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Aims

After the acute phase of SARS-CoV-2 infection, the onset of glycemic impairment and diabetes have been reported. Nevertheless, the exact burden of glycemic impairment and diabetes after COVID-19 has not been clearly described.





Materials and methods

Electronic search was run in Pubmed (MEDLINE), Web of Science, Scopus, and ClinicalTrial.org for reports published from database inception to September 2022. We included observational studies reporting quantitative data on diabetes prevalence or its onset in subjects with a history of SARS-CoV-2 infection from at least 60 days. Risk of bias was assessed by the JBI’s critical appraisal checklist. Random effect model was used to calculate pooled data. The review protocol was registered on PROSPERO (CRD42022310722).





Results

Among 1,630 records screened, 20 studies were included in the analysis. The mean or median age of participants ranged from ~ 35 to 64 years, with a percentage of males ranging from 28% to 80%. Only two studies were considered at low risk of bias. The estimate of diabetes prevalence, calculated on a total of 320,948 participants pooled with 38,731 cases, was 16% (95%CI: 11-22%). The estimate of proportion of incident cases of diabetes was 1.6% (95%CI: 0.8-2.7%). Subgroup analysis showed that previous hospitalization increased the prevalence of diabetes and the proportion of incident cases.





Conclusion

Diabetes is common in individuals who have experienced SARS-CoV-2 infection, especially if they required hospitalization. This data may be helpful to screen for diabetes and manage its complications in individuals who experienced COVID-19.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022310722, identifier CRD42022310722.
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Introduction

The COVID-19 pandemic is still today a global emergency and, after almost three years, its spread is far to be overcome. There are several clinical manifestations after SARS-CoV-2 infection, including medium and long-term COVID-19 sequelae, that need particular attention mostly because of their relationship with other comorbidities (1). It has been observed that advanced age and presence of comorbidities such as diabetes, hypertension and obesity are associated with the most severe forms of COVID-19 (2). Since the first reports on COVID-19 epidemic diabetic patients turned out to be at increased risk of acute complications after SARS-CoV-2 infection, and even at high risk to subsequently develop various and diverse symptoms characterizing the so-called “Long Covid syndrome” (3). Growing evidence also suggests that the numerous clinical abnormalities of long Covid might even extend to new onset diabetes (4).

The relationship between COVID-19 and diabetes can be therefore considered as bidirectional. On one hand, diabetic patients are at increased risk to be infected with SARS-CoV-2 and those with inadequate glycaemic control and chronic vascular complications have particularly high risk to develop the most severe form of the disease (5). On the other hand, there is also an increased risk of acute complications related to diabetes, considering both the pre-existing and new-onset manifestations (6), in patients with COVID-19 infection. Among the different mechanisms underlying this relationship, angiotensin-converting enzyme 2 (ACE-2) receptors could have a possible role due to their widespread localisation in key metabolic organs and tissues including pancreatic beta cells (7, 8). It has been demonstrated that SARS-CoV-2 virus enter in human cells after binding with ACE-2 receptors (9).

Growing evidence suggest that people infected with SARS-CoV-2 have increased risk of incident diabetes and incident use of antihyperglycemic therapy in the post-acute phase of the disease (4, 10), with a trend toward increasing risk according to pre-existing conventional risk factors for diabetes itself. This evidence is however not universally consistent, especially when looking at the time of onset of diabetes after SARS-CoV-2 infection (11).

According to this background, aims of our systematic review and meta-analyses were: (1) to assess the prevalence of diabetes and any types of gluco-metabolic abnormalities reported in patients been infected with SARS-CoV-2 after at least 60 days from the diagnosis; (2) to estimate the proportion of new onset diabetes after at least 60 days from the diagnosis of SARS-CoV-2 infection, in order to exclude all hyperglycaemias secondary to steroids use or related to the acute phase of the disease.





Methods




Reporting and study protocol registration

This review was conducted and reported according to the PRISMA statement (Supplementary S1) (12). The study protocol was registered in the PROSPERO register before starting literature search (CRD42022310722).





