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Abstract

Background: Cardiometabolic comorbidities have been associated with a

higher risk of COVID-19 severity and mortality, but more investigations are

needed to determine which comorbidity is more detrimental.

Methods: Embase, Emcare, and MEDLINE were searched systematically for

prospective and retrospective studies assessing the associations of cardiometa-

bolic risk factors and COVID-19 outcomes of hospitalization, severity, and

mortality among COVID-19-diagnosed patients. Literature search was per-

formed from first publication to May 19, 2021. Study quality was assessed by

the Newcastle-Ottawa Scale.

Results: From the literature search, 301 studies suggested that all included car-

diometabolic risk factors were associated with a higher risk of COVID-19 hospi-

talization, severity, and mortality, except that overweight was associated with a

decreased risk of mortality (relative risk [RR] 0.88; 95% CI, 0.80–0.98). Patients
with diabetes (RR 1.46; 95% CI, 1.45–1.47) were most likely to be hospitalized;

patients with heart failure had the highest risk for severe COVID-19 outcomes

(RR 1.89; 95% CI, 1.71–2.09); while patients with stroke were most susceptible to

overall mortality (RR 1.99; 95% CI, 1.90–2.08). In the network meta-analysis,

cerebrovascular disease had the highest impact (RR 1.69; 95% CI, 1.65–1.73) on
COVID-19 outcomes compared to other cardiometabolic risk factors. For differ-

ent combinations of risk factors, cardiovascular disease and diabetes combined

(RR 6.98; 95% CI, 5.28–9.22) was more detrimental than others.

Conclusions: Considering the high prevalence of cardiometabolic comorbid-

ities and risk of all severe outcomes, patients with cardiometabolic comorbid-

ities should be prioritized in vaccination and treatment development of

COVID-19.
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Highlights

• Among 301 studies, diabetes mellitus was the most studied cardiometabolic

risk factor.

• In the network meta-analysis, cerebrovascular disease had the highest

impact (relative risk [RR] 1.69; 95% CI, 1.65–1.73) on COVID-19 outcomes

compared to other cardiometabolic risk factors.

• For different combinations of risk factors, cardiovascular disease and diabe-

tes mellitus combined (RR 6.98; 95% CI, 5.28–9.22) was more detrimental

than others.

1 | INTRODUCTION

COVID-19 caused by SARS-CoV-2 was first reported in
December 20191 and spread rapidly worldwide, leading to
an ongoing pandemic. It can infect people of all age groups,
although severe symptoms are more common in older
adults.2 Infected patients present a wide range of clinical
manifestations and outcomes, including subclinical infec-
tions, hospitalization, organ dysfunction, and death.3

Nearly half of the patients with COVID-192–4 have
comorbidities, including obesity, hypertension (HTN), dia-
betes mellitus (DM), and cardiovascular diseases (CVD).5,6

Patients with underlying cardiometabolic comorbidities are
more likely to have severe symptoms and get admitted to
the intensive care unit (ICU).4 Moreover, the percentages
of patients with cardiometabolic comorbidities are much
higher among the fatality cases than survival cases.7 Much
of the prior research conducted has revealed associations
between single underlying comorbidities and COVID-19
outcomes.7–16 Studies have also been done to analyze the
effects of combinations of comorbidities toward the adverse
outcomes of COVID-19.17–21 Inconsistencies in the associa-
tions were observed among the publications, and definitive
conclusions have yet to be made. A rapid increase in sys-
tematic reviews and meta-analyses has provided a great
summary of the published papers22–26; however, due to the
methodological restrictions of meta-analyses,27 different
cardiometabolic risk factors of COVID-19 cannot be com-
pared with one another because of the heterogeneity
among the studies.

To compare and systematically evaluate the associa-
tions of cardiometabolic risk factors with COVID-19
incidence and adverse outcomes, we conducted a quantita-
tive network meta-analysis treating multiple risk factors
simultaneously as if they were from a network of studies

connected by both direct and indirect evidence.28,29 The
impact of individual and combined cardiometabolic risk
factors toward COVID-19 outcomes was subsequently
assessed to rank the relative importance of these influen-
tial risk factors.

