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Background: The estimated global latent tuberculosis infection (LTBI) burden indicates a large reservoir of population at risk of developing active tuberculosis (TB). Previous studies suggested diabetes mellitus (DM) might associate with LTBI, though still controversial. We aimed to systematically assess the association between DM and LTBI.

Methods: We searched PubMed, Embase, Cochrane Library and Web of Science. Observational studies reporting the number of LTBI and non-LTBI individuals with and without DM were included. Random-effects or fixed-effects models were used to estimate the pooled effect by risk ratios (RRs) and odds ratios (ORs) and its 95% confidence interval (CI), using the original number of participants involved.

Results: 20 studies involving 4,055,082 participants were included. The pooled effect showed a significant association between DM and LTBI (for cohort studies, RR = 1.62, 95% CI: 1.02–2.56; for cross-sectional studies, OR = 1.55, 95% CI: 1.30–1.84). The pooled OR was high in studies with healthcare workers (5.27, 95% CI: 1.52–8.20), refugees (2.88, 95% CI: 1.93–4.29), sample size of 1,000–5,000 (1.99, 95% CI: 1.49–2.66), and male participants accounted for less than 40% (2.28, 95% CI: 1.28–4.06). Prediabetes also associated with LTBI (OR = 1.36, 95% CI: 1.01–1.84).

Conclusion: The risk of LTBI was found to be a 60% increase in DM patients, compared with non-DM patients. LTBI screening among DM patients could be of vital importance. More studies are needed to explore appropriate strategies for targeted LTBI screening among DM patients.
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INTRODUCTION

Tuberculosis (TB) is a major infectious disease and one of the top ten causes of death worldwide, which has caused 1.4 million deaths in 2020 (1). Latent tuberculosis infection (LTBI) is a state of persistent immune response to stimulation by M. tuberculosis antigens with no evidence of clinically manifest Tuberculosis disease (2). Several studies showed the global prevalence of LTBI was over 20%, and the proportion came to over 30% in areas with high TB incidence (3–5). Active TB disease is the leading cause of death from a single infectious agent (ranking above HIV/AIDS), despite being curable and preventable (1). WHO estimates that 5–15% of LTBI individuals will fall ill with active TB disease (5). Moreover, the estimated global LTBI burden clearly indicates a large reservoir of population at risk of developing active TB. WHO aimed to end the global TB epidemic, but most countries failed to reach the 2020 milestones of the End TB Strategy, which required a 20% reduction of TB incidence rate between 2015 and 2020 (1, 6). For high-risk populations, TB preventive treatment (TPT) could reduce the risk of developing active TB disease, which emphasized the importance of identifying high-risk populations for LTBI testing and TPT (2).

Diabetes mellitus (DM) is a chronic and metabolic disease characterized by elevated levels of blood glucose (or blood sugar), which can impair the immunity of individuals and increase the susceptibility to various infectious diseases (7, 8). The global prevalence of DM was rising and it was the eighth leading cause of global disability-adjusted life-years in 2019 (9). In 2015, an estimated 8.8% or 415 million people were living with DM worldwide, nearly double the 4.6% (151 million) estimated in 2000, and this number was expected to increase to 10.4% (642 million) by 2040 (10). The association between DM and the risk of active TB has been well established (11). Previous studies had shown that DM could triple the risk of developing TB disease, leading to adverse TB treatment outcomes such as prolongation of culture conversion, treatment failure, relapse, and death (12–14).

However, people with DM are not recommended to get systematic LTBI testing and TPT, unless they also belong to other risk groups (2). Evidence on the association between DM and the risk of LTBI was still limited. Previous meta-analyses had shown that DM was associated with the risk of TB (15, 16), yet the association between DM and LTBI was still unclear. Recently, global attention to the association between DM and the risk of LTBI has increased, and there were more observational studies published in recent years, especially for cohort studies (17–25). We aimed to systematically assess the association between DM and the risk of LTBI, as well as prediabetes (pre-DM), to provide the latest evidence on early screening of LTBI and prevention of its progress to active TB among DM patients.



