that geographical differ-
ences in therapeutic practice of COVID-19 such as the
use of antibiotics, antivirals and others drugs may partly
explain the greater COVID-19 death in some regions,*”
while there was no evidence of heterogeneity in findings
across geographic location in our study. The review also
suggested that COVID-19 mortality among those with
underlying medical diseases was high in mostly elderly
patients.””® However, we did not perform subgroup anal-
ysis by age because this information was lacking in most of
the included studies.
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Strengths, limitations and public health implications
This present meta-analysis of observational studies on
diabetes, hypertension, obesity and smoking and risk of
death in patients with COVID-19 has several strengths,
including the large sample size and number of COVID-19
deaths, the detailed subgroup and sensitivity analyses,
as well as the linear and non-linear dose-response anal-
yses, which clarified the strength and shape of the dose—
response relationship. Original aspects of our study
included the estimation of the number of deaths attrib-
utable to these conditions. This is, to our knowledge, the
first meta-analysis that perform a separate analysis of ever,
current and former smoking versus never smoking in rela-
tion to COVID-19 mortality. As any previous published
meta-analyses, the current analysis has some limitations
that should be considered in the interpretation of our
findings. First, we did not investigate the association
between presence of two or more coexisting comorbidi-
ties and risk of death in patients with COVID-19. Finally,
subgroup analyses stratified by clinical or lifestyle factors
such as medications, diabetes type and duration, adher-
ence to specific diet, or physical activity were not possible
because of the lack of such data from the studies included.
Despite these limitations, our findings may have
important public health implications in the context of
increasing numbers of severe COVID-19 cases, overbur-
dened hospitals and leading to higher hospital death due
to COVID-19 and suggest that people with cardiovascular
risk factors, in particular those with diabetes, hyperten-
sion and obesity, should be considered as a high priority to
get vaccinated. In addition, since smoking is a risk factor
for several chronic diseases, including cancer and cardio-
vascular disease, our finding lend support to the impor-
tance of smoking prevention and smoking cessation and
support policies and public health efforts to reduce the
prevalence smoking in the general population.

CONCLUSION

Our finding suggests that presence of diabetes, hyperten-
sion, obesity and smoking in patients with COVID-19 is
associated with a 1.54-fold, 1.42-fold, 1.45-fold and 1.28-
fold greater risk of mortality, respectively. We have found
that the proportion of death attributable to diabetes,
hypertension, obesity and smoking was 8%, 7%, 11% and
2%, respectively. These findings support that people with
diabetes, hypertension, obesity should be prioritised for
vaccination in order to limit the higher death rates in
hospital. Public policies should promote a healthier life-
style including healthier diets and regular physical activity
to reduce patient risk factors and comorbidities.
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