2 | METHODS

2.1 | Search strategy

This systematic review and meta-analysis were conducted
following the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) Statement and
Agency for Healthcare Research and Quality (AHRQ)
guidelines. The search terms consisted of subject head-
ings and keywords for cardiometabolic risk factors and
study population. Risk factors of interest included atrial
fibrillation (AF), coronary artery disease (CAD), cerebro-
vascular disease (CBD), CVD, DM, heart failure (HF),
HTN, myocardial infarction (MI), obesity, overweight,
and stroke. Outcomes of interest included hospitalization
and length of stay; disease severity as measured by
days in emergency room, days in ICU, days on ventilator,
and complications—blood clots (e.g., stroke, heart attack,
pulmonary embolism, deep vein thrombosis), kidney
failure/dialysis, and mortality. The study population was
restricted to patients diagnosed with COVID-19.

The literature search was performed by two researchers
(K. Lo and S. Liu) in three databases with a language
restriction of English and Chinese: (1) Embase 1910 to
May 19, 2021; (2) Ovid Emcare 1995 to 2021 Week 21; and
(3) Ovid MEDLINE and Epub Ahead of Print, In-Process &
Other Non-Indexed Citations 1946 to May 19, 2021. Studies
that were (a) literature reviews, letters, and abstracts from
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conference proceedings; (b) providing insufficient data
information; or (c) duplicate publications were excluded.
The full search strategy is presented in Table S1.

2.2 | Study selection

All study information retrieved from the literature search
was downloaded into Microsoft Excel. After duplication
removal, three researchers performed abstract screening
and full-text screening (B. Yang, Y. Li, and A. Li). Dis-
agreements were resolved by a third investigator (K. Lo)
or by consensus. Only primary studies that provided the
required association information between cardiometa-
bolic risk factors and COVID-19-related outcomes were

included in our study. A total number of 301 studies
were included in the meta-analyses (Figure 1).

2.3 | Data extraction and quality
assessment

The three investigators performing the literature selec-
tion extracted the data from the included studies. A data
extraction form was developed for this project and
extracted the following information: author, date, coun-
try, number of males, age, sample size, comorbidities,
basis of disease severity, and the effect size estimates. The
assessment of literature quality was performed by four
investigators (B. Yang, Y. Li, S. Shim, and R. Huynh)

FIGURE 1 Search and

selection process by timeframe

according to the Preferred

Reporting Items for Systematic

Reviews and Meta-Analyses

(PRISMA) checklist.
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following the Newcastle-Ottawa Scale (NOS). Disagree-
ments were resolved by a third investigator or by consen-
sus. The NOS evaluate the quality of a study according to
three aspects: selection, outcome, and comparability.
Higher NOS scores represent higher literature quality,
where a maximum of nine can be given. NOS scores of
all included studies can be found in Table S3.

2.4 | Data synthesis and analysis

A conventional meta-analysis and a network meta-
analysis were performed using R version 3.6.2. The rela-
tive risk (RR) and relevant 95% CI calculated from the
fixed effect models were used to estimate the pooled
results from included studies. Statistical heterogeneity
across included studies was investigated using the incon-
sistency index (I2), with I2 of at least 50% indicating mod-
erate heterogeneity and I2 ≥ 75% indicating high
heterogeneity. We further conducted a sensitivity analysis
by restricting the meta-analysis to studies with a sample
size larger than 1000. This is to reduce the heterogeneity
between studies and identify potential exaggerated effects
of the small studies on the pooled estimates.

The ranking of combined and independent effects
of cardiometabolic risk factors toward COVID-19 out-
comes was assessed through the network meta-analysis
approach. The risk factor ranking was computed by
means of the P-scores, which measure the certainty that
one risk factor is more influential than another. The evi-
dence network was illustrated to visualize the network
geometry and node connectivity in network plots. The
comparative effects of the risk factors were calculated
using a multivariate fixed effect meta-analysis model. Q
statistics both within designs and between designs in the
model were used to evaluate the heterogeneity across
studies.