MATERIALS AND METHODS


Data Sources and Search Strategy

Our methods have been described in detail in our published protocol (26) [PROSPERO (Prospective register of systematic reviews) registration, CRD42021244647]. We searched for eligible studies published by 31 December 2021, from four databases including PubMed, Embase, Web of Science and Cochrane Library by the following search terms: (“tuberculin test” or “interferon-gamma release tests” or “latent tuberculosis” or “tuberculin skin test” or “interferon gamma release assay”) AND (“diabetes mellitus” or “diabetes”) OR “latent tuberculosis” (full search strategies were shown in Supplementary Table 1). We used EndNote X9.0 software to manage records, screen, and exclude duplicates. This study was strictly performed according to the Meta-analysis of Observational Studies in Epidemiology (MOOSE) (27).



Inclusion and Exclusion Criteria

We included articles that met the following criteria: (1) cohort studies and cross-sectional studies, (2) studies reporting the number of LTBI patients with and without DM, and non-LTBI people with and without DM. Articles were excluded if met any following criteria: (1) irrelevant to the subject of the meta-analysis, (2) studies with insufficient data to calculate the odds ratio or assess the pooled effect of diabetes mellitus on risk of latent tuberculosis infection, (3) duplicated or overlapped articles, (4) studies in lack of the definition of DM or LTBI patients, and (5) if articles were not written in English or Chinese.

Latent tuberculosis infection: LTBI, is a state of persistent immune response to stimulation by M. tuberculosis antigens with no evidence of clinically manifest Tuberculosis (TB) disease (2).

Diabetes mellitus/Prediabetes: DM, is a chronic and metabolic disease characterized by elevated levels of blood glucose (or blood sugar) (8). With prediabetes, blood sugar levels are higher than normal, but not high enough yet to be diagnosed as type 2 DM (28).

Studies were identified by four investigators (LQ, YWX, LRQ, and BES) independently following the criteria above, and each abstract and full text article was reviewed in duplicate by at least two reviewers. Discrepancies were reconciled by a fifth investigator (LJ).



Quality Assessment

We evaluated the risk of bias using the Newcastle-Ottawa quality assessment scale for cohort studies and case-control studies (29). Cohort studies and case-control studies were classified as having low (≥7 stars), moderate (5–6 stars), and high risk of bias (≤4 stars) with an overall quality score of 9 stars (30, 31). For cross-sectional studies, we assigned each item of the AHRQ checklist a score of 1 (answered “yes”) or 0 (answered “no” or “unclear”), and summarized scores across items to generate an overall quality score that ranged from 0 to 11. Low, moderate, and high risk of bias were identified as having a score of 8–11, 4–7, and 0–3, respectively. Two investigators (LQ and YWX) assessed study quality independently, with disagreements resolved by a third investigator (LJ).



Data Extraction

The primary outcome was the impact of DM on LTBI in different people groups. Data were extracted using a predesigned form that had been piloted. The following data were extracted independently by four investigators (LQ, YWX, LRQ, and BES) from the selected studies: (1) basic information of the studies including first author, publication year and research type; (2) characteristics of the study population including sample sizes and locations; (3) primary outcomes: the number of people with or without DM in the total population and by laboratory diagnosis results of LTBI; and (4) diagnostic methods of LTBI: tuberculin skin test (TST), QuantiFERON-TB Gold In-Tube test (QFT-GIT), and interferon gamma release assays (IGRAs). The data in each article were extracted independently by at least two investigators, and discrepancies were reconciled by a fifth investigator (LJ).



Data Synthesis and Statistical Analysis

We performed a meta-analysis to summarize data from cohort and cross-section studies and assessed the overall effect of DM on LTBI, using the original number of participants involved and adjusted OR across the studies. Fixed-effects or random-effects models were used to obtain the pooled effect across studies, according to the heterogeneity between estimates. Fixed-effects models were used if I2 ≤ 50%, P > 0.10, which represents insignificant heterogeneity; while random-effects models used if I2 ≥ 50%, P < 0.10, representing significant heterogeneity.

