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Background. Diabetes was identified as a tuberculosis (TB) risk factor mostly in retrospective studies with limited assessments
of metabolic variables. The prospective Effects of Diabetes on Tuberculosis Severity study compared adults with pulmonary TB in
Chennai, India, who were classified as having either diabetes or a normal glucose tolerance at enrollment.

Methods. Baseline TB severity, sputum conversion, and treatment outcomes (cure, failure, death, or loss to follow-up) were
compared between groups with respect to glycemic status and body mass index (BMI).

Results.  The cohort of 389 participants included 256 with diabetes and 133 with a normal glucose tolerance. Low BMIs (<18.5 kg/
m®) were present in 99 (74.4%) of nondiabetic participants and 85 (33.2%) of those with diabetes. Among participants with normal
or high BMIs, rates of cure, treatment failure, or death did not vary by glycemic status. Participants with low BMIs had the highest
radiographic severity of disease, the longest time to sputum culture conversion, and the highest rates of treatment failure and death.
Among participants with low BMIs, poorly controlled diabetes (glycohemoglobin [HbAlc] >8.0%) was unexpectedly associated
with better TB treatment outcomes. A high visceral adiposity index was associated with adverse outcomes and, despite an overall
correlation with HbA1c, was elevated in some low-BMI individuals with normal glucose tolerance.

Conclusions.
ment outcomes, while comorbid, poorly controlled diabetes lessened that risk. A high visceral adiposity index, either with or without

In this South Indian cohort, a low BMI was significantly associated with an increased risk for adverse TB treat-

dysglycemia, might reflect a novel TB susceptibility mechanism linked to adipose tissue dysfunction.
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A body of mostly retrospective evidence indicates that a low body
mass index (BMI) and poorly controlled diabetes mellitus (DM)
are independently associated with increased risks for tuberculosis
(TB) disease and adverse treatment outcomes [1-3]. The global
population-attributable risk of malnutrition is 3 times that of
human immunodeficiency virus (HIV), while the attributable risk
of DM matches that of HIV [4]. Both conditions impede global
TB elimination [5]. The mechanisms of TB susceptibility likely
differ since a low BMI is associated with reduced levels of protec-
tive cytokines [6], while TB-DM comorbidity is associated with
cytokine elevation [7]. The Effects of Diabetes on Tuberculosis
Severity (EDOTS) study is prospectively investigating the TB-DM
interaction in India, which has the greatest number of people
living with both diseases [8].

The study enrolled adults newly diagnosed with culture-
positive, pulmonary TB and classified them as having either
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DM or a normal glucose tolerance. Participants were followed
through 6 months of TB treatment. Outcomes of cure, failure,
death, or loss to follow-up were declared at or before the com-
pletion of TB treatment. Of 389 participants, 65.8% had DM
and 47.3% had a BMI <18.5 kg/mg”. Within the low-BMI group,
46.2% had DM, reflecting the predisposition of South Asians to
visceral adiposity and Type 2 DM at a younger age and with a
lower BMI than Caucasians [9].

A low BMI and DM are independently associated with in-
creased risks for TB disease and adverse TB outcomes through
mechanisms that are incompletely understood. The EDOTS co-
hort provided an opportunity to compare the relative impacts of
a low BMI or DM on TB outcomes, and to determine whether
the relationship between DM and TB outcomes differed by the
level of BMI. We anticipated finding an additive or synergistic,
negative impact of a combined low BMI and DM but instead
found that DM significantly weakened the association of a low
BMI with treatment failure and mortality.

METHODS

Study Population

Adults aged 25-60 years with pulmonary TB were screened for
study participation [10]. The exclusion criteria were having a
prior instance of TB, receiving >7 days of incident TB treatment,
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receiving >7 doses of a fluoroquinolone within 30 days of
screening, having multidrug-resistant TB, being pregnant or
nursing, living with HIV, taking immunosuppressive drugs,
and having prediabetes. The glycemic status at enrollment was
classified according to American Diabetes Association stand-
ards [11] by glycohemoglobin (HbA1lc) for those with a prior
DM history or by an oral glucose tolerance test for all others.
Baseline chest X-rays were graded using a validated TB severity
score [12]. The cohort of 389 individuals comprised all partici-
pants with evaluable data who were enrolled between January
2014 and June 2018 and for whom a treatment outcome (cure,
failure, death, or loss to follow-up) was recorded. Participants
were evaluated monthly through the 6-month course of TB
treatment. Treatment failure was defined by a positive sputum
culture at Month 5 or 6. Death comprised all-cause mortality.
TB treatment was managed by government clinics according to
Revised National Tuberculosis Control Program standards and
DM was managed by local providers unrelated to the EDOTS
study.

Visceral Adiposity Index

The visceral adiposity index (VAI) at baseline was calculated by
the following formulae [13], where WC denotes waist circum-
ference, TG denotes triglycerides, and HDL denotes high-den-
sity lipoprotein cholesterol:

VAI (males) = (WC/39.68 + [1.88 x BMI]) x (TG/1.03)
x (1.31/HDL)

VAI (females) = (WC/36.58 + [1.89 x BMI]) x (TG/0.81)
x (1.52/HDL)

Plasma Mediators

Plasma collected at enrollment was stored at —80°C prior to
Luminex assay (Bio-Rad, Hercules, CA) for interferon-y, tumor
necrosis factor-a, interleukin (IL)-1f, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12p70, IL-13, IL-17A, IL-22, and granulocyte macro-
phage colony-stimulating factor. Transforming growth factor-
B1 (R&D Systems) and IL-17F (BioLegend, San Diego, CA)
were measured by enzyme-linked immunosorbent assay.