3 | RESULTS

A total of 26 661 studies were identified through the liter-
ature search, and 301 of them were included in the quali-
tative synthesis and meta-analyses after the abstract and
full-text screening (Figure 1). Most studies reported
COVID-19 outcomes of disease severity (n = 402) and
mortality (n = 605), but fewer reported hospitalizations
(n = 120) (Table S2). DM was the most studied cardiome-
tabolic risk factors for COVID-19 (n = 334), followed by
HTN (n = 254), while AF was the least studied condition
(n = 13) (Table S2). The study qualities were rated in the
NOS. Of the 301 studies, 241 studies were of high, 59 of
moderate, and 1 of low quality (Table S3).

3.1 | Conventional meta-analysis on
cardiometabolic risk factors

As shown in Table 1, all cardiometabolic risk factors were
associated with an increased risk of hospitalization.
These associations were all statistically significant except
for CAD (RR 1.07; 95% CI, 0.99–1.15). Patients with DM
had the highest risk of hospitalization due to COVID-19
compared to all other risk factors (RR 1.46; 95% CI, 1.45–
1.47). Patients with HF or AF also had more than 40%
higher risk of hospitalization compared to those without
(1.43 [95% CI, 1.41–1.44] and 1.40 [95% CI, 1.22–1.61],
respectively). MI and overweight were not synthesized
since there were not enough studies.

As for COVID-19 disease severity, patients with HF
had the highest risk (RR 1.89; 95% CI, 1.71–2.09), fol-
lowed by stroke (RR 1.61; 95% CI, 1.27–2.05) and CAD
(RR 1.50; 95% CI, 1.38–1.64). Compared to hospitaliza-
tion, the pooled estimates of the associations between
each cardiometabolic risk factor and disease severity
were all increased, except for DM which had a 4% lower
risk and a wider CI. AF and MI were not analyzed due to
the limited number of studies.

Over half of the publications were on overall mortality,
and we were able to identify enough studies of each cardi-
ometabolic risk factor for meta-analysis. Among all the
included cardiometabolic conditions, stroke and CBD were
the most significant risk factors for COVID-19-related
mortality. Patients with stroke had almost two-fold the
risk of mortality compared to those without stroke
(RR 1.99; 95% CI, 1.90–2.08). CBD was found to increase
the risk of mortality by over 70% (RR 1.72; 95% CI, 1.67–
1.77). All other cardiometabolic risk factors were associ-
ated with an increased risk of mortality except overweight.
It was shown that overweight was associated with a 12%
decrease of mortality risk (RR 0.88; 95% CI, 0.80–0.98).

Comparing the associations between each cardiome-
tabolic risk factor and the three outcomes, it was found
that DM (RR 1.46, 1.42, and 1.50), HTN (RR 1.25, 1.26,
and 1.25), and obesity (RR 1.35, 1.48, and 1.41) had con-
sistent effects on hospitalization, disease severity, and
mortality (Table 1). It was surprising that the effects of
obesity and DM on the outcomes were almost compara-
ble. Other cardiometabolic risk factors had more varied
effects on the outcomes, with stroke showing the most
drastic differences in its effects on outcomes (RR: hospi-
talization 1.13, disease severity 1.61, and mortality 1.99).

3.2 | Network analyses

Hospitalizations, severe outcomes, or mortality due to
COVID-19 were combined as one composite outcome
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TABLE 1 Effect estimates of associations between cardiometabolic risk factors and hospitalization, disease severity, and overall

mortality in COVID-19 patients.

