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ARTICLE INFO ABSTRACT

Keywords: Background: COVID-19 might be a risk factor for various chronic diseases. However, the association between
COVID-19 COVID-19 and the risk of incident diabetes remains unclear. We aimed to meta-analyze evidence on the relative

Long COVID risk of incident diabetes in patients with COVID-19.
Diabetes

Public health

Methods: In this systematic review and meta-analysis, the Embase, PubMed, CENTRAL, and Web of Science

databases were searched from December 2019 to June 8, 2022. We included cohort studies that provided data on
the number, proportion, or relative risk of diabetes after confirming the COVID-19 diagnosis. Two reviewers
independently screened studies for eligibility, extracted data, and assessed risk of bias. We used a random-effects
meta-analysis to pool the relative risk with corresponding 95 % confidence intervals. Prespecified subgroup and
meta-regression analyses were conducted to explore the potential influencing factors. We converted the relative
risk to the absolute risk difference to present the evidence. This study was registered in advance (PROSPERO

CRD42022337841).

Main findings: Ten articles involving 11 retrospective cohorts with a total of 47.1 million participants proved
eligible. We found a 64 % greater risk (RR = 1.64, 95%CI: 1.51 to 1.79) of diabetes in patients with COVID-19
compared with non-COVID-19 controls, which could increase the number of diabetes events by 701 (558 more to
865 more) per 10,000 persons. We detected significant subgroup effects for type of diabetes and sex. Type 2
diabetes has a higher relative risk than type 1. Moreover, men may be at a higher risk of overall diabetes than
women. Sensitivity analysis confirmed the robustness of the results. No evidence was found for publication bias.
Conclusions: COVID-19 is strongly associated with the risk of incident diabetes, including both type 1 and type 2
diabetes. We should be aware of the risk of developing diabetes after COVID-19 and prepare for the associated
health problems, given the large and growing number of people infected with COVID-19. However, the body of

evidence still needs to be strengthened.

1. Introduction respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 has
infected >530 million people, of which >6.3 million have died since

Coronavirus disease 2019 (COVID-19) is one of the most significant June 23, 2022 [1]. Recent research has indicated that COVID-19 might
pandemics in human history caused by the virus known as severe acute be a risk factor for various chronic diseases [2], which means new health
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problems will be added to the already tough ones. Patients and society
must bear more severe public health problems if we do not pay
attention.

Diabetes is one of the most widespread and burdensome chronic
diseases, and causes a major public health concern worldwide [3-5].
Unfortunately, evidence suggests a bidirectional relationship between
diabetes and COVID-19 [6]. Both pre-existing diabetes, and new-onset
diabetes after infection are important factors in increasing the risk of
serious adverse outcomes (e.g. acute respiratory distress syndrome,
intensive care unit admission, mechanical ventilation use, death) in
patients with COVID-19 [6-12]. Meanwhile, an increased incidence of
diabetes has been reported in patients following a COVID-19 diagnosis
[13,14]. Both type 1 diabetes (T1D) and type 2 diabetes (T2D) may be
induced by COVID-19, although the underlying mechanisms have not
been fully explored [15,16]. This highlights the extraordinary impor-
tance of raising awareness of the risk of diabetes in patients with COVID-
19 and identifying potential factors that influence the risk [14].

Therefore, this systematic review and meta-analysis aimed to
comprehensively assess the relative risk of diabetes in patients with
COVID-19 compared with uninfected populations and to explore the
potential influencing factors.

2. Material and methods
2.1. Registration

We followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) [17] and Meta-analysis of Observational
Studies in Epidemiology (MOOSE) [18] to perform and report the pre-
sent results. The protocol was registered in the International Prospective
Register of Systematic Reviews (https://www.crd.york.ac.uk/prospero
/display_record.php?ID=CRD42022337841).

2.2. Search strategy

A systematic search was carried out using a highly sensitive search
strategy that included both MeSH terms and free text words related to
“COVID-19,” “diabetes,” and “cohort.” We searched Embase, PubMed,
Cochrane Central Register of Controlled Trials (CENTRAL), and Web of
Science databases from their inception to June 8, 2022, and the full
search strategy is provided in Appendix Table S1. In addition, the ref-
erences of the relevant articles were checked to identify additional
eligible studies. No restrictions were imposed on language and publi-
cation states.

