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Background: COVID-19 has infected over 35 million people worldwide and led to over 1 million deaths.
Several risk factors that increase COVID-19 severity have emerged, including age and a history of cardio-
vascular disease, hypertension, or kidney disease. However, a number of outstanding questions persist,
including whether the above comorbidities correlate with increased mortality from COVID-19 or whether
age is a significant confounding variable that accounts for the observed relationship between COVID-19
severity and other comorbidities.
Methods and Findings: We conducted a systematic review and meta-analysis of studies documenting
COVID-19 patients with hypertension, cardiovascular disease, cerebrovascular disease, or chronic kidney
disease. We classified COVID-19 cases into severe/non-severe or deceased/surviving and calculated the
odds ratio (OR) for each of the four comorbidities in these cohorts. 36 studies, comprising 22,573 patients,
are included in our meta-analysis. We found that hypertension is the most prevalent comorbidity in
deceased COVID-19 patients (55.4%; CI: 49.4–61.3%), followed by cardiovascular disease (30.7%; CI:
22.6–38.8%), cerebrovascular disease (13.4%; CI: 9.12–19.2%), then chronic kidney disease (9.05%; CI:
5.57–15.0%). The risk of death is also significantly higher for patients with these comorbidities, with
the greatest risk factor being chronic kidney disease (OR: 8.86; CI: 5.27–14.89), followed by cardiovascu-
lar disease (OR: 6.87; CI: 5.56–8.50), hypertension (OR: 4.87; CI: 4.19–5.66), and cerebrovascular disease
(OR: 4.28; CI: 2.86–6.41). These risks are significantly higher than previously reported, while correlations
between comorbidities and COVID-19 severity are similar to previously reported figures. Using meta-
regression analysis with age as a moderating variable, we observed that age contributes to the observed
risks but does not explain them fully.
Conclusions: In this meta-analysis, we observed that cardiovascular, cerebrovascular, and kidney-related
comorbidities in COVID-19 significantly contributes to greater risk of mortality and increased disease
severity. We also demonstrated that age may not be a confounder to these associations.
� 2021 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In December 2019, a novel Coronavirus Disease 2019 (COVID-
19) caused by a new coronavirus, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was first identified in Wuhan,
China. Till date, the ongoing COVID-19 pandemic has had immense
impact on healthcare institutions worldwide. Due to the high con-
tagiousness of COVID-19, as well as its varied symptoms and dif-
ferentiated clinical outcomes in patients [1–3], it is crucial to
identify COVID-19 patients at risk of progressing to severe or crit-
ical illness to determine the most appropriate allocation of health
system resources.
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In a meta-analysis of 27 articles consisting of 22,753 patients
globally, it was shown that the most common comorbidities in
COVID-19 patients include hypertension (27.4%), cardiovascular
disease (8.9%), and diabetes (17.4%) and that these comorbidities
are associated with disease severity [4]. However, this study did
not quantify study heterogeneity and did not examine correlations
between different comorbidities or between comorbidities and
potential confounding variables. In a separate study, chronic kid-
ney disease (1.3%) and cerebrovascular disease (1.9%) were also
found to be relevant underlying diseases that contribute to
increased COVID-19 severity [5]. This study also did not include
any multivariate analyses. Similar studies have also concluded that
comorbidities, such as hypertension, cardiovascular disease, cere-
brovascular disease, diabetes, and chronic kidney disease, signifi-
cantly contribute to the progression to severe disease [6–8].
However, the lack of multivariate correction of results in most of
these studies suggests that the existence of other variables that
may be instead influencing COVID-19 severity cannot be pre-
cluded. A brief literature review conducted by Sisnieguez et. al.
concluded that most studies, including both primary studies and
meta-analyses, did not include multivariate analyses [9]. For two
studies that evaluated the association between comorbidities and
COVID-19 severity using a multivariate regression model, arterial
hypertension was not the most significant predictor when other
clinical variables are taken into account [10,11]. Age has been
shown to be the most likely moderating or confounding variable
[12,13].