Hospitalization
RR (95% CI)

Disease severity
RR (95% CI)

Overall mortality
RR (95% CI)

Atrial fibrillation 1.40 (1.22–1.61) NA 1.22 (1.07–1.40)

Coronary artery
disease

1.07 (0.99–1.15) 1.50 (1.38–1.64) 1.23 (1.20–1.25)

Cerebrovascular
disease

1.17 (1.03–1.34) 1.24 (1.07–1.43) 1.72 (1.67–1.77)

Cardiovascular disease 1.23 (1.22–1.25) 1.33 (1.31–1.36) 1.20 (1.17–1.23)

Diabetes mellitus 1.46 (1.45–1.47) 1.42 (1.39–1.45) 1.50 (1.49–1.51)

Heart failure 1.43 (1.41–1.44) 1.89 (1.71–2.09) 1.65 (1.62–1.69)

Hypertension 1.25 (1.23–1.26) 1.26 (1.22–1.31) 1.25 (1.23–1.26)

Myocardial infarction NA NA 1.21 (1.16–1.26)

Obesity 1.35 (1.34–1.37) 1.48 (1.45–1.52) 1.41 (1.39–1.42)

Overweight NA 1.33 (1.22–1.44) 0.88 (0.80–0.98)

Stroke 1.13 (1.11–1.15) 1.61 (1.27–2.05) 1.99 (1.90–2.08)

Note: Estimates based on fewer than three studies were not included.
Estimates were computed based on pooled analysis of fixed effects model.
Disease severity was measured by days in emergency room, days in intensive care unit, days on ventilator, and complications—blood clots (e.g., stroke, heart
attacks, pulmonary embolism, deep vein thrombosis), and kidney failure/dialysis.

Abbreviations: NA, not applicable; RR, relative risk.

FIGURE 2 Network Meta-Analysis

on Associations of Cardiometabolic Risk

Factors and COVID-19 Outcomes. AF,

atrial fibrillation; CAD, coronary artery

disease; CBD, cerebrovascular disease;

CVD, cardiovascular disease; DM,

diabetes mellitus; HF, heart failure;

HTN, hypertension; MI, myocardial

infarction; non-comorbid, absence of

any cardiometabolic comorbidity; OBS,

obesity; OW, overweight; STK, stroke.
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and studied in a network analysis of all data accrued
(n = 301). Diabetes, HTN, and obesity had the greatest
number of studies on risk of COVID-19 outcomes
(Figure S1). The ranking of any cardiometabolic risk factor
affecting hospitalization, severe outcomes, or mortality was
led by CBD (RR 1.69; 95% CI, 1.65–1.73). DM, HF, and obe-
sity each had at least a 35% greater risk of the composite
COVID-19 outcome (Figure 2). Combined risk factors, such
as DM + HTN, all had higher impacts toward the outcome
than individual risk factors with a minimum of 1.66 times
the risk. CVD together with DM had the greatest RR esti-
mates of 6.98 (95% CI, 5.28–9.22). Possible publication bias
was indicated by the funnel plot (Figure S2; p = 0.0113),
and a moderate amount of heterogeneity was suggested
across studies likely due to the varied methodology and
exposures studied (I2 ≥ 50%).

When analyzing the outcomes one at a time, the
rankings of cardiometabolic factors were different from
each other. For hospitalization (Figure S3), combined
risk factors were the most influential ones, with DM
+ HTN having the highest risk (RR 2.60; 95% CI, 2.04–
3.31). When comparing single risk factors, DM had the
highest ranking in hospitalization risk, while CAD had
the lowest. The most detrimental combination of cardi-
ometabolic risk factors for COVID-19 severity was
HTN + CVD (RR 4.52; 95% CI, 2.59–7.89; Figure S4).
The ranking of single cardiometabolic risk factors was

led by HF (RR 1.89; 95% CI, 1.71–2.08), stroke, and
CAD. More reports were on mortality, where CVD
+ DM was the most significant risk factor (RR 6.89;
95% CI, 5.28–9.22; Figure S5). Stroke had the highest
ranking among all cardiometabolic risk factors and was
more detrimental than a large proportion of the cardio-
metabolic risk factor combinations (RR 1.99; 95% CI,
1.90–2.08). For all three outcomes, the heterogeneity
among studies in the network meta-analysis was sub-
stantial (I2 ≥ 75%).