The pooled effect of DM on LTBI was described by forests plots, quantified by OR/RR (Unable to calculate the incidence rate, cross-sectional studies were pooled by OR, the ratio between the odds of exposure in diseased and in non-diseased individuals; and cohort studies are pooled by RR, the ratio between the rates of disease in exposed and non-exposed individuals), and the corresponding 95% confidence intervals (CI). A value of P < 0.05 was considered significant. If substantial heterogeneity was observed, we conducted subgroup analyses to investigate the possible sources of heterogeneity, by using population group, study location, sample size, proportion of male, and risk of bias as grouping variables. We used the Q-test to conduct subgroup comparisons and variables were considered significant between subgroups if the subgroup difference p-value was less than 0.05. Sensitivity analyses were performed by omitting one study at a time, trying to discover articles that have notable impact and examine the stability of the overall effect. Publication bias was assessed by funnel plot and Egger’s regression test. Additionally, we extracted information about pre-DM patients and also performed a meta-analysis to investigate if there was any association between pre-DM and the risk of LTBI. We analyzed data using Stata version 16.0.




RESULTS


Study Selection and Study Characteristics

A total of 14,937 records were searched from the four databases by terms mentioned above. 6,612 duplicates were excluded. After reading titles and abstracts, we excluded 7,976 reviews, conference papers, animal experiments, case reports, and other studies irrelevant to the subject. Among the 349 articles under full-text review, 329 articles were excluded for lacking targeted data or meeting any one of the exclusion criteria (Figure 1). Ultimately, this final meta-analysis comprised 20 eligible studies (Table 1 and Supplementary Table 2) (17–25, 32–42), including three cohort studies and 17 cross-sectional studies. The studies involved a total sample size of 4,055,082 (243,253 patients with DM and 3,811,829 people without DM) from nine countries. And 15 studies were assessed as having low risk of bias, with five studies having moderate risk of bias (Supplementary Table 3).


TABLE 1. Characteristics of the studies included for meta-analysis.
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FIGURE 1. Flowchart of the study selection. DM, diabetes mellitus; LTBI, latent tuberculosis infection.




Effects of Diabetes Mellitus on Latent Tuberculosis Infection

In the cohort studies, DM was associated with 62% higher risk of LTBI, with the pooled risk ratio (RR) 1.62 (95% CI: 1.02–2.56, Figure 2A). In the cross-sectional studies, DM was also associated with the risk of LTBI (pooled OR = 1.55, 95% CI: 1.30–1.84, Figure 2B). A significant association between pre-DM and the risk of LTBI was also observed (pooled OR = 1.36, 95% CI: 1.01–1.84, Figure 2C) among four studies (17, 18, 22, 36) in which we could extract related information. Additionally, when pooling data with adjusted ORs, the association was also observed (pooled OR = 1.20, 95% CI, 1.11–1.29, Figure 2D).
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FIGURE 2. Forest plots for the association between DM/pre-DM and the risk of LTBI. (A) Association between DM and the risk of LTBI in cohort studies. (B) Association between DM and the risk of LTBI in cross-sectional studies. (C) Association between pre-DM and the risk of LTBI. (D) Association between DM and the risk of LTBI with adjusted ORs. DM, diabetes mellitus; LTBI, latent tuberculosis infection.




Subgroup Analysis of Cross-Sectional Studies

Given the substantial heterogeneity among the studies, we did subgroup analyses by population group, study location, sample size, proportion of male, and study quality for cross-sectional studies (Table 2). In the subgroup analysis, the P-values for subgroup differences of population group, study location, sample size, and proportion of male were all lower than 0.01. And the pooled effect was significantly higher in studies with healthcare workers (HCWs) (OR = 5.27, 95% CI: 1.52–18.20), carried out in Africa (OR = 9.33, 95% CI: 3.74–23.28), with a sample size of between 1,000 and 5,000 (OR = 1.99, 95% CI: 1.49–2.66), with male accounted for less than 40% (OR = 2.36, 95% CI: 1.19–4.66). There were no significant differences in studies classified by the risk of bias (low: OR = 1.53, 95% CI: 1.25–1.86; moderate: OR = 1.78, 95% CI: 0.93–3.42; p = 0.658). Population group, study location, sample size, and proportion of male might be the potential source of heterogeneity in the association between DM and the risk of LTBI.


TABLE 2. Pooled effect for cohort and cross-sectional studies, and subgroup analysis for cross-sectional studies by population group, study location, sample size, proportion of male, study quality.
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Sensitivity Analysis and Publication Bias

In the sensitivity analyses, the pooled results were consistent and all the results showed that DM has an effect on LTBI when omitting one study at a time, which demonstrated that the pooled estimation was stable. Funnel plot was shown in Figure 3. Egger’s regression test (t = 2.87, p = 0.01) indicated that publication bias might exist.
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FIGURE 3. Funnel plot of the studies based on the association between DM and the risk of LTBI. DM, diabetes mellitus; LTBI, latent tuberculosis infection.