Beyond the uncertainty over the presence of confounding vari-
ables, current research on whether comorbidities are associated
with mortality is inconclusive. A number of primary studies and
meta-analyses found no association between comorbidities and
mortality, including a meta-analysis of 22,753 patients [4,14,15].
However, other large-scale have found significant association
between comorbidities and mortality [16,17], including an elec-
tronic medical record analysis of over 31,000 patients. In this
study, we will attempt to address the inconsistencies and short-
comings of previous meta-analysis studies by examining the
extent that age influences our correlation results and by analyzing
patients with severe COVID-19 and patients who died from COVID-
19 separately.
2. Materials and Methods

2.1. Search strategy and inclusion criteria for meta-analysis

A systematic search was conducted on studies published from
the beginning of 2020 to May 25, 2020 in PubMed, medRxiv, and
bioRxiv databases (Fig. S1). We used the search terms ‘‘covid19
comorbidity” AND ‘‘cardiovascular disease” OR ‘‘hypertension”
OR ‘‘cerebrovascular disease” OR ‘‘chronic kidney disease” OR
‘‘stroke” OR ‘‘kidney damage”. Relevant articles were reviewed by
two independent reviewers (LA and ACL). We included studies
based on the following criteria: (1) Types of Studies: articles that
reported the relationship between comorbidity and COVID-19;
(2) Subjects: patients diagnosed with COVID-19; (3) Exposure
intervention: COVID-19 patients with comorbidity including:
hypertension, cardiovascular disease, cerebrovascular disease or
chronic kidney disease. We excluded (1) editorials, reviews,
meta-analyses; (2) studies with insufficient data, including case
reports and letters; (3) studies where patients were not catego-
rized based on severity of illness or survival; (4) studies not on
the general population.

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) standards for selection and
inclusion of studies in our meta-analysis. From our search terms,
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we identified 899 potential articles for review. Out of these articles,
500 unique articles were identified. We excluded 437 articles
based on Abstract review, and the remaining articles underwent
full-text review. After full-text review, 14 reports were excluded
because of insufficient data, 9 were excluded because patients
were not sampled from the general population, and 3 were case
series. Thus, a total of 36 articles were included for statistical anal-
ysis. Since it is not possible to conducted randomized case-control
trials, all studies were primary case series consisting of a signifi-
cant number of cases.

2.2. Data extraction

We extracted the following information from each article
included in the study: (1). The year the article was published.
(2). The population on whom the study was conducted. (3). The
type of research. (4). What were the clinical variables included in
each study and how were they measured? (5). How many individ-
uals were included in the study? (6). If the clinical variables were
measured in a continuous scale, what was the mean value of the
variables among severe/deceased patients? (7). If the clinical vari-
ables were measured on a continuous scale, what was the mean of
the clinical variables among non-severe/surviving patients? (8). If
the clinical variables were measured on a continuous scale, what
was the standard deviation of the clinical variables among sev-
ere/deceased patients? (9). If the clinical variables were measured
on a continuous scale, what was the standard deviation of the clin-
ical variables among non-severe/surviving patients? (10). If the
clinical variables were measured on a binary scale, what were
the number of people with the clinical variable in the severe/de-
ceased cohort? (11). If the clinical variables were measured on a
binary scale, what were the number of people with the clinical
variable in the non-severe/surviving cohort?

2.3. Assessment of data quality

We sought to assign a quality score to each study we evaluated
using a modification of the Newcastle/Ottawa scale. In this scale,
one point is assigned for every ‘‘Yes” answered for the following
questions: 1. Does the patient(s) represent(s) the whole experience
of the investigator (center)? 2. Was the comorbidity adequately
ascertained? 3. Was the outcome (COVID-19) adequately ascer-
tained? 4. Were other alternative causes that may explain the
observation ruled out? 5. Was there a challenge/rechallenge phe-
nomenon? 6. Was there a dose–response effect? 7. Are the case
described with sufficient details to allow other investigators to
replicate the research or to allow practitioners make inferences
related to their own practice? All points are summed to arrive at
a quality score. A score of 5 or above is considered data for inclu-
sion. All 36 studies at the final stage of article selection passed
the quality score cutoff.

