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Abstract

Objective

Tuberculosis (TB) may predispose individuals to the development of diabetes. Such a rela-
tionship could have an outsized impact in high-prevalence TB settings. However, few stud-
ies have explored this relationship in populations heavily burdened by diabetes and TB.

Methods

We analyzed data from a community-based population cohort that enrolled adults in rural
South Africa. Individuals were considered to have prior TB if they self-reported a history of
TB treatment. We fitted sex-specific logistic regression models, adjusted for potential clinical
and demographic confounders, to estimate relationships between dysglycemia (HBA1c
>6.5%) and prior TB. Propensity score-matched cohorts accounted for the differential age
distributions between comparator groups. We examined the interactions between sex, prior
TB, and HIV status.

Results

In the analytic cohort (n = 17,593), the prevalence of prior TB was 13.8% among men and
10.7% among women. Dysglycemia was found in 9.1% of the population, and HIV preva-
lence was 34.0%. We found no difference in dysglycemia prevalence by prior TB (men OR
0.96, 95% CI 0.60—1.56: women OR 1.05, 95% CI 0.79—1.39). However, there was a quali-
tative interaction by HIV serostatus, such that among men without HIV, those with a history
of TB had a greater prevalence of dysglycemia than those without prior TB (10.1% vs. 4.6%,
p = 0.0077). An inverse relationship was observed among men living with HIV (prior TB
3.3% vs. no TB 7.3%, p = 0.0073).
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Conclusions

Treated TB disease was not associated with dysglycemia in an HIV-endemic, rural South Afri-
can population. However, we found a significant interaction between prior TB and HIV status
among men, suggesting distinct pathophysiological mechanisms between the two infections
that may impact glucose metabolism. Longitudinal studies are needed to better establish a
causal effect and underlying mechanisms related to resolved TB, HIV, and diabetes.

Introduction

Of the 10 million people who develop active tuberculosis (TB) annually, more than 80% sur-
vive after treatment. [1] In 2020, there were an estimated 155 million tuberculosis survivors
prompting concerns about post-infectious sequelae and their impact on morbidity. [2, 3]
While some of these sequelae have been identified as chronic lung disease, decreased exercise
capacity, and hampered quality of life, there are other non-communicable disease conse-
quences that may contribute to the observation that TB survivors have higher mortality
compared to the general population. [4, 5] Specifically, cured TB may be associated with per-
turbations of glucose metabolism. In animal models, pulmonary TB results in the accumula-
tion of serum free fatty acids and advanced glycation end products in tissue, which are central
to the pathogenesis of diabetes. [6] Moreover, in a large cohort study from the United King-
dom, a prior TB diagnosis was associated with a two-fold higher incidence of diabetes. [7]
Similar associations have been found among United States Veterans with latent TB disease
diagnosed with tuberculin skin testing and interferon-y release assays. [8]

Although this evidence suggests a relationship between tuberculosis and the future risk of
diabetes, there remain critical gaps in our knowledge about this phenomenon. Most epidemio-
logic studies investigating TB and diabetes have occurred in low-TB prevalence areas outside
of sub-Saharan Africa, where both the prevalence of TB and HIV might meaningfully impact
the importance and mechanisms of this relationship. [7-13] Within South Africa, the province
of KwaZulu-Natal is home to a significant burden of TB and HIV disease, with prevalence esti-
mates of 26% and 34%, respectively. [14] Additionally, people living with HIV on antiretroviral
therapy may have alterations in glucose metabolism from HIV infection, antiretroviral drugs,
and/or weight gain from integrase inhibitor medications. [15] All these factors potentially
complicate the relationship between treated TB and diabetes in HIV-endemic populations.
Therefore, in South Africa and other countries with a high prevalence of these conditions, the
relationship between post-TB sequelae and the development of dysglycemia is of high public
health importance. [16]

In this study, we leveraged data from a cross-sectional, thoroughly characterized population
cohort in rural KwaZulu-Natal to compare the prevalence of dysglycemia among individuals
with and without prior TB. We then explored interactions between sex, previous TB, and HIV
status. We hypothesized that dysglycemia would be higher among individuals with prior TB
compared to those without TB.