Inclusion and exclusion criteria

The review question was: which is the prevalence of metabolic impairment (any grade) and diabetes in patients with a history of SARS-CoV-2 infection? Due to the nature of the systematic review (epidemiological), we considered Condition, Context, and Population to organize our review question instead of the well-established PICO framework, specifically intended for intervention studies (13). We included studies evaluating the following conditions: a) diabetes, defined according to American Diabetes Association 2021 diagnostic criteria, or the need for oral antidiabetic treatment and/or insulin; b) dysglycemia, defined as impaired fasting glucose (fasting plasma glucose 100-126 mg/dl), and/or impaired glucose tolerance (2h-plasma glucose 140-199 mg/dl), and/or HbA1c 5.7-6.4%; c) HbA1c > 7% or any measure of high glycemic variability in patients with a diagnosis of diabetes before SARS-CoV-2 infection. In an initial version of the experimental design, we had also considered as inclusion criteria the need for oral antidiabetic treatment intensification, the new need or increase in the insulin dose and the appearance of diabetes-related complications, in order to identify the use of insulin therapy or the development of complications as indicators of worsening diabetes after SARS-CoV-2 infection. However, we did not find any studies reporting such data. Therefore, since main objective of our meta-analysis was to find data on the prevalence and proportion of new cases of diabetes following the infection, we decided to remove these inclusion criteria in the final version of the manuscript. The population of interest was composed by patients with a history of SARS-CoV-2 infection, defined as a PCR positive test, irrespective of disease severity. No specific restrictions to the context were applied. In order to control the diabetogenic effect of corticosteroid therapy used for the treatment of acute COVID-19, we excluded studies that assessed the condition within 60 days from SARS-CoV-2 infection.

Observational studies, including case series, prospective and retrospective cohort studies, cross-sectional studies, and randomized controlled trials were considered for inclusion. Reviews, editorials, comments, and any type of paper not reporting population estimates on diabetes and/or metabolic impairment were excluded from the quantitative synthesis. Only papers in English were considered.





Search strategy and information sources

We searched Pubmed (MEDLINE), Web of Science, Scopus, and ClinicalTrial.org for reports published from database inception to the date of search. The databases were searched on 4 February 2022. Literature search was performed again on the 2 September 2022 to retrieve the most recent reports. The approach used to develop search strategy was adopted from intervention studies considering the non-experimental setting, and specifically defining the population of interest, the context, and the condition. The full search strategy used for MEDLINE was strictly adapted to search the other databases (Supplementary S2).





Selection of studies

Duplicates were identified and removed by automation tools. Initially, four reviewers (CB, ID, SB, AB) independently reviewed the first 20 records and discussed inconsistency until consensus was reached. Then, two co-authors proceeded screening the remaining records by basing on title and abstract and working independently (CB, ID, SB, AB). No automation tools were used for study exclusion. Disagreement was resolved by consensus of reviewers. Full texts of the records that passed the first selection were screened by two co-authors working independently (CB, ID, SB, AB) to assure that inclusion criteria were fulfilled. In each step of records screening, the reviewer was blinded to the decision of the other one.





Data collection process

Two reviewers extracted data independently into a standardized Excel format including any relevant

information about study design, setting, number of patients, demographics, symptoms and severity of COVID-19, time to diagnosis of COVID-19, prior history of diabetes, medications, history of glucocorticoids use, measures of dysglycemia, comorbidities. The form was piloted and calibration exercises on five records were conducted prior to formal data extraction to ensure consistency between reviewers. Again, disagreement between collectors was resolved by consensus. The overall diabetes cases as well as the new-onset ones were the conditions of interest.





Study risk of bias assessment

Two reviewers (CB, ID) independently assessed the risk of bias for included studies using the Joanna Briggs Institute (JBI) checklist for prevalence studies (13). Briefly, this tool evaluates the quality of patient selection and condition ascertainment by a checklist, and give a score (maximum 9) to each study. We adopted the approach provided by Naing et al. (14) to evaluate sample size. Critical appraisal of the selected study is reported in Supplementary S2.





Statistical analysis and synthesis methods

Pooled estimates of prevalence and 95% confidence intervals were calculated by a random effect model using the Der Simonian and Laird method; and double arcsine transformations were applied to stabilize the variance. Both prevalent and incident cases were included. The overall and subgroup pooled estimates were presented by a forest plot. Heterogeneity between the included studies was quantified by I2 statistics. Subgroup analysis was carried out to detect potential sources of heterogeneity; studies were grouped together basing on hospitalization for COVID-19, duration of follow-up, and age of participants. Sensitivity analysis was performed to assess the robustness of results and it was conducted removing studies at high risk of bias, namely the studies with a score ≤ 5 at the critical appraisal. The presence of publication bias was addressed by funnel plot asymmetry and Begg’s test. All analysis were performed with MetaXL (15).