2.4. Statistical analyses

All data analysis was performed using R studio. Logit transfor-
mations were applied to proportional data where a majority of pro-
portions were<0.2 or greater than 0.8. The Cochran’s Q test and the
I2 index was used to test for and quantify study heterogeneity. Due
to high heterogeneity (p < 0.05 for Q test, I2 greater than 50%), ran-
dom effect models were used to estimate the summary propor-
tions. We also performed leave-one-out sensitivity analysis to
assess the effect of outliers on summary proportions. To account
for some heterogeneity across all studies, we conducted moderator
analysis using meta-regression. The odds ratios (ORs) describe the
risk of different comorbidities in severe patients relative to non-
severe patients, as well as the risk of the comorbidities in deceased
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relative to surviving patients. Publication bias was assessed using
funnel plots and Egger test linear regression test (p < 0.05), and
correlations between comorbidities were calculated using Spear-
man correlation test (p < 0.05).
3. Results

3.1. Prevalence of comorbidities in deceased COVID-19 patients

A total of 36 studies (Table 1), with a total of 22,573 patients,
were included in this meta-analysis. 34 studies reported hyperten-
sion, 36 reported cardiovascular disease, 20 reported cerebrovas-
cular disease and 27 reported chronic kidney disease. Each set of
studies that report a certain comorbidity is analyzed separately.
The studies used clinical symptoms and ICU admission to assess
disease severity. Severe COVID-19 was defined as patients who
had any of the following features at the time of, or after, admission:
(1) respiratory distress (�30 breaths per min); (2) oxygen satura-
tion at rest � 93%; (3) ratio of the partial pressure of arterial oxy-
gen (PaO2) to a fractional concentration of oxygen inspired air
(fiO2) � 300 mmHg; or (4) critical complication (respiratory fail-
ure, septic shock, and or multiple organ dysfunction/failure) or
admission into ICU.

The results of this meta-analysis showed that the most preva-
lent comorbidity in deceased COVID-19 patients is hypertension
(55.4%; CI: 49.4–61.3%), followed by cardiovascular disease
(30.7%; CI: 22.6–38.8%), cerebrovascular disease (13.4%; CI: 9.12–
19.2%), then chronic kidney disease (9.05%; CI: 5.57–15.0%)
(Fig. S2). Few studies have quantified the prevalence of comorbidi-
ties in deceased COVID-19 patients. We found our prevalence per-
centages to be significantly higher than some current reports. In
one meta-analysis of 38 studies, hypertension was only found in
32% of deceased patients, followed by cardiovascular disease at
13% [18]. The prevalence of chronic kidney disease was 9.6% in
fatal cases in one review, which is similar to what we found [19].
We found that these four comorbidities were also associated with
higher mortality rates.

Higher risk of hypertension (OR: 4.87; CI: 4.19–5.66), cardiovas-
cular disease (OR: 6.87; CI: 5.56–8.50), cerebrovascular disease
(OR: 4.28; CI: 2.86–6.41) and chronic kidney disease (OR: 8.86;
CI: 5.27–14.89) were observed in deceased patients (Table 2).
These ORs are also higher than previously reported. A meta-
analysis of 25 studies (n = 484 patients) indicated an mortality
OR of 2.25 for cardiovascular disease and 1.72 for hypertension
[20].
3.2. Prevalence of comorbidities in severely ill COVID-19 patients

The most prevalent comorbidity in COVID-19 patients with sev-
ere illness is hypertension (43.0%; CI: 34.0–51.9%), then cardiovas-
cular disease (23.5%; CI: 15.0–32.0%), followed by cerebrovascular
disease (8.21%; CI: 4.95–13.3%) and chronic kidney disease (8.46%;
CI: 3.72–18.1%) (Fig. S3). These results are similar to current find-
ings. A report by the COVID-19-Associated Hospitalization Surveil-
lance Network showed that amongst hospitalized COVID-19
patients with data on underlying conditions, the most common
comorbidities included hypertension (49.7%) and cardiovascular
disease (27.8%) [21]. Higher risk of hypertension (OR: 3.26; CI:
2.96–3.59), cardiovascular disease (OR: 3.16; CI: 2.84–3.52), cere-
brovascular disease (OR: 1.90; CI: 1.53–2.35) and chronic kidney
disease (OR: 1.92; CI: 1.65–2.23) were observed in the severe
group vs. non-severe group (Table 2). This is similar to other
meta-analyses that show that higher risk of hypertension (OR
2.36, CI: 1.46–3.83) and cardiovascular disease (OR 3.42, CI:
1.88–6.22) were observed in severe COVID-19 [6].
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3.3. Meta-regression with age as a moderating variable

Age has been implicated to be a moderating or confounding
variable to the results of correlations between comorbidities and
COVID-19 severity/mortality [9]. To investigate the relationship
between age and effect sizes, we used a meta-regression model.
With a few exceptions, age was a significant moderator for most
cohorts (Fig. 1) (p < 0.05).