Methods

Study population and procedures

We analyzed data from the Vukuzazi Study, a population-wide, cross-sectional study that
enrolled residents in the uMkhanyakude District of KwaZulu-Natal, South Africa, as previously
reported. [17] Briefly, all residents of the Africa Health Research Institute Demographic Health
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Surveillance Site (AHRI DHSS) aged 15 years or older were visited at home and invited to par-
ticipate in a mobile health screening that traveled through the study catchment area between
May 2018—November 2019. The population in this region of South Africa is characterized as
100% of individuals of Black African descent, 58% of adults unemployed, and 66% with access
to piped water in their homes. [14] Participants completed questionnaires on sociodemographic
measures, current medications, and medical history, including previous TB treatment, diabetes,
and HIV. All non-pregnant participants were screened for TB by digital chest x-ray. Sputum
was collected from participants reporting TB symptoms or those with abnormal lung fields on
chest x-ray as determined by real-time computer-assisted image analysis or by an experienced
central radiologist. [18] Sputum samples were tested for Mycobacterium tuberculosis by Xpert™
MTB/RIF Ultra test (Cepheid, Sunnyvale, USA) and liquid mycobacterial culture (BACTEC™
MGIT™ 960 System, Becton Dickinson, Berkshire, UK). Venipuncture whole blood samples
were collected for hemoglobin Alc (VARIANT II TURBO Hemoglobin test system (Bio-Rad,
Marnes-la-Coquette, France) and HIV (Genscreen Ultra HIV Ag-Ab enzyme immunoassay
(Bio-Rad)). Participants with a positive HIV immunoassay had a reflex HIV-1 RNA viral load
performed (Abbott RealTime HIV-1 Viral Load, Abbott, Illinois, USA).

Study definitions

Our primary exposure of interest was prior tuberculosis based on self-reported history of at
least one course of TB treatment. Participants with active TB, defined as a positive Xpert MTB/
RIF, positive Mycobacterium tuberculosis culture, or individuals currently taking TB therapy at
the time of study enrollment, were excluded from this analysis. We excluded those with active
TB because active disease may result in stress hyperglycemia [19], and our work focuses on the
effect of prior TB on the risk of future dysglycemia. We also excluded participants with active
cancer or autoimmune diseases and those who reported taking anti-epileptic or glucocorticoid
medications because these conditions and therapies can affect hemoglobin Alc. Time from TB
diagnosis was calculated as the age of the last TB treatment course subtracted from the age at
study enrollment in years. The number of TB episodes was defined as the number of com-
pleted 6-month treatment courses.

Our primary outcome of interest was dysglycemia, defined based on current WHO diag-
nostic thresholds as a hemoglobin Alc >6.5% (48.0mmol/mol). [20] Due to the cross-sectional
nature of this study and because diabetes diagnoses require repeated testing over time, we used
the term dysglycemia instead of diabetes. [21] Participants who self-reported a diagnosis of
diabetes and reported use of diabetic medication within the last two weeks were also consid-
ered to have dysglycemia.

Participants with a positive HIV ELISA immunoassay were defined as having HIV. Waist
circumference, measured in centimeters, was selected as the primary anthropometric measure
used in our analyses because waist circumference has greater validity for identifying diabetes
than other measures, such as body mass index. [22] Measurements for waist circumference
were obtained directly on the skin or, when not possible, over light clothing, at the midpoint
between the lower margin of the last palpable rib and the top of the iliac crest, at the end of
normal expiration. Socioeconomic status was estimated using household asset ownership data
collected within two years of the Vukuzazi enrollment date to generate a relative wealth index,
as developed by Filmer and Pritchett. [23, 24]