Results




Studies characteristics

After removing duplicates, 1,272 abstracts were screened for inclusion. Sixty-nine full-text articles were assessed for eligibility. We excluded 47 of these because they did not fit inclusion criteria after revision of the full texts, thus leaving 22 publications to be included. Two articles were further excluded because no quantitative data were available after contacting the Authors (16, 17). Finally, 20 original paper were included in the review (4, 18–36), with the main characteristics of the studies displayed in Table 1. The detailed selection process is depicted in Figure 1. Overall, 3 studies had a cross-sectional design (15%), while 17 studies were longitudinal cohort studies (85%). Among cohort studies, 7 (42%) had a prospective design. The number of matched-cohort studies was 3 (17%). Overall, seven registry-based studies were included. Studies were conducted mainly in Europe (n=11), followed by America (n=5); Asia (n=3); and Africa (n=1). Using JBI’s critical appraisal checklist tool for prevalence studies, only 2 studies were considered at low risk of bias attaining a full score of 9; 5 studies attained a score 7-8; 8 studies a score 5-6, and 5 studies a score < 5 (Supplementary S3).


Table 1 | Main characteristics of the studies included in the systematic review.






Figure 1 | PRISMA 2020 flow chart for the record screening, review, and inclusion.







Demographics

The mean or median age of participants ranged from ~ 35 to 64 years, with the exception of one study that included children with a mean age of 12 years (19). The percentage of males ranged from ~ 29 to 80%. Most studies (65%) enrolled hospitalized patients, while the remaining were community-based studies. Follow-up after SARS-CoV-2 infection (considering both prevalent and incident diabetes) was quite variable, ranging from 2 to 12 months. Studies assessing the presence of diabetes within 60 days from SARS-CoV-2 infection were excluded leaving only studies with longer follow-up to examine the mid/long term effect of SARS-CoV-2 infection on metabolic impairment. This approach also limited the confounding effect of corticosteroid therapy in the acute or post-acute phase of COVID-19. Almost all the studies considered type 2 diabetes mellitus as the condition of interest, with only one study considering all type of diabetes. In this case, participants were aged < 18 years so type 1 diabetes mellitus was the most prevalent condition. Due to the difference in age population (children vs adults) and the condition mainly detected in this population (T1DM vs T2DM), such study (17) was excluded from pooled estimate calculation. Overall, 1.011.852 participants were included in the quantitative analysis.





Prevalence of diabetes

Data on diabetes prevalence was available in 14 studies. These studies were at intermediate/high risk of bias with only one study considered at low risk of bias. Methods of diabetes detection were quite variable, including registry codes, interviews by trained personnel, questionnaires, electronic medical records, or not specified in one case. Only one study defined diabetes with biochemical or clinical criteria, namely high FPG, HbA1c, or prescription of diabetes medication (26). In one study data about disease progression or poor glycemic control was available, involving ~ 35% of people with previous diabetes (23). In 8 studies diabetes prevalence was the primary outcome, while in the remaining studies it was considered as secondary outcome or reported as comorbidity. For the majority of the studies included in the quantitative analysis, no significant proportion of lost to follow-up or died was reported (<5%); in 3 studies this proportion was higher ranging from 11 to 19%. Reported prevalence estimates were quite variable and ranged from a minimum of 2% in a community-based study to a maximum of 26% in patients with renal transplant. A combined total of 320,948 participants across the studies reporting on diabetes prevalence were pooled with 38,731 cases of diabetes. After fitting a random effect model to the fourteen representative studies, the pooled prevalence estimate for total cases of diabetes was 16% (95%CI: 11-22%), as shown in Figure 2.




Figure 2 | Pooled prevalence of diabetes in people with previous infection by SARS-CoV-2.



In order to detect potential sources of heterogeneity among the studies, a subgroup analysis based on the severity of previous COVID-19 was carried out. It was assumed that inpatients recruited from hospital records presented a more severe disease than individuals recruited in community-based studies. In this subgroup analysis, the pooled prevalence of diabetes was 6% (95%CI: 2-11%) when community-based studies were considered, and reach 20% (95%CI: 16-24%) for studies including only patients with previous hospitalization (Figure 3). In the latter analysis, it should be noticed that only three studies reported data about community participants, and all of them included also a small proportion of participants with previous hospitalization, ranging from ~ 8% to 19%. In order to detect other sources of heterogeneity, a random effect model including patients stratified by age was fitted. Specifically, combined prevalence of diabetes in participants aged < 60 was 14% (95%CI: 10-19%), while the one from studies including patients aged > 60 years was slightly higher, namely 21% (95%CI: 17-25%) (Supplementary S5).