We found that in severe or non-severe patients with cere-
brovascular disease, deceased patients with cerebrovascular dis-
ease and surviving patients with chronic kidney disease, age was
not a significant moderator. In addition, we found that age had a
slight negative association with the proportion of surviving
patients with cerebrovascular disease. Interestingly, we noticed
that age is a very strong moderating variable for the proportion
of surviving patients with hypertension or cardiovascular diseases
but a less strong moderating variable for the proportion of
deceased patients with the same conditions (Fig. 1A,B), as shown
by a p-value difference of more than 100 fold for hypertension
and more than 10 fold for cardiovascular disease. In other words,
age explains the presence of the above comorbidities very well in
patients who survived COVID-19 but does not explain as well the
presence of the same comorbidities in patients who did not survive
COVID-19. The same trend was observed for the proportion of car-
diovascular disease, cerebrovascular disease, and chronic kidney
disease, but not hypertension, in severe vs. non-severe COVID-19
patients (Fig. 1C,D). This trend may indicate that age is not a signif-
icant confounding variable, although age does contribute to the
correlation between comorbidities and COVID-19 severity or
mortality.

3.4. Correlation between the proportion of different comorbidities

We found a positive correlation between the proportions of all
the comorbidities (Fig. 2). This is not unexpected as hypertension is
a major risk factor for myocardial infarction, stroke, heart failure,
and renal failure [22,23]. Previous meta-analyses have not exam-
ined correlations between comorbidities in COVID-19 patients.

3.5. Examination of publication bias

The risk of publication bias was examined through funnel plots
and Egger’s tests (p greater than 0.05). For studies related to
COVID-19 mortality, we found that all studies, except for those
detailing the proportion of deceased COVID-19 patients with
chronic kidney disease (Fig. 3A,B), showed no significant publica-
tion bias.

For studies related to COVID-19 severity, we found that most
studies showed significant publication bias, except for those detail-
ing the proportion of severe COVID19 patients with hypertension
and cardiovascular disease (Fig. 3C,D). This could be due to studies
having different judgment criteria for severity of illness. To test the
effect of study heterogeneity on summary effects, we performed
leave-one-out sensitivity analysis to remove outlier studies and
replotted forest plots after outlier removal. We discovered that
summary effects were not significantly altered by the presence of
outliers (Table S1).
4. Discussion

In our meta-analysis, we found that hypertension, cardiovas-
cular disease, cerebrovascular disease, and chronic kidney disease
are significant risk factors for greater COVID-19 severity, which is
consistent with existing research. While we obtained similar OR
as previous reports when comparing severe to non-severe



Table 1
Study characteristics of articles included in the meta-analysis.

Source Type of Study Quality
Score

Total No.
of
Patients

Geographical Region Mortality
Rate, %

Hypertension,
%

Cardiovascular
Disease, %

Stroke/
Cerebrovascular
Disease, %

Chronic
Kidney
Disease, %

Lijun Sun et al, 2020 Observational
Case Series

6 55 Beijing 302 Hospital no deaths
reported

40 6.7 N/A 6.7

Dominic Wichmann et al,
2020

Prospective
Cohort Study

6 12 University Medical
Center Hamburg-
Eppendorf

* N/A 25 N/A N/A

Fei Shao et al, 2020 Case Series 6 136 Wuhan, China 19.3 30.2 11 3.7 N/A
Giacomo Grasselli et al,

2020
Case Series 6 1591 Milan, Italy 26 49 21 N/A 3

Wei-Jie Guan et al, 2020 Case Series 6 1590 575 hospitals across
mainland China

3.1 16.9 3.7 1.9 1.3

Chaolin Huang et al, 2020 Case Series 6 41 Wuhan, China 15 15 15 N/A 7
Jin-jin Zhang et al, 2020 Observational

Case Series
6 140 Wuhan, China no deaths

reported
32 5 2.1 1.4

Char Leung et al, 2020 Case Series 6 46 Wuhan, China * 40.5 18.6 N/A
Mohamad

Nikpouraghdam et al,
2020

Case Series 6 2968 Baqiyatallah
Hospital - Tehran,
Iran

8.06 1.99 1.25 N/A 0.6

QingChun Yao et al, 2020 Case Series 6 108 Dabieshan Medical
Center - Hubei,
China