DISCUSSION

In this meta-analysis, a total of 20 studies were included. The pooled RR for the 3 cohort studies was 1.62 (95% CI: 1.02–2.56), and the pooled OR for the 17 cross-sectional studies was 1.55 (95% CI: 1.30–1.84), both revealing a significant increased risk of LTBI among DM patients. A previous meta-analysis conducted by Lee and colleagues identified 13 cross-sectional studies and 1 cohort study (15). They found a small but statistically significant pooled OR (1.18, 95% CI: 1.06–1.30) for the cross-sectional studies, which was consistent with our findings (15). However, they found an increased but non-significant risk of LTBI among DM patients (RR = 4.40, 95% CI, 0.50–38.55) for a cohort study, which was contradictory to our study (15). Moreover, the pooled OR for cross-sectional studies and pooled RR for cohort studies in our study were similar, indicating the stability and reliability of our results. Notably, 2 of the 3 cohort studies were conducted among contacts of active TB patients (32, 42), while the left 1 was in HIV-infected patients (37). Both people living with HIV and adult contacts of TB disease had an increased risk of progression from LTBI to active TB (43). Therefore, our findings indicated that more attention should be paid to these high-risk groups (such as HIV-infected patients) when they also had DM.

Due to hyperglycemia, insulin resistance, macrophage and lymphocyte function, and abnormal homeostatic levels of cytokines such as type 1 and type 17 cytokines, DM patients have enhanced susceptibility to TB (44–47). In addition, in LTBI patients, DM could reduce protective CD4+ and CD8+ T-cell responses (48, 49). These T-cells could produce IFN-γ, TNF-α, and IL-2, which were proved in previous studies to have critical functions during M. tuberculosis infection (50, 51). In DM patients, lower frequencies of myeloid and plasmacytoid dendritic cells (DC), and classical and intermediate monocytes, as well as significantly higher frequencies of non-classical monocytes were also observed in another study, compared with individuals without DM, suggesting that coincident DM could profoundly alter the frequencies of monocyte and DC subsets in LTBI (52). In addition, we must consider the confounding factor of age, on the one hand, type 2 DM is most frequently diagnosed in the elderly, whilst on the other hand, immune senescence appears to reduce their ability to generate sufficient immune T-lymphocytes to prevent the recurrence of tuberculosis (53), resulting in susceptibility to LTBI.

In the subgroup by population group, the pooled effect of DM was significantly higher in studies with HCWs, refugees, and community residents, compared to studies with TB contacts, elderly or patients with other chronic diseases. The p-value for the subgroup difference was less than 0.001, indicating that the population group might be the potential source of heterogeneity for the association between DM and the risk of LTBI. Previous studies of Baussano et al. (54) and Nasreen et al. (55) had shown that HCWs were at increased risk of LTBI from occupational exposure to M. tuberculosis, which explained why HCWs with DM had greater risk of LTBI than other population groups. In group refugees, two studies were conducted in United States, including refugees consulted in DeKalb County Board of Health Refugee Clinic (36) and resettled in San Diego (33). Among the refugee community, overcrowding was associated with increased transmission of pulmonary disease, and other factors contributing to increased risk of increased transmission and morbidity included malnutrition, disrupted health services, lack of TB medications, and comorbidities such as HIV, Hepatitis, vitamin D deficiency, and DM, along with lack of water, sanitation, social services, and education (56). Mild malnutrition could even increase the risk of tuberculosis progression and case fatality. Ahmad M’s (56) retrospective study suggested refugees, especially consolidated with DM, had greater risk of LTBI than community residents, which explained the heterogeneity in the association between DM and the risk of LTBI.

In the subgroup analysis by study location, the pooled effect was significantly higher in studies carried out in Africa and North America, compared with studies carried out in Asia and Europe. HCW was the main population in the Africa group (35), which was the only study and led a high odds ratio of this group. Population of group North America consisted of refugees (33, 36), community residents (18, 22), elderly or patients with other chronic diseases (40) and household contacts (25). These four populations led to high heterogeneity in the whole group. Among them, strong effects of refugees (33, 36) and community residents (18, 22) were the main reasons resulting in the high risk of LTBI in the whole group. The heterogeneity of group North America was even greater than the overall heterogeneity, which suggested that these studies might be the potential source of heterogeneity in the association between DM and the risk of LTBI.