Data Analysis

Participant characteristics were summarized by glycemic status.
Between-group differences were evaluated using Chi-squared
tests for percentages or Wilcoxon rank-sum tests for continuous
measures. In each of 4 groups—defined by low versus normal-
high BMIs and normal glucose tolerance (NGT) versus DM—
we calculated the percent of participants lost to follow-up and
the percentages of those with known TB treatment outcomes.
Between-group differences were evaluated using Chi-square
tests or, for failure and death, Fisher’s exact tests.

The relative probability of an adverse outcome (treatment
failure or death) by HbAlc and by BMI was portrayed using
a locally weighted scatterplot smoothing function [14]. Cut
points of HbAlc at 8.0% and BMI at 18.5 kg/m” were chosen
to define 4 subgroups for further analysis. Demographic and
lifestyle characteristics, TB symptoms, and treatment outcomes
were summarized for the 4 BMI/HbA1c groups. Between-group
differences were evaluated using Pearson Chi-square tests for
categorical variables, linear regression for continuous variables,
or Cox proportional hazards models for time to sputum cul-
ture conversion. Associations of TB outcomes and symptoms
within the BMI/HbAlc groups were estimated using regres-
sion models, adjusting for those covariates considered clinically
plausible or previously documented in literature and statisti-
cally significant in bivariate association analyses. Key model as-
sumptions and potential interactions among the covariates were
tested. With respect to differences among the groups, the results
were robust to covariate adjustment and under the wide range
of models tested.

An unadjusted logistic regression was performed to eval-
uate the association of TB cures with possible contributing fac-
tors (serum albumin, 25-hydroxyvitamin D, and hemoglobin)
[15-17] and with VAI data [13]. The association of metformin
use with treatment outcomes was examined in unadjusted and
adjusted logistic models among all participants with DM and
among those with DM who were only diagnosed prior to inci-
dent TB. Analyses were conducted using Stata 14.2 (Stata Corp.,
College Station, TX). Any P values <.05 were regarded as statis-
tically significant.

Ethics

This study was conducted according to the principles of the
Declaration of Helsinki and approved by the Ethics Committee
of the Prof. M. Viswanathan Diabetes Research Centre (ECR/51/
INST/TN/2013/MVDRC/01). Written informed consent was
obtained from all participants.

RESULTS

Study Population

A total of 389 adult, urban Chennai residents with drug-
sensitive pulmonary TB were followed through the 6-month
course of anti-TB treatment or were recorded as deceased or
lost from the study. At enrollment, 133 (34.2%) had NGT, 162
(41.6%) reported a DM diagnosis before incident TB (known
DM [KDM]) and 94 (24.2%) had a new DM (NDM) diagnosis
at study screening. Demographic, anthropometric, behavioral,
and clinical laboratory variables are shown in Supplementary
Table 1. Notably, 84 (33.2%) of the 256 participants with DM
had BMIs <18.5 kg/m’, which is a cut-point for undernutrition
[18]. Figure 1 shows the distribution of HbAlc and BMI data in
NGT, KDM, and NDM participants.
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Figure 1.

Distribution of (A) HbA1c and (B) BMI, stratified by glycemic classification as NGT, KDM prior to incident TB, and NDM, based on enrollment screening oral glu-

cose tolerance test. Abbreviations: BMI, body mass index; DM, diabetes mellitus; HbA1c, glycohemoglobin; KDM, known DM; NDM, new DM; NGT, normal glucose tolerance;

TB, tuberculosis.

Treatment Outcomes by Body Mass Index and Glycemic Status

We compared TB treatment outcomes grouped by BMIs <18.5
or >18.5 kg/m” and by glycemic status as DM or NGT. Adverse
outcomes of treatment failure or death were more frequent in
low-BMI individuals, compared to those with normal-high
BMIs (Table 1). No adverse effect of DM on TB outcomes was
observed in either BMI group (Table 1). This was surprising,
since BMI and DM were independently associated with adverse
TB outcomes in prior studies [19, 20] and might have additive
effects when combined.

Low BMIs and low HbAlc levels were both associated with
higher odds of bad outcomes (Supplementary Figure 1). To
determine whether the relationships between DM and TB
outcomes were different by the level of BMI, we compared dem-
ographic and behavioral characteristics, TB symptoms, radio-
graphic severity, and time to sputum conversion in 4 groups:
BMI <18.5 kg/m®> with HbAlc <8.0% (BMI®/A1c®); BMI
<18.5 kg/m” with HbAlc >8.0% (BMI/A1c™); BMI >18.5 kg/
m” with HbAlc <8.0% (BMI"/A1c"®); and BMI >18.5 kg/m®
with HbAlc >8.0% (BMI"/A1c"™). Details of this group-wise
comparison are shown in Supplementary Table 2.

In adjusted regression models, the BMI'*/A1