48 14.8 3.7 N/A N/A

Xian Zhou et al, 2020 Case Series 6 110 Wuhan Fourth
Hospital

no deaths
reported

32.7 9.1 2.7 1.8

Bicheng Zhang et al, 2020 Case Series 6 82 Wuhan, China * 56.1 20.7 12.2 4.8
Ying Huang et al, 2020 Retrospective

Case Series
5 36 Wuhan, China * 58.3 13.9 22.2 8.3

Ao-Xiang Guo et al, 2020 Retrospective
Case Series

6 159 China * 41.5 28.3 10.7 5.7

Gianpaolo Benelli et al,
2020

Cohort Study 6 411 Crema, Italy 17.5 47 22.6 N/A 5.3

Fei Xiong et al, 2020 Case Series 6 131 Wuhan, China no deaths
reported

N/A 68.7 N/A N/A

Rong-Hui Du et.al, 2020 Observational
Case Series

6 179 Wuhan Pulmonary
Hospital

11.7 32.4 16.2 2.2

QingQing Chen et al, 2020 Case Series 6 145 Taizhou, Zhejiang,
China

no deaths
reported

15.2 0.7 N/A 2.1

Yun Feng et al, 2020 Case Series 6 476 Hospitals in Wuhan,
Shanghai, and
Anhui, China

no deaths
reported

23.7 8 3.6 N/A

Wonjun Ji et al, 2020 Retrospective
Case Series

6 5172 South Korea no deaths
reported

21.8 14.3 6.7 10.8

Yunfei Liao et al, 2020 Retrospective
Case Series

6 1848 Wuhan, China no deaths
reported

1.6 0.4 0.2 0.05

Chen Yanover et al, 2020 Cohort Study 6 4353 Israel no deaths
reported

14.4 7.1 1.3 8.8

Joseph E. Ebinger et al,
2020

Observational
Case Series

6 442 Los Angeles, USA 2.5 36 11 N/A N/A

Valente-Acosta, B. et al,
2020

Case Series 6 33 Mexico no deaths
reported

36.4 9.1 N/A N/A

Kim, L. et al, 2020 Cohort Study 6 2490 USA 16.9 57.4 34.6 N/A 15.5
Alberto M. Borobia et al,

2020
Cohort Study 6 2226 Madrid, Spain 20.7 41.3 19.3 N/A 7.8

Tao Chen et al, 2020 Case Series 6 274 Tongji Hospital -
Wuhan, China

41.2 34 8 1 1

Fei Zhou et al, 2020 Case Series 6 191 Wuhan, China 28.3 30 8 N/A 1
Lang Wang et al, 2020 Case Series 6 339 Renmin Hospital,

Wuhan University
19.2 40.8 15.7 6.2 3.8

Tian Gu et al, 2020 Case-control
Study

6 275 mainland China 34.2 39.6 22.5 6.9 4.4

Fan Zhang et al, 2020 Retrospective
Cohort Study

6 48 Wuhan, China 35.4 66.7 27.1 22.9 10.4

Shaobo Shi et al, 2020 Case Series 6 671 Renmin Hospital,
Wuhan University

9.2 29.7 8.9 3.3 4.2

Chen Chen et al, 2020 Retrospective
Case Series

6 132 Hubei Third People’s
Hospital, China

9.8 68.2 23.5 5.3 4.5

Guqin Zhang et al, 2020 Retrospective
Case Series

6 221 Wuhan, China 20.5 24.4 10 6.8 2.7

Michael G. Argenziano
et al, 2020

Retrospective
Case Series

6 1000 New York City, USA 21.1 60.1 23.3 7.9 N/A

Shijiao Yan Retrospective
Case Series

6 168 Hainan, China 3.6 14.3 7.1 N/A 0.6

Christopher M. Petrilli
et al, 2020

Cross-
sectional
Study

6 4103 New York City, USA 4.3 24 30.1 N/A 5.2
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Table 2
Summary of odds ratios, Q statistics, I2 statistics for comorbidities.