3.3 | Sensitivity analyses

The included studies were restricted to those with a sam-
ple size larger than 1000 in the sensitivity analyses.
Although some of the pooled estimates changed, the dif-
ferences were very small (Table 2). The effect estimates
in the sensitivity and main analysis were comparable.
Studies with small sample size did not significantly affect
the pooled estimates in the meta-analyses.

4 | DISCUSSION

In this systematic review and quantitative assessment of
all published literature concerning cardiometabolic risk

TABLE 2 Effect estimates of associations between cardiometabolic risk factors and hospitalization, disease severity, and overall

mortality in COVID-19 patients in studies with a sample size larger than 1000.

Hospitalization
RR (95% CI)

Disease severity
RR (95% CI)

Overall mortality
RR (95% CI)

Atrial fibrillation 1.40 (1.22–1.61) NA 1.24 (1.08–1.43)a

Coronary artery
disease

1.07 (0.99–1.15) 1.50 (1.37–1.64)a 1.24 (1.22–1.27)a

Cerebrovascular
disease

1.17 (1.03–1.34) 1.24 (1.07–1.43) 1.72 (1.67–1.77)

Cardiovascular
disease

1.23 (1.22–1.25) 1.33 (1.31–1.36) 1.19 (1.16–1.22)a

Diabetes mellitus 1.46 (1.45–1.47) 1.41 (1.37–1.44)a 1.50 (1.49–1.51)

Heart failure 1.43 (1.41–1.44) 1.91 (1.73–2.11)a 1.65 (1.62–1.69)

Hypertension 1.25 (1.23–1.26) 1.25 (1.21–1.30)a 1.27 (1.25–1.28)a

Myocardial infarction NA NA 1.21 (1.16–1.26)

Obesity 1.35 (1.34–1.37) 1.48 (1.45–1.51)a 1.41 (1.39–1.42)

Overweight NA 1.33 (1.22–1.45)a 0.87 (0.79–0.97)a

Stroke 1.13 (1.11–1.15) 1.64 (1.25–2.15)a 2.11 (2.01–2.21)a

Note: Estimates based on fewer than three studies were not included.
Estimates were computed based on pooled analysis of fixed effects model.
Disease severity was measured by days in emergency room, days in intensive care unit, days on ventilator, complications—blood clots (e.g., stroke, heart
attacks, pulmonary embolism, deep vein thrombosis), and kidney failure/dialysis.
Abbreviations: NA, not applicable; RR, relative risk.
aEffect estimates in sensitivity analysis are different from those in main analysis.
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factors and COVID-19 outcomes, we observed strong pos-
itive associations between them, except for the combina-
tion of obesity and mortality. The significant associations
of CBD, DM, obesity, HTN, stroke, and HF with hospital-
ization, severity, and mortality were consistent with prior
reports.

This network meta-analysis is a comprehensive evalu-
ation of 747 prospective and retrospective studies,
73 928 213 COVID-19 patients, and multiple cardiometa-
bolic comorbidities. This analysis uniquely compares
combinations of 12 cardiometabolic risk factors individu-
ally or in combination through network meta-analysis.
Since cardiometabolic diseases are frequently clustered,
the network meta-analysis accounts for comorbidities,
study heterogeneity, and indirect associations. Previously,
a meta-analysis including 24 studies on DM, HTN,
chronic pulmonary diseases, and CVD found similar asso-
ciation patterns with COVID-19 adverse outcomes.30 There
were also two studies that attempted to rank cardiometa-
bolic risk factors with models and reported a different rela-
tive ranking of cardiometabolic risk factors than our
network analysis.31,32 Although heterogeneities existed
across studies, CHD, CAD, and CVD appeared to have the
largest impact on COVID-19 mortality and severity, fol-
lowed by HTN and DM.30,33,34 Cardiac injury, stress, and
other complications indicated by biomarkers are particu-
larly prevalent among individuals with cardiometabolic
disorders, possibly leading to an increased risk of mortal-
ity.35 Like the strong associations for obesity found in our
network analysis, one genome-wide association study
(GWAS) reported body mass index to be strongly associated
with COVID-19 hospitalization.34 Underlying genotypic
and phenotypic factors related to angiotensin I-converting
enzyme 2 (ACE2) are associated with obesity and DM and
may be involved in the mechanisms of COVID-19 patho-
genesis.36 Obesity and DM were found to be consistently
associated with COVID-19-related hospitalization, severity,
and mortality in our study. This aligns with prior reports
that worse COVID-19 outcomes were associated with the
presence of impaired glucose metabolism.37