2.3. Study selection

Eligible studies were cohort studies that assessed the association
between COVID-19 infection and incident diabetes. We excluded studies
that did not explicitly report a diagnosis of diabetes or COVID-19; for
example, we did not include studies that focused only on hyperglycemia
or the pandemic. Conference proceedings, letters and editorials were
excluded. When studies were from the same cohort without new infor-
mation of interest, we included only those with a larger sample size and
longer follow-up duration. Appendix Table S2 presents the detailed
eligibility criteria.

After pilot testing, teams of two reviewers (HHL and MYS, BP, and
JW) independently performed the literature selection, including
screening titles and abstracts, using the online literature management
software Rayyan [19], and further evaluating the full text for possible
eligibility. The reviewers resolved disagreements through discussion or
through arbitration by a senior reviewer (LG).

2.4. Data extraction

After two rounds of pilot testing, a standardized data collection form
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was used to extract data of interest by two reviewers (HHL and MYS) in
duplicate. We used the first author’s last name and the year of publi-
cation to identify each study and cohort. We collected information on
study characteristics (type of design, name of cohort), participants
(source, age, sex, ethnic origin, country), study design (length of follow-
up, method of diagnosing COVID-19, ascertainment of diabetes, vari-
ables that were entered into the multivariable model as potential con-
founders), and the rate or the risk of diabetes (estimates with their 95 %
confidence intervals). The pooled effect of diabetes was estimated using
the risk for all types of diabetes reported in the primary studies. We used
90 % as a threshold to categorize outcomes as T2D or T1D. For example,
if a cohort involved >90 % T2D, we categorized the cohort outcome as
T2D. We also extracted data of interest from the subgroup analysis. We
first calculated the overall effect using a fixed effects model for cohorts
reporting stratified estimates. We preferentially used estimates from
comparisons with contemporary general population controls. We con-
tacted the cohort database used by the authors in an attempt to obtain
any missing data to support further analysis, but ultimately did not
obtain access. Any conflicts in the extraction were resolved by consensus
with all authors.

2.5. Risk of bias of individual cohorts

Two reviewers (HHL and MYS) independently assessed the risk of
bias (quality) of each cohort using the risk of bias assessment in-
struments modified by the CLARITY (Clinical Advances Through
Research and Information Translation) Group at McMaster University,
including 8 items: consistency of exposed and non-exposed cohorts,
confidence in exposure assessment, exclusion of interested outcomes,
prognostic variables adjusted, confidence in prognostic factors assess-
ment, confidence in outcome assessment, adequacy of follow-up, and
similarity of co-interventions [20]. Reviewers rated each item as “defi-
nitely/probably low risk of bias” and “probably/definitely high risk of
bias” based on a detailed instruction presented in Appendix Table S3. A
cohort with two or more “definitely no” and “probably no” would be
suspected of having a serious risk of bias.

2.6. Data synthesis

In this meta-analysis, we used relative risks (RRs) and corresponding
95 % confidence intervals (95%CIs) from multivariable models with the
most adequate adjustment for potential confounders to assess the risk of
diabetes in populations with and without COVID-19. For cohorts that
did not report risk estimates, we used the rate ratio or calculated the
relative risk by using the matched number of events and the number of
total. The random effects model and DerSimonian and Laird method
were used to estimate the overall effect in Stata 15.1 [21]. Statistical
heterogeneity among cohorts was evaluated by Cochran’s Q-test and the
proportion of the total variation caused by heterogeneity was quantified
using 2 [22]. In addition, we also visually evaluated the consistency of
forest plots to avoid situations where the I? statistic might be inflated
when the effect estimates from the main study were highly precise [23].