Variable Studied No. of Studies Odds Ratio Q Statistic I2 statistic, %

Proportion of deceased with HTN 15/36 4.87 102.3 75.9
Proportion of survivors with HTN 9/36 82.1 93.8
Proportion of severe COVID-19 with HTN 18/36 3.26 202.2 93.9
Proportion of non-severe COVID-19 with HTN 14/36 830.9 98.8
Proportion of deceased with CVD 14/36 6.87 204.7 89.3
Proportion of survivors with CVD 8/36 53.2 93.6
Proportion of severe COVID-19 with CVD 19/36 3.16 431.3 95.8
Proportion of non-severe COVID-19 with CVD 15/36 832.9 98.9
Proportion of deceased with CBVD 8/36 4.28 17.9 64.9
Proportion of survivors with CBVD 5/36 17.6 82.8
Proportion of severe COVID-19 with CBVD 9/36 1.90 43.7 81.5
Proportion of non-severe COVID-19 with CBVD 7/36 22.8 84.4
Proportion of deceased with CKD 11/36 8.86 104.3 83.2
Proportion of survivors with CKD 5/36 4.9 0.0006
Proportion of severe COVID-19 with CKD 11/36 1.92 237.2 95.2
Proportion of non-severe COVID-19 with CKD 9/36 39.5 98.3

*Abbreviations used: HTN - hypertension; CVD - cardiovascular disease; CBVD - cerebrovascular disease; CKD - chronic kidney disease.

Fig. 1. Metaregression of the comorbidities in deceased (A), surviving (B), severe (C) and non-severe (D) COVID19 patients, with age as the moderating variable.
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COVID-19 patients for these comorbidities, we found OR of mor-
tality to be much higher than previously reported for hyperten-
sion and cardiovascular disease [18,20]. Compared to studies
correlating comorbidities to COVID-19 severity, there are signifi-
cantly fewer studies correlating comorbidities to COVID-19 mor-
tality. Furthermore, studies do not agree on whether
comorbidities are correlated with mortality [4,14,15]. In our
study, we employed two classification systems for COVID-19
3759
patients: dead vs. alive and severe vs. non-severe. We demon-
strated that all four comorbidities are associated with mortality
with a higher OR than comorbidities are associated with severity
of disease, which suggests that underlying cardiovascular-related
comorbidities are more significant contributors to death from
COVID-19 than to greater COVID-19 severity. In other words, it
can be inferred that while these comorbidities and other factors
could all contribute to COVID-19 severity, these comorbidities



Fig. 2. Scatterplots of significant Spearman correlations (p < 0.05) between comorbidities.
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Fig. 3. Funnel plots of the studies involving deceased (A), surviving (B), severe (C) and non-severe (D) COVID-19 patients.
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contribute more to mortality than other risk factors that con-
tribute to COVID-19 severity.

Previous reports have strongly implicated age as a significant
risk factor for more severe COVID-19 and a risk factor for comor-
bidities. Therefore, it is highly likely that age is a confounding vari-
able in any association between COVID-19 severity/mortality and
comorbidities. We attempted to assess the effect of age on the pro-
portion of COVID-19 patients with a specific comorbidity in the
dead/alive classification and severe/non-severe classification. Age
appeared to be a significant moderator for the proportion of
COVID-19 patients with the comorbidities we analyzed. However,
the moderating effect of age is generally significantly weaker in
severe or deceased patients, compared to non-severe or surviving
patients, for these comorbidities. If age is a confounding variable,
age would be expected to correlate more with the proportion of
patients with comorbidities in the severe/deceased cohort, since
these cohorts are also composed of older patients. The fact that
age does not correlate as well with comorbidities in older patients
suggests that factors besides age are responsible for the presence of
comorbidities in severe cases of COVID-19 and patients who died
from COVID-19.