As the COVID-19 pandemic continues to rage on, addi-
tional or unanticipated factors may affect the associations
between cardiometabolic comorbidities and COVID-19 out-
comes, including the recognition of the Omicron and Delta
SARS-CoV-2 variants and vaccinations that affect COVID-
19 severity.38–40 It should also be noted that the risk factors
for the included cardiometabolic comorbidities can also
attribute to the risk of COVID-19 outcomes. For instance,
visceral obesity and characteristics of impaired metabolic
health such as hyperglycemia, HTN, and subclinical
inflammation are associated with a high risk of severe
COVID-19.41 Moreover, recent data further indicate that
these factors might also promote vaccine breakthrough
COVID-19 infections in fully vaccinated individuals.42

This can be due to the downregulating of the immune
responses in patients with cardiometabolic comorbidities.
For instance, hyperglycemia and insulin resistance have
been found to modulate the body's immune response,
potentially driving immunosenescence and contributing to
an increased risk of severe COVID-19.42 Future research
should explore the differences of risk among populations
with different cardiometabolic comorbidities and variants
of COVID-19.

Although we tried to conduct a comprehensive meta-
analysis and included 11 different comorbidities, certain
cardiometabolic conditions have still been overlooked,
for example, chronic kidney disease (CKD) and liver dis-
ease. Emerging evidence suggests that individuals with
CKD and liver disease are at a higher risk of severe out-
comes when infected with COVID-19. Several studies
have reported a significant association between CKD and
adverse clinical outcomes, including higher rates of hospi-
talization, ICU admission, and mortality in COVID-19
patients with preexisting kidney disease.43,44 CKD has
been identified as an independent risk factor for COVID-
19 severity, with decreased kidney function correlating
with worse outcomes.45 Moreover, CKD patients on main-
tenance dialysis have been reported to be particularly vul-
nerable, with an increased risk of complications and
mortality compared to the general population.43 Similarly,
individuals with liver disease, such as cirrhosis or chronic
liver disease, have also been shown to have an increased
risk of severe COVID-19 outcomes.46 Liver dysfunction,
immune dysregulation, and impaired coagulation profiles
in liver disease patients may contribute to the higher sus-
ceptibility and worse prognosis in this population.47,48

These findings underscore the importance of recognizing
CKD and liver disease as significant comorbidities in the
context of COVID-19 research and management.

Another limitation of this study is the heterogeneity
among included studies. In the sensitivity analysis, the
pooled estimates were calculated from studies with sample
sizes larger than 1000. We were expecting that the exclu-
sion of small studies may reduce the heterogeneity, but
the contrary was observed. There were no large changes in
either effect estimates or heterogeneity. In the network
meta-analysis, the heterogeneity was substantial when
analyzed either by each outcome or the three outcomes
combined. These differences between the included studies
can be due to the heterogeneity of the methods, sample
population, and model adjustments used by the individual
studies identified. Differences in treatments,49–51 genetics,
ethnicity,52 and location13,52 may impact consistency of
results. While heterogeneity was high in the conventional
meta-analysis, the network meta-analysis can account for
this, and our findings remain meaningful. The risk factor
rankings of this network analysis allow for a more
comprehensive comparison between cardiometabolic
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comorbidities. These findings provide a basis for clinical
understanding of which conditions should be treated as
greater risks.

This meta-analysis and network analysis strengthened
existing evidence on increased risk of COVID-19 hospitali-
zation, severity, and mortality among those with cardio-
metabolic comorbidities. The high prevalence and risk of
cardiometabolic comorbidities should be accounted for
when predicting prospects of the COVID-19 pandemic.
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