Subgroup analyses were conducted if two or more cohorts were
included. We preferentially used subgroup data reported in the original
studies, including age (<18 years vs. 18-65 years vs. >65 years, a pre-
defined hypothesis of larger effect in the older group), gender (male vs.
female, a predefined hypothesis of larger effect in the female popula-
tion), the interval between diabetes incidence after COVID-19 diagnosis
(>1 day vs. at least 30 days, a predefined hypothesis of larger effect in
>1 day), type of diabetes (T1D vs. T2D vs. diabetes, a predefined hy-
pothesis of larger effect in diabetes), type of control (contemporary
control vs. historical control, general population vs. specific patients, a
predefined hypothesis of larger effect in historical control and general
population), location (U.S. vs. Europe, a predefined hypothesis of larger
effect in the U.S.), and ethnicity (black vs. white, a predefined hypoth-
esis of larger effect in black). Meta-regression models were fitted to
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investigate the effect of continuous variables, including mean age,
length of follow-up, and the proportion of specific races and females.
The P values of the interaction test (Pinterqcion) Were calculated using
meta-regression to examine the subgroup differences. A significant
subgroup effect was detected when Pjperaction < 0.05. Sensitivity analyses
were performed to evaluate each cohort’s influence on the overall
pooled estimate by sequentially omitting one cohort at a time.
Furthermore, absolute risk differences were calculated using baseline
risk computed from the median diabetes risk in the non-exposed group
of the included cohorts [24]. We evaluated the publication bias through
Begg’s and Egger’s tests as well as a visual inspection of funnel plots
recommended by Cochrane Handbook for Systematic Reviews of In-
terventions [22].
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3. Results
3.1. Study selection and characteristics

Our electronic search yielded 9138 unique records, of which 224
were potentially eligible (Fig. 1). After full text reviews, we excluded
214 (Appendix Table S4 for exclusion reasons): 19 were not relevant to
the research question, 44 did not exclude pre-existing diabetes, 106 did
not include non-COVID controls, 31 focused on inappropriate exposure,
nine focused on inappropriate outcomes, one focused on inappropriate
participants, two were letters and commentaries, and two were dupli-
cated data sources. In addition, Wander et al. [25] and Al-Aly [26]
assessed populations from the same database as that of Xie et al. [27].
We included Xie’s cohort because it had a larger sample size, longer
follow-up duration, and more adequate data. Additionally, 10 articles,
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including 11 cohorts, proved eligible [27-36], of which two articles
were pre-printed [28,32].

Table 1 summarizes the characteristics of all the included cohorts.
Seven of the 11 retrospective cohorts included populations from the
United States [27,29-31,33,34], three from Europe (England, Scotland,
and Germany) [32,35,36], and one from the global population [28].
Among all cohorts, >4.5 million participants with COVID-19 during the
pandemic (after December 2019) and >42 million people without either
COVID-19 or diabetes were included. Participants in the control group
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were the general population or patients with specific diseases (Appendix
Table S5 shows the diagnostic criteria for COVID-19, diabetes, and
specific diseases). The population covered all age groups with a mean
age of 41 years and was followed up from 6 months to 22 months. Sex
ratios were balanced across most cohorts. Eight of the 11 cohorts re-
ported T2D, and three cohorts reported T1D. Three cohorts included
diabetes diagnosed at least a month after a positive COVID-19 record.
Two cohorts had a diagnosis interval of 3 weeks. The other five cohorts
had only 1 day for the interval.