Several hypotheses could explain why cardiovascular, cere-
brovascular, and kidney-related comorbidities are correlated with
greater disease severity and mortality. The heart and kidneys were
shown to be tissues with some of the highest angiotensin-
converting enzyme 2 (ACE2) expression levels [24]. Moreover,
patients with these existing comorbidities may be taking
angiotensin-converting enzyme inhibitors (ACEI) and angiotensin
3761
receptor-blocking (ARB) drugs that further increase ACE2 expres-
sion in these organs [24–26]. The ACE2 receptor has been identified
as the host receptor for SARS-CoV-2 [27], and research has shown
that increased ACE2 expression may be associated with increased
susceptibility to SARS-CoV-2 host cell entry [28,29], leading to
greater viral spread and more severe symptoms. However, there
are also reports that higher ACE2 expression may play a protective
role in COVID-19, as it has been shown to protect against H7N9-
induced acute lung injury [30] and to reduce the inflammation in
acute respiratory distress syndrome (ARDS) animal models [31].
Furthermore, it was observed that use of ACEI and ARB drugs by
hypertensive COVID-19 patients is associated with lower risk of
mortality and improved clinical outcomes [16,32]. Instead of
ACE2 expression, it could be possible that the immune dysregula-
tions that accompanies these existing comorbidities make patients
increasingly vulnerable to COVID-19. Further research must be
done to explain the poorer prognosis of COVID-19 patients with
these existing comorbidities.

Another point of interest is the possible causative relationship
between cardiovascular and renal dysfunction, cardiorenal syn-
drome. While our results show that there is a significant positive
correlation between the proportion of patients with cardiovascular
disease and chronic kidney diseases, we cannot conclude if cardio-
vascular comorbidity increases the risk of renal dysfunction or vice
versa. Current research shows that pre-existing cardiovascular
comorbidities increase a patient’s risk of cardiovascular complica-
tions [33], such as including acute myocardial injury, myocarditis,
arrhythmias, and venous thromboembolism, and that pre-existing
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renal comorbidities increase a patient’s risk of renal complications,
such as acute kidney injury [34]. Therefore, whether cardiovascular
comorbidities increases the risk of kidney dysfunction and vice
versa, leading to cardiorenal syndrome, remains an important
future research question.

We observed that elderly COVID-19 patients are more likely to
progress to severe disease and have a higher mortality rate, which
is consistent with existing literature [35,36]. This could be due to
older individuals having less robust innate and adaptive immune
responses. For instance, the proportion of naive T cells decreases
with age [37], making older adults more susceptible to novel
pathogens. Naive T cells in older individuals also have functional
defects, such as significantly shorter telomeres and a restricted
TCR repertoire [38]. This is significant as the total number of T cells
in COVID19 patients are greatly reduced, especially in patients
requiring ICU care and older patients, limiting their antiviral
response [39]. While we established that age may not be a
confounding variable in our correlations through statistical analy-
ses, there is no way to definitively rule out the possibility of con-
founders except through discovery of mechanistic relationships.

Our study has several limitations. Firstly, we found high hetero-
geneity statistics, which could be due to the high variation in the
sample sizes of studies. However, the elimination of outlier studies
did not affect summary proportions significantly. Secondly, a num-
ber of publications were included that had incomplete or missing
data on certain comorbidities, making it difficult to investigate
their association with COVID-19 severity and mortality. In addi-
tion, Thirdly, most studies did not provide information on whether
patients had multiple comorbidities. Thirdly, we have included
observational studies, which may also be subject to interaction
bias, and preprints that have not been peer reviewed. However,
based on the Newcastle-Ottawa the scale, we have evaluated these
preprints to be of sufficient quality to include in our meta-analysis.
Lastly, we acknowledge that patients’ ongoing drug treatments
[40–42] may affect our results as well. Metformin, typically taken
by diabetic patients, is associated with reduced mortality in
COVID-19 infection [40]. However, whether the patients in this
meta-analysis had diabetes or what drugs they were taking were
not available to us from the majority of the primary studies we
sourced, due to the scope of our meta-analysis. In addition, the
effect of drugs on COVID-19 severity and mortality in different
patient populations appears to vary [43]. Thus, future meta-
analyses can include examining the effect of drugs on COVID-19
severity and mortality in patients with different comorbidities.
5. Conclusion

We found that hypertension, cardiovascular disease, cere-
brovascular disease, and chronic kidney disease are significant risk
factors for COVID-19 severity and mortality. Our study reports
some of the most conclusive correlations between comorbidities
and COVID-19 mortality found in currently published literature.
Through meta-regression analyses, we found that age does not
explain as well the presence of hypertension and cardiovascular
diseases in fatal cases of COVID-19 as it does the presence of these
comorbidities in non-fatal cases, suggesting that it may not be a
confounder. Given that it is still controversial whether there is an
association between comorbidities and COVID-19 fatality and
whether age is a confounder of these associations, our study pro-
vides critical evidence to address both questions.
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