Statistical methods

Analyses were stratified by sex because of known differences in TB and diabetes prevalence
among men and women. [14] We matched the characteristics of those with prior TB to
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controls without prior TB to account for the differential age distribution between the two com-
parator groups. To do this, we first fitted logistic regression models among all AHRI DHSS
adults with prior TB as the outcome of interest. Predictors for each sex-specific model included
age, HIV status, smoking status, alcohol use, and socioeconomic status. The propensity score
estimation for prior TB was then used to match controls with similar propensity scores (near-
est neighbor matching, caliper 0.1). Next, we fitted multivariable logistic regression models of
the propensity score-matched cohorts using frequency weights to evaluate the outcome of dys-
glycemia among those with and without prior TB in each sex-specific stratum. The following
covariates were included: prior tuberculosis, age, waist circumference, HIV, smoking status,
alcohol use, and socioeconomic status score. We evaluated two-way interactions between
prior TB and HIV status for each model.

In sensitivity analyses, we fitted sex-specific multivariable logistic regression models for
dysglycemia in the unmatched cohort. Additionally, we examined HIV-stratified subgroup
analyses and fit multivariate linear regression models with hemoglobin Alc as a continuous
outcome. Participants who reported the use of diabetic medication within the last two weeks
(n = 167) were excluded from the linear regression analyses because hemoglobin Alc values
would be modified in participants taking medication. Lastly, we assessed whether time from
TB diagnosis and number of TB treatment courses were associated with dysglycemia among
those with prior TB. All sensitivity analyses were adjusted for potential clinical and demo-
graphic confounders listed above. Statistical analyses were conducted in Stata (Version 17, Sta-
taCorp, College Station, Texas, USA).

Inclusivity in global research

Additional information regarding the ethical, cultural, and scientific considerations specific to
inclusivity in global research is included in the Support Information (S1 ChecKklist).

Ethical considerations

The institutional review boards approved the Vukuzazi study at the University of KwaZulu-
Natal Biomedical Research Ethics Committee (BREC) and Mass General Brigham (Protocol
2018P001802). All participants gave written informed consent to participate.

Results

Of the eligible adults within the catchment area (n = 34,721), 18,041 (51.9%) were enrolled in
the Vukuzazi study. A total of 17,952 (99.5%) completed hemoglobin Alc testing. Of these par-
ticipants, we excluded 245 (1.4%) with active tuberculosis, 105 (0.6%) taking antiepileptics, 7
(<0.1%) with active cancer, 1 (<0.1%) with autoimmune disease, and 1 (<0.1%) taking pred-
nisone resulting in the final analytic sample of 17,593 (S1 Fig). Of the eligible participants
within AHRI’s DHSS, women (OR 2.03 [95% CI 1.94-2.12]; p<0.001) and individuals over
the age of 50 (OR 2.01 [95% CI 1.92-2.11]; p<0.001) were more likely to attend the Vukuzazi
Study compared to men and younger participants.

The study population included 58.7% women (n = 11,986) with an overall mean age of 40.5
years (SD 19.5) (Table 1). The prevalence of dysglycemia with a hemoglobin Alc of >6.5% or
active use of diabetes therapy was 5.0% among men (n = 282) and 11.0% among women
(n = 1,316). HIV prevalence was 34.0% (n = 6,096), with 82.4% of people living with HIV hav-
ing a suppressed viral load on antiretroviral therapy. Prior tuberculosis was more prevalent in
men (13.8%) than women (10.7%) (Table 1). Compared to people without a history of TB, par-
ticipants with a history of TB were more likely to be older (men 47.0 vs. 34.3 years; women
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Table 1. Unweighted baseline characteristics of participants.

Characteristic

Sex (%)

Age (year)

Mean BMI (kg/m2)

Mean Waist Circumference(cm)
Dysglycemia- no.(%)

Controlled Diabetes- no.(%)*
HIV positive- no.(%)

Controlled HIV- no.(%)"
History of TB treatment- no.(%)
Time from TB diagnosis (years)
Number of TB treatment courses
Active TB- no.(%)
Socioeconomic status”

Past or Active Smoker- no.(%)

Consumes Alcohol- no.(%)