Table 1
Characteristics of included cohorts.
Cohort Region Participants COVID-19 Diabetes Type®  Control group” Participants, n Mean Female, Interval, Follow-
source criteria® criteria® (after age, % days® up,
matching) years months®
Ayoubkhani, UK. Hospital Medical Medical Type General COVID: COVID: 45.1 NR 8.4
2021 Episode records, records 2 population 47,780; 64.5;
Statistics Laboratory control: control:
Admitted test, ICD-10 47,780" 64.5
Patient Care
and GDPPR
Barrett, u.s. IQVIA Medical Medical Type General COVID: COVID: 50.1 >30 12
2022a records, ICD- records, 2 population, and 80,893; 12.3;
10 ICD-10 historical ARI control: control:
patients, 404,465 12.3
respectively
Barrett, u.s. Health Verity Medical Medical Type General COVID: COVID: 50.1 >30 16
2022b records, PCR, records, 2 population 439,439; 12.7;
ICD-10 ICD-10 control: control:
439,439" 12.7
Birabaharan, uU.s. TriNetX Medical Medical Type Historical COVID: Range: 50.0 >1 6
2022 records, PCR, records, 2 influenza 324,360; >18
ICD-10 ICD-10 patients control:
330,734"
Cohen, 2021 U.s. United Health Medical Medical Type General, COVID: COVID: 58.0 >21 12
Group Clinical records, PCR, records, 2 historical 81,850; 76.9;
Discovery ICD-10 ICD-10 population, and control: control:
Database historical vLRTI 1,968,898 75.7
patients,
respectively
Daugherty, u.s. United Health Medical Medical Type General, COVID: COVID: 49.8 >21 10
2021 Group Clinical records, PCR, records, 2 historical 203,967; 41.7;
Discovery ICD-10 ICD-10 population, and control: control:
Database historical vLRTI 8,528,786 42.4
patients,
respectively
McKeigue, UK. REACT-SCOT Medical Medical Type General COVID: Range: 49.7 >1 20.6
2022 records, PCR records 1 population 365,080; <35
control:
1,484,331
Pietropaolo, Global TriNetX Medical Medical Type General COVID: COVID: 45.0 >1 17
2022 records, PCR, records, 1 population 273,807; 18.6;
ICD-10 ICD-10 control: control:
273,930" 11.2
Qeadan, 2022  U.S. Cerner Real- Medical Medical Type General COVID: COVID: 54.1 >1 22
World Data records, records, 1 population 2,489,266; 44.5;
Laboratory ICD-10 control: control:
test 24,803,613 41.1
Rathmann, Germany  Disease Medical Medical Type AURI patients COVID: COVID: 45.6 >1 16.7
2022 Analyzer records, ICD- records, 2 35,865; 42.6;
10 ICD-10 control: control:
35,865" 42.6
Xie, 2022 u.s. CDW Medical Medical Type General, and COVID: COVID: 11.3 >30 11.6
records, records, 2 historical 181,280; 60.9;
Laboratory ICD-10 population, control: control:
test respectively 4,278,701 61.5

vLRTL viral lower respiratory tract illness; ARI: acute respiratory infection; AURI: acute upper respiratory tract infection; CDW: Corporate Data Warehouse; COVID-19:
coronavirus disease 2019; GDPPR: General Practice Extraction Service Data for Pandemic Planning and Research; ICD-10: International Classification of Diseases 10;
NR: not report; PCR: polymerase chain reaction; REACT-SCOT: Rapid Epidemiological Analysis of Comorbidities and Treatments as risk factors for COVID-19 in

Scotland; SCI-Diabetes: the Scottish Care Information-Diabetes.

@ Detailed diagnostic criteria for COVID-19, diabetes, and specific diseases are presented in Appendix Table S5.

b After 1:1 propensity score matched.
¢ The type of diabetes predominantly reported.

4 Interval between the first diagnosis of COVID-19 and collection of information on diabetes onset.

¢ Maximum follow-up duration.
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3.2. Risk of bias of individual cohorts

Overall, all cohorts had no or one item evaluated as probably/defi-
nitely high risk of bias; therefore, we considered that all of them were at
low risk of bias. However, there are still some concerns. One cohort
might not be sufficiently representative because the participants
assessed were U.S. veterans [27]. Another cohort selected patients with
influenza diagnosed from 2018 to 2021 as the control group [29]. Three
cohorts were not adequately matched or adjusted for prognostic vari-
ables [32-34], which were adjusted for age, sex, and a few other vari-
ables. The potential confounding variables adjusted or matched in
cohorts are presented in Appendix Table S6. A summary of the assess-
ment with justification is presented in Appendix Table S7.

3.3. Meta-analysis

Eleven cohorts including a total of 47.1 million participants (4.5
million patients with COVID-19 and 42.6 million controls) reported on
the risk of overall diabetes. A random effects model meta-analysis
demonstrated that COVID-19 was associated with a 64 % greater risk
of diabetes (RR = 1.64, 95 % confidence interval: 1.51 to 1.79; absolute
risk difference = 701 more per 10,000 persons, 558 more to 865 more;
2 = 91.1 %; Fig. 2).

Subgroup analyses are summarized in Table 2. For the different types
of diabetes, a stronger association between COVID-19 and T2D was
detected with a statistically significant subgroup effect (Pinteraction =
0.001, Fig. 2). The risk of T2D after COVID-19 infection (RR = 1.78, 95
% confidence interval: 1.56 to 2.02; 1287 more per 10,000 persons, 924
more to 1683 more) was higher than that of T1D (RR = 1.42, 95 %
confidence interval: 1.38 to 1.46; 52 more per 10,000 persons, 47 more
to 57 more).