In the subgroup by sample size, the pooled effect was significantly higher in studies with a sample size between 1,000 and 5,000, compared to studies with a sample size over 5000, indicating that the sample size of studies may have impact on the conclusion. The source of heterogeneity might be explained by Zhang et al. (57) who suggested that trials with smaller sample sizes were more likely to report larger beneficial effects than large trials. In the subgroup by proportion of male, the pooled effect significantly was higher in studies with a proportion of male less than 40%, compared to studies with a proportion of male between 40 and 50% and no less than 50%, indicating that gender might have impact on the effect of DM on risk of LTBI. Currently, study on the gender difference of risk of LTBI was scarce. But accessing the database (58), we found LTBI prevalence was generally higher in males than in females, suggesting there were more risk factors for males to develop the disease, so we speculated the high LTBI prevalence in male controls reduced the effect of DM, explaining why studies with males less than 40% had a significantly higher pooled effect.

Our results also showed that pre-DM had a small but statistically significant effect of associating with the risk of LTBI (pooled OR = 1.36, 95% CI: 1.01–1.84). Pre-DM, or intermediate hyperglycemia, is a high-risk state of DM that is defined by glucose values higher than normal, but lower than DM threshold (59). The prevalence of pre-DM was increasing globally, and it was estimated that over 470 million people will have pre-DM by 2030 (60). Previous study had shown that pre-DM was associated with alterations of the immune response in LTBI associated with compromised CD4+ and CD8+ T-cell function (61). However, like people with DM, there was a paucity of data in pre-DM patients from clinical trials on the relative benefits and harm of systematic testing and tuberculosis preventive treatment (TPT), and whether to provide testing and treatment among people with DM and pre-DM depended on a case-by-case basis (2). More studies and evidence on systematic TPT services among people with DM and pre-DM are needed to understand the potential impact of an LTBI screening program for populations with DM and pre-DM. Additionally, previous studies had demonstrated that pre-DM was also associated with risk of cardiovascular disease and heart failure (62–65). This available evidence emphasized the impact of pre-DM on people’s health and that we should pay more attention to the management of pre-DM.

DM also tripled the risk of developing active TB disease, leading to adverse TB treatment outcomes such as prolongation of culture conversion, treatment failure, relapse, and death (12–14). This fact emphasized the importance of LTBI screening in populations with DM. Currently, countries with low TB burden also attached importance to the TPT of LTBI (43). However, DM patients were not recommended by WHO to get systematic testing and TPT (2). In recent years, the increasing number of studies accumulated evidence of the association between DM and the risk of LTBI. In our study, the pooled effects of cross-sectional and cohort studies were highly consistent, both revealing that the risk of LTBI was found to be a 60% increase in DM patients, compared with individuals without DM. Our findings could be considered when assessing the potential impact of LTBI screening and TPT among populations with DM.

Our study has limitations. First, for the cross-sectional studies included, publication bias exists. Second, tuberculin skin test and interferon gamma release assays (or both) were used to identify the status of LTBI in all studies, since there was no gold standard test for direct identification of LTBI in humans (2). However, there was no strong evidence that one test should be preferred over the other in terms of predicting progression from LTBI to TB disease (2). Third, most studies verified the status of DM by self-report or medical record. DM was often underdiagnosed and undertreated, which would likely result in non-differential misclassification of DM, making the DM-LTBI association underestimated (66). Fourth, most studies were conducted in specific population, thus our finding might not be generalizable to general population. Fifth, the heterogeneity among studies was high, which might be related to different study population, location, sample size, and proportion of male.



CONCLUSION

The risk of LTBI was found to be a 60% increase in DM patients, compared with individuals without DM. Pre-DM was also associated with increased risk of LTBI. Our findings highlight the importance of LTBI screening among DM patients. More studies are needed to explore appropriate strategies and tools for targeted LTBI screening among DM patients, thereby decreasing global burden of TB disease and improving the prognosis of DM.
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