Total Cohort Men Women
n=17,593 n = 5,607 n=11,986
N/A 41.3 58.7
40.5+19.5 36.2+ 189 425+194
27.6+7.4 23.5+48 29.6+7.6
87.6 £ 16.6 80.0 + 12.4 91.1+17.1
1,598 (9.1) 282 (5.0) 1,316 (11.0)
120 (0.7) 29 (0.5) 91 (0.8)
6,096 (34.0) 1,406 (24.4) 4,690 (38.5)
5,019 (82.4) 1,031 (73.3) 3,988 (85.1)
1,996 (11.7) 760 (13.8) 1,236 (10.7)
11.1+9.3 10.3+£9.3 11.7+£9.3
14+2.0 1.5+2.5 1.3+£1.5
245 (2.6) 111 (3.2) 134 (2.3)
0.23+£2.0 0.25+2.0 0.22+£2.0
1,447 (8.1) 1,275 (22.1) 172 (1.4)

2,262 (12.6) 1,609 (27.8) 653 (5.4)

* Persons taking diabetic medication with controlled HBAlc

" Controlled disease defined as HIV positive on treatment and viral load <400 copies/uL

# . .
Socioeconomic score ranges from -7.0 to +7.0

https://doi.org/10.1371/journal.pone.0282371.t001

45.6 vs. 42.2 years), living with HIV (men 60.3% vs. 18.5%; women 75.7% vs. 34.0%), and with
lower socioeconomic scores (men -0.04 vs. 0.30; women 0.04 vs. 0.24) (S1 Table). The propen-
sity score-matched cohorts achieved balance on key characteristics based on the standardized
differences of <0.25, variance ratios between 0.5-2.0, and kernel density plots (S2 Fig, S2 and
S3 Tables). [25, 26]

In the propensity score-matched univariate analyses, there were no differences in dysglyce-
mia prevalence by prior TB history among men (no TB 6.6% vs prior TB 5.3%, OR 0.79, 95%
CI 0.51-1.23) or women (no TB 10.8% vs prior TB 9.6%, OR 0.88, 95% CI 0.67-1.14). When
adjusting for age, waist circumference, HIV, smoking status, alcohol use, and socioeconomic
score, again, prior TB status was not associated with dysglycemia (men prior TB OR 0.96, 95%
CI 0.59-1.56: women prior TB OR 1.05, 95% CI 0.79-1.39). However, we found a significant
qualitative interaction between prior TB disease and HIV serostatus (Table 2, Fig 1). Among
men without HIV, individuals with prior TB had a dysglycemia prevalence of 10.1%, signifi-
cantly higher than men without prior TB (4.6%, p-value 0.0077). In contrast, dysglycemia
among men living with HIV was more prevalent in individuals without a prior TB (7.3% vs.
3.3%, p-value 0.0073). The qualitative effect of HIV status, prior TB, and dysglycemia was not
present among women (Fig 1).

We found similar relationships between prior TB and dysglycemia in sensitivity analyses
using both the unmatched and HIV-stratified cohorts. Among individuals with prior TB,
43.2% (n = 864) reported the year of TB diagnosis with an average time of 11.1 years (SD 9.3)
before study enrolment. In univariate analyses, time since TB diagnosis was associated with
dysglycemia (OR 1.04, 95% CI 1.02-1.07), but not after adjusting for clinical and demographic
confounders (OR 1.01, 95% CI 0.98-1.04). The total number of TB treatment courses per indi-
vidual was 1.4 (SD 2.0), and it was not associated with dysglycemia prevalence in univariate
(p = 0.185) or multivariate regression analyses (p = 0.302).
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Table 2. Propensity score matched multivariate logistic regression models for dysglycemia.