With stratification by age, adolescents and children (0-18 years)
with COVID-19 had a 74 % greater diabetes risk (1.74, 1.35 to 2.24; 810

Risk Ratio
SE Weight 1V, Random, 95% CI

Study or Subgroup log[Risk Ratio]
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more per 10,000 persons, 383 more to 1358 more) compared with
general contemporaries. In elderly patients (>65 years), the risk esti-
mate was 1.50 (1.36 to 1.65; 548 more per 10,000 persons, 394 more to
712 more). The risk estimate for younger adults aged 18 to 65 was 1.44
(1.31 to 1.58; 482 more per 10,000 persons, 339 more to 635 more). No
statistically significant differences were detected between the age sub-
groups (Pingeraction = 0.375, Appendix Fig. S1). With stratification by sex,
the risk estimate pooled from two American cohorts indicated a possibly
greater risk for males (1.45, 1.37 to 1.53; 488 more per 10,000 persons,
405 more to 576 more) (Pipreraction = 0.050, Appendix Fig. S2). No sta-
tistically significant differences in diabetes risk among regions and races
were found (Pinteracion = 0.483 and 0.093, respectively, Appendix
Figs. S3 and S4). Meta-regression found no significant association be-
tween mean cohort age, the proportion of black, the proportion of fe-
males, and the pooled effect (Pjneraction = 0.455, 0.216, and 0.586,
respectively, Appendix Figs. S5-S7).

Ten cohorts comprised contemporary controls, of which three
comprised both contemporary and historical controls. The other
comprised historical controls. The relative risk of diabetes did not
change significantly when compared to different period controls (Pier-
action = 0.336, Appendix Fig. S8). Besides, no statistically significant
differences were detected between compared to general or patients
controls (influenza, viral lower respiratory tract illness or acute upper
respiratory tract infections patients) (Piteracion = 0.148, Appendix
Fig. S9). The onset of diabetes was not included until at least three weeks
after the diagnosis of COVID-19 in half of the cohorts. In contrast, other
cohorts assessed diabetes onset at any time, 24 h after the patients were
diagnosed with COVID-19. The differences between the subgroups were
not statistically significant (Piteraction = 0.658, Appendix Fig. S10).
Further meta-regression models found no significant association be-
tween the length of follow-up and pooled estimate (Pinteraction = 0.147,
Appendix Fig. S11). In addition, as suggested by the reviewers, we
performed a posteriori comparison of the results from the risk-based

Risk of Bias
ABCDEFGH

Risk Ratio
1V, Random, 95% CI

1.2.1T1D

McKeigue, 2022 0.3646432 0.126642 6.3%
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Subtotal (95% Cl) 24.5% 1.42 [1.38, 1.46] '

Heterogeneity: Tau? = 0.00; Chi? = 0.25, df = 2 (P = 0.88); I> = 0%
Test for overall effect: Z = 24.60 (P < 0.00001)
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1.2.2 T2D
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Cohen, 2021 0.6729445 0.103435  7.8% 1.96 [1.60, 2.40] ——
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(F) Confidence in outcome assessment

(G) Adequacy of follow-up

(H) Similarity of co-interventions

Fig. 2. Relative risk of diabetes, type 1 diabetes, and type 2 diabetes in patients with COVID-19 compared with those without COVID-19.
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Table 2
Prespecified subgroup meta-analyses of diabetes risk in patients with COVID-19.