Figure 3 | Pooled prevalence of diabetes in patients with previous hospitalization for COVID-19 or from community.







Proportion of incident cases diabetes

Fifteen studies reported the number of new onset type 2 diabetes cases after SARS-CoV-2 infection. About half of them (46%) were considered to be at intermediate/low risk of bias. Again, high variability regarding diabetes definition exists among the studies. In three studies, a matched-cohort study design was used to compare diabetes incidence in a group of participants with previous SARS-CoV-2 infection with a matched control group with no previous infection. In such cases people with prevalent diabetes were specifically excluded at study entry (4, 30, 34). These studies showed that in the cohort of people with previous SARS-CoV-2 infection the incidence of diabetes was higher than the corresponding historical or contemporary non-COVID-19 control cohort, suggesting that infected people might be at higher risk of developing diabetes than people who was not infected. Similar findings were reported by Barret et al. who demonstrated that type 1 diabetes incidence was higher in a pediatric cohort of patients with COVID-19 than in matched cohorts of participants without COVID-19, or with other respiratory acute infection, or without both of them (19).

Reported proportion estimate of new-onset diabetes diagnosis ranged from 0.2% to 8.6%. In the random effect model, 1,506,137 participants across the studies were pooled with 16,502 cases of new-onset diabetes. The pooled proportion of new onset diagnosis after at least 60 days from SARS-CoV-2 infection was 1.6% (95%CI: 0.8-2.7%) (Figure 4). To further investigate whether the severity of COVID-19 may explain, at least in part, the observed heterogeneity among the studies, a subgroup analysis based on previous hospitalization for COVID-19 was performed. Specifically, the pooled estimate of new-onset diabetes proportion in patients with previous hospital admission for COVID-19 was 2% (95%CI: 1.3-2.8%), while in participants from community it was 0.9% (95%CI: 0.04-2.2%) (Figure 5). If compared with the corresponding subgroup analysis for total diabetes prevalence, new-onset diagnosis proportion seems influenced by previous hospitalization to a lesser extent. Subgroup analysis based on age of participants showed that in patients aged > 60 years the proportion of new-onset diabetes is slightly higher than in younger patients (2.8% [95%CI: 1.1-4.9%] and 1.1% [95%CI: 0.3-2.3], respectively) (Supplementary S5).




Figure 4 | Pooled proportion of new onset diabetes after SARS-CoV-2 infection.






Figure 5 | Pooled proportion of new onset diabetes in patients with previous hospitalization for COVID-19 or from community.







Quality of the body of evidence

While no formal guidance for using GRADE for assessment of evidence in systematic reviews of prevalence, there is some guidance into approaching this issue using the GRADE for prognosis (37). With respect to risk of bias, the main concerns are about the methods used for the identification of the condition (Question 6 of JBI’s checklist) and the low response rate (Question 9 of JBI’s checklist), which reached the lowest score. Overall, sensitivity analysis demonstrated that the inclusion of studies at high risk of bias did not change significantly the results, so they were included in the full analysis (Supplementary S4). Analogous findings emerged with the leave-one-out method (Supplementary S7). Inconsistency was evaluated observing the variability of point estimates and the extent of overlap in confidence interval. Overall, inconsistency was judged high for both prevalence of diabetes and proportion of new cases of diabetes. At this regard, subgroup analysis tried to explain part of heterogeneity with the severity of previous COVID-19, especially when considering prevalence of diabetes as condition of interest.

Indirectness was evaluated considering the overlap between the population of interest and the studied populations. No specific source of indirectness was detected in the body of evidence since almost all the studies included participants with PCR-confirmed SARS-CoV-2 infection. Finally, asymmetry was detected in funnel plot, suggesting the presence of significant publication bias (Supplementary S6).






Discussion

In this systematic review we report the prevalence of diabetes in people with previous SARS-CoV-2 infection. Moreover, we describe the proportion on incident cases of diabetes in this population. The prevalence of diabetes was higher in patients who were hospitalized for COVID-19 and who were older than 60 years old in comparison to people not hospitalized and younger. It seems that the proportion of incident cases of diabetes may be less influenced by previous hospitalization than prevalence, suggesting that the relationship between COVID-19 and diabetes development may be less influenced by severity of the disease.