Characteristic
Male Model
Age (years)
Waist Circumference (cm)
HIV status
Prior TB
Past or Active Smoker
Never Alcohol
Socioeconomic score
Prior TB*HIV
Female Model
Age (years)
Waist Circumference (cm)
HIV status
Prior TB
Past or Active Smoker
Never Alcohol
Socioeconomic score
Prior TB*HIV

Odds Ratio p-value 95% Confidence Interval
1.039 <0.001 1.021 1.057
1.059 <0.001 1.040 1.079
3.115 0.002 1.500 6.466
2.698 0.008 1.295 5.620
0.590 0.151 0.287 1.212
0.358 0.003 0.184 0.698
1.075 0.250 0.950 1.216
0.147 <0.001 0.053 0.402
1.046 <0.001 1.035 1.058
1.036 <0.001 1.027 1.046
0.891 0.607 0.573 1.385
1.157 0.562 0.707 1.892
0.782 0.695 0.229 2.668
0.475 0.067 0.214 1.052
1.035 0.369 0.960 1.115
0.860 0.623 0.470 1.571

Prior TB*HIV represents the interaction term for these two variables

https://doi.org/10.1371/journal.pone.0282371.t1002

Discussion

In a large, well-characterized population in rural South Africa, we did not find a relationship
between a history of treated TB and dysglycemia in the general population. Specifically, the
prevalence of dysglycemia measured at the time of study enrollment was similar between par-
ticipants who did and did not report past TB treatment. This null result is informative because
it contrasts with a growing body of experimental work conducted in the United Kingdom and
United States populations that suggests that a prior TB diagnosis may predispose individuals
to develop diabetes. In South Africa, where there is comparatively a greater burden of tubercu-
losis, our results suggest the potential metabolic consequences of TB disease may not be clini-
cally nor statistically significant at a population level.

Our study differs from published data related to TB and diabetes likely because previous
work in this area used different study designs and evaluated different populations. For exam-
ple, other studies typically measured glucose metabolism at the time of active disease and
shortly after completion of TB treatment. [10, 11, 27, 28] Few studies have examined long-
term diabetes incidence after TB disease. [7] Pearson et al., in one of the largest studies to date
(n = 8065), albeit retrospective, found a nearly two-fold increase in the incidence of diabetes
among individuals with prior TB compared to those without TB over a 6-year observation
period in the United Kingdom. [7] Our cross-sectional study measured hemoglobin Alc at
enrollment, which for nearly half of individuals with prior TB, was 11 years after their TB
diagnosis and treatment course. Additionally, in contrast to studies conducted in the Western
populations, our cohort was set in a low-resourced rural area with a high burden of HIV.
Reflecting the population of rural South Africa, the mean age of our cohort was relatively
young (men 36.2 years; women 42.5 years) compared to high-income settings. [29] This also
likely resulted in a comparatively lower prevalence of dysglycemia. Type 2 diabetes is deter-
mined by a multitude of factors such as ethnicity, socioeconomic status, food security, nutri-
tion, quality of available foods, cultural behaviors, and physical inactivity. [30-32] Many of
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Fig 1. Prior TB and HIV interactions stratified by sex. Among men without HIV (top), dysglycemia prevalence is

higher in those with prior history of TB disease compared to men without prior TB. The inverse relationship was

found in men living with HIV, where dysglycemia prevalence was lower in those with prior TB. Women (bottom) did
not have an association between HIV status, prior TB, and dysglycemia prevalence.

https://doi.org/10.1371/journal.pone.0282371.9001
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these factors differ between our study population and the populations where longitudinal
tuberculosis and diabetes studies have been conducted, which may explain the differences in
our results. Within South Africa, Tamuhla et al. used data from a longitudinal health system to
assess the relationship between prior TB disease on hemoglobin Alc values among persons liv-
ing with diabetes. [33] This retrospective study found no evidence that TB disease influences
the trajectory of glycemic control among persons with known diabetes over five years. [33]
While our study population and objectives differed, our results that prior TB disease is not
associated with dysglycemia at a population level are consistent with the results of this South
African study. [33]

Our results suggest that HIV may modify the relationship between prior TB and diabetes.
Among men without HIV, dysglycemia was more prevalent in individuals with a history of
TB. This relationship was inversed among individuals living with HIV, such that men living
with HIV and prior TB had a lower prevalence of dysglycemia compared to those with no his-
tory of TB. It is plausible that this qualitative interaction contributed to our null findings in the
general population. Namely, the increased dysglycemia prevalence among men without HIV
and prior TB may have been muted by the substantially lower dysglycemia prevalence among
men living with HIV and prior TB. This implies that future studies of TB and diabetes should
consider sex- and HIV-specific stratification. Notably, HIV-negative persons with active TB
have different pro-inflammatory cytokine responses compared to persons living with HIV and
TB. [34, 35] We hypothesize that these differential inflammatory responses and their potential
metabolic effects may contribute to the HIV-subgroup differences in our study.