Metabolism 137 (2022) 155330

Stratification and categories Cohorts, n Pooled relative risk (95 % Population risk per 10,000 Risk difference per 10,000 persons (95 % 1(%)  Pinteraction
CI) persons” CI)
Overall 11 1.64 (1.51 to 1.79) 1095 701 (558 to 865) 91.1 -
Type of diabetes
Type 2 diabetes 8 1.78 (1.56 to 2.02) 1650 1287 (924 to 1683) 93.6 0.001
Type 1 diabetes 3 1.42 (1.38 to 1.46) 123 52 (47 to 57) 0 -
Region
u.s. 7 1.54 (1.43 to 1.65) 1095 591 (471 to 712) 88.2 0.483
Europe 3 1.93 (1.09 to 3.42) 1095 1018 (99 to 2650) 93 -
Global 1 1.30 (0.91 to 1.86) 1095 331 (—97 to 945) - -
Age
0-18 5 1.74 (1.35 to 2.24) 1095 810 (383 to 1358) 90.5 0.375
18-65 5 1.44 (1.31 to 1.58) 1095 482 (339 to 635) 83.3 -
>65 3 1.50 (1.36 to 1.65) 1095 548 (394 to 712) 77.8 -
Race
Black 2 1.49 (1.33 to 1.68) 1095 537 (361 to 745) 85.3 0.093
White 2 1.27 (1.1 to 1.47) 1095 296 (110 to 515) 96.3 -
Sex
Male 2 1.45 (1.37 to 1.53) 1095 488 (405 to 576) 76.7 0.05
Female 2 1.35 (1.30 to 1.41) 1095 388 (331 to 448) 0 -
Control
Contemporary control 10 1.67 (1.52 to 1.85) 1095 734 (569 to 931) 91.6 0.336
Historical control 4 1.55(1.38 to 1.74) 1095 602 (416 to 810) 91 -
Type of control
Compared to specific 5 1.49 (1.31 to 1.69) 1095 537 (339 to 756) 68.2 0.148
patients
Compared to general 9 1.68 (1.52 to 1.86) 1095 745 (569 to 942) 92.9 -
patients
Diagnosis interval
At least 3 weeks 6 1.58 (1.34 to 1.85) 1095 635 (372 to 931) 90.5 0.355
Very short interval 5 1.46 (1.39 to 1.52) 1095 504 (427 to 569) 32.4 -

@ Based on the median baseline risk from the non-exposed group of included cohorts.

studies to those from the rate-based studies. No significant difference
was found (Pjnteraction = 0.431).

In the sensitivity analysis, we found that no individual estimate
significantly influenced the overall effect (Appendix Fig. S12). The
pooled estimate remained robust (P = 0.702) with the exclusion of two
preprint cohort studies. In addition, we did not find evidence of publi-
cation bias in either Begg’s or Egger’s tests (P = 0.350 and P = 0.054,
respectively).

4. Discussion
4.1. Principal findings

Based on 11 retrospective cohorts involving 47,120,129 participants,
primarily from the United States and Europe, we found that COVID-19
was associated with a 64 % increased risk of overall diabetes. Further-
more, the magnitude of the effect of COVID-19 on T2D was significantly
greater than that on T1D. The risk was also consistent compared with the
historical controls and respiratory infection controls. In summary, there
is a significant association between COVID-19 infection and the devel-
opment of diabetes in the general population. Therefore, the manage-
ment, prevention, and screening of diabetes in COVID-19 survivors
should be strengthened.

4.2. Strengths and limitations

The study was guided by a predefined protocol. The strengths of this
meta-analysis mainly include explicit eligibility criteria; a comprehen-
sive literature search; the independent assessments of study eligibility,
data extraction, and risk of bias; the large sample size of included co-
horts; a transparent statistical analysis based on estimates fully adjusted,;
the presentation of absolute effects; and the sufficient subgroup factors
were explored. We also presented the absolute effects of overall dia-
betes, T1D, and T2D, respectively, to better understand the results.
Sensitivity analyses further supported the robustness of our results.