The association between SARS-CoV-2 infection and the risk of developing diabetes after COVID-19 is poorly understood. It is plausible that the direct attack of pancreatic β-cells by the virus may lead to altered glucose metabolism and diabetes in healthy people. In addition, other mechanisms have been proposed, such as autonomic dysfunction, stress hyperglycemia induced by cytokine storm, and low-grade inflammation leading to insulin resistance (38). In this systematic review we showed that prevalence of diabetes in people with previous SARS-CoV-2 infection is ~16%, and it reaches 20% when individuals who had experienced severe forms of COVID-19 were considered. To contextualize this data, it can be noticed that the prevalence of diabetes in the general population has been estimated ranging from 9% and 16% approximately, depending on geographical area (39). As already mentioned, diabetes is frequent in patients with COVID-19 and it represents a significant risk factor for severe COVID-19 (40), so it is reasonable that people with a history of severe COVID-19 may have diabetes more frequently than people not infected. Therefore, the proportion of COVID-19 survivors who had, or have developed, diabetes may be higher than expected in the general population.

A large body of evidence supports the hypothesis that COVID-19 may increase the risk of incident diabetes. For example, in a recent systematic review the risk of new-onset diabetes after COVID-19 was reported higher than in non-COVID-19 population, ranging from 11% to 276% (41). This systematic review includes three matched-cohort studies that reported increased risk of diabetes after SARS-CoV-2 infection in comparison with historical and not-historical control cohorts (4, 19, 34).

Debate regarding the association between COVID-19 severity and diabetes development is also reported. For example, in the study of Holman et al. the incidence of diabetes was not significantly different between patients with COVID-19 and pneumonia in comparison to patients with COVID-19 without pneumonia, irrespective of hospitalization (42). In the systematic review of Almas et al, the pooled prevalence of new onset diabetes was 0.46%, slightly lower than the one observed in the present review (43). It should be noticed that in this case only three of the included studies reported about new onset diabetes, with a significantly lower number of patients, leading to a higher grade of imprecision of that estimate. Satish et al. reported a pooled proportion of new onset diabetes of ~ 14% in individuals with COVID-19 (44). In that study diabetes diagnosis was made during hospitalization, or often not specified, including also the cases of secondary hyperglycemia due to infection itself and/or corticosteroid therapy. Several other meta-analyses have been published on the association between diabetes and COVID-19. Most of them have focused on the new-onset diabetes after COVID-19, reporting significant increased risk in COVID-19 patients compared with non-COVID-19 controls. However, all these studies considered follow-up periods that were too close to the detection of infection - thus not resolving the issue of potential confounding by stress hyperglycemia – and did not distinguish new onset of diabetes according to COVID-19 severity (45–48).

Another systematic review estimated an incidence of diabetes of 2.19% in studies with a follow-up of less than three months, and 0.91% in studies with a follow-up of more than six months, providing results that are not dissimilar to ours in terms of new cases of diabetes after COVID-19 (49). Finally, an extensive meta-analysis of 729 studies quantified the overall prevalence of diabetes in various COVID-19 disease stages, with an overall estimate of 14% which is quite close to what was observed in our study. However, it did not provide data on the incidence of new cases of diabetes after COVID-19 (50).

The strength of the present systematic review is that our results are free from the confounding effect of stress-induced hyperglycemia activated by the infection and corticosteroid therapy, frequently used in these cases. Additionally, we focused on both incidence and prevalence data in the attempt to provide a comprehensive view of the relationship between COVID-19 and diabetes. With respect to the limitations of the body of evidence collected in this systematic review, only 2 studies out of 20 were considered at low risk of bias and only English language papers were included. However, we believe the impact of language bias was somewhat limited since the vast majority of literature in this field is in English. In addition, non-English language reports accounted for just 1.5% of the total reports searched. Second, an accurate measure of incidence of diabetes was not available from the included studies, but only the proportion of incident cases in studies considering different follow-up, ranging from 2 to 12 months. We should also acknowledge that, while a follow-up period of at least two months after SARS-CoV-2 infection may be enough to minimize the hyperglycemic effect of concomitant corticosteroid therapy, the confounding effect of persistent inflammation - particularly after the most severe form of COVID-19 (51, 52) - on insulin-resistance and glucose homeostasis cannot be ruled out. The consequence is that the generalization of these results should be considered with caution.

In conclusion, this systematic review shows that diabetes is common in individuals who have experienced SARS-CoV-2 infection, especially if they had required hospitalization. This information may be helpful for clinicians and health care systems to plan adequate screening and follow-up programs in this specific population.
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