Unexpectedly, we found that, among men living with HIV, individuals with a history of
prior TB had lower dysglycemia prevalence compared to those without TB. This may be due to
residual active paucibacillary or extrapulmonary TB that may have been undetected on sputum
screening and chest x-rays. It may also be indicative of other infectious or non-infectious etiol-
ogies leading to malnutrition, weight loss, and poor overall health status. Additionally, there
are conflicting data about the accuracy of hemoglobin Alc testing among specific subgroups
that could affect the results of our study. Although not consistent across all African popula-
tions [36], hemoglobin Alc testing has been found to be falsely low in individuals living with
HIV and persons with acute TB infection in certain studies. [37-40] The potential error in
detecting diabetes using this clinical assay could explain our results. Further work is needed to
validate hemoglobin Alc testing in individuals living with HIV and prior TB.

In addition to active TB, untreated latent TB disease (LTBI) has also been associated with a
future risk of diabetes. A retrospective cohort study among 574,113 U.S. Veterans found a
greater incidence of diabetes among those with LTBI. [8] Tuberculin skin testing and inter-
feron-vy release assays were unavailable in our study. Still, previous South African studies esti-
mate the prevalence of LTBI ranging from 34-89%, with exceptionally high rates among
people living with HIV, miners, and healthcare workers. [41, 42] These findings suggest that
our control comparator group likely included a non-ignorable proportion of individuals with
latent TB disease. We may not have found a significant difference in our results because the
controls, with high LTBI prevalence, may have a predisposition to aberrant glucose metabo-
lism at baseline. Elucidating the clinical spectrum of TB disease and diabetes incidence is
needed to understand the at-risk subgroups for more targeted diabetes screening.

The strengths of our study include a large population-based cohort that was thoroughly
characterized with testing for HIV, hemoglobin Alc, chest x-rays, sputum cultures, GeneX-
pert, and TB treatment data to identify and differentiate individuals with prior TB. Further-
more, anthropometric measures, socioeconomic data, and individual behaviors were
accounted for in our analyses, which are variables that often confound the bidirectional rela-
tionship between tuberculosis and diabetes. There were also important limitations. The cross-
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sectional study design prevents the ability to make causal inferences between prior TB and dys-
glycemia. Individuals with prior TB have higher mortality compared to the general population;
therefore, the people with prior TB who survived to participate in our study had greater overall
health compared to the total population of people with prior TB, which could result in sam-
pling bias. In our raw, unmatched sample, individuals with prior TB were, on average older
than those without a history of TB. We attempted to mitigate this limitation by using propen-
sity score matching and, in doing so, achieved balance in terms of measured confounders
between groups. We also might have misestimated our exposure. Despite the well-character-
ized population cohort, the diagnosis of prior TB is inherently challenging to establish. We
may have misidentified individuals with prior TB based on self-report because TB treatment
can be initiated empirically without microbiological confirmation in low-resource settings,
[43] and because participants may incorrectly remember or misreport their medical and treat-
ment history, particularly for a condition like TB, which is stigmatized in South Africa. [44]

In conclusion, we did not find a simple association between self-reported prior tuberculosis
and dysglycemia as measured by hemoglobin Alc in a large, HIV-endemic rural South African
population. However, we found an interactive effect of HIV status and prior TB that indicated
that men without HIV and a prior TB diagnosis had higher dysglycemia compared to their
counterparts without TB, but the opposite relationship is present among men living with HIV.
Future prospective longitudinal observational studies in sub-Saharan populations that care-
fully define states of TB, HIV, and diabetes across the lifespan will be required to determine
the relationships and mechanisms underpinning this complex relationship.
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