However, this study had several limitations. First, social, behavioral,
and health care practices, such as lockdown, have changed dramatically
during the pandemic. Changes in these factors may impact the associ-
ation between COVID-19 infection and an increased risk of diabetes. The
conclusions we draw at the moment may change over time as the
pandemic continues, the virus mutates, and treatment strategies
improve. Second, diabetes in the included cohort was primarily identi-
fied by the International Classification of Diseases (ICD). For instance,
using one or more ICD-10 E11 to identify T2D patients showed a 78 %
sensitivity in DEpiC (the VA Diabetes Epidemiology Cohort) [37]. Thus,
we cannot rule out the possibility that some diabetes cases were missed.
Thirdly, this systematic review was based on observational studies.
Although we used the results from the fully adjusted models, the residual
confounding or other biases may still be present. Fourthly, the number
of cohorts for the subgroups was insufficient (e.g., two cohorts for sex,
and two cohorts for the race); therefore, the results of these subgroup
analyses might be unreliable. Fifthly, although we used a priori specified
subgroup analysis and meta-regression, we failed to explore the source
of heterogeneity. The limited information reported in included studies is
a possible reason, and the residual heterogeneity also increased our
uncertainty about the results. Sixthly, although polymerase chain reac-
tion (PCR) tests have been used to diagnose COVID-19 in most cohorts,
there are still differences in the diagnostic methods across studies. A few
cohorts have specifically declared the use of antigen tests. As the use of
antigen tests might be more common, this adds to some of doubts about
the certainty of the diagnosis [38]. We might still be unable to establish
a strong causal association between COVID-19 infection and increased
diabetes risk due to these limitations. Future cohort studies are needed
to strengthen the evidence body.

4.3. Comparison with other studies

The magnitude of the apparent effect of COVID-19 on diabetes out-
comes echoes the incidence of diabetes in patients with COVID-19 re-
ported or summarized in previous studies [13,39]. Furthermore, the
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relative risk and absolute risk difference based on the comparison be-
tween people with and without COVID-19 could better describe the
adverse effects of COVID-19 on diabetes. Although the incidence of T1D
is relatively low, a previous review found a potentially strong associa-
tion between COVID-19 and T1D incidence [40]. For T2D, the risk es-
timates and 95 % confidence intervals for all included cohorts indicated
a statistically significantly higher risk. Two meta-analyses have
addressed this topic [41,42]. They also concluded that COVID-19 is
associated with a higher risk of diabetes than controls without COVID-
19. However, these two studies included only half of the cohorts we
included (one included 5, and another had 6). We also performed more
comprehensive analysis strategies, such as a priori specified subgroup
analysis and meta-regression. We used absolute effects to represent risk.
These advantages make it more likely that solid conclusions will be
drawn.

4.4. Potential interpretations of findings

Current studies have explained the potential mechanism for the as-
sociation between COVID-19 infection and diabetes risk. A study
explored the intricate relationship and underlying mechanisms between
COVID-19 and diabetes, and suggested that SARS-CoV-2 can directly
induce f cell killing [43]. The development of T1D could be catalyzed
when the populations of functional f cells are damaged and depleted
[44]. As early as 2009, a study indicated that the binding of SARS
coronavirus to its receptor could damage islets and cause acute diabetes
[45]. The induction and exacerbation of insulin resistance by SARS-CoV-
2 may be the underlying mechanism [46]. In addition to the effects of
SARS-CoV-2 infection itself, the lockdown environment during a
pandemic might progress T2D in hyperglycemic or other potentially at-
risk populations [47]. However, another study concluded that SARS-
CoV-2 is not directly cytotoxic to [ cells because angiotensin-
converting enzyme 2 (ACE2) and transmembrane serine protease 2
(TMPRSS2) were not detected in f cells of the human pancreas [48].

In addition, all aspects of health worldwide have been affected by the
COVID-19 pandemic. Given the large and growing number of people
infected with COVID-19 [1], any consequent adverse effects are too
many for patients and society to bear, not to mention diabetes which is
already difficult to manage. Furthermore, patients with both COVID-19
and new-onset diabetes had the highest rate of admission to the ICU and
had a greater relative risk of all-cause mortality than patients with pre-
existing diabetes or hyperglycemia reported in a study in China [11].
The development of diabetes in patients with COVID-19 has complex
additive effects on multiple diseases and adverse outcomes. Although
relevant issues remain to be further explored and explained, the evi-
dence in this meta-analysis suggests that increased attention and care for
diabetes risk in patients with COVID-19 should be addressed in response
to a public health problem that may be extremely serious in the future
[49].

5. Conclusions

The pooled risk for large cohort studies involving >47.1 million
participants demonstrated an apparent association between COVID-19
and the risk of incident diabetes, including both type 1 and type 2 dia-
betes. Since diabetes has not only long been an important health concern
worldwide but also a major factor in adverse outcomes for patients with
COVID-19, we should be alert to the diabetes risk in the growing number
of people with COVID-19, and be prepared to address the associated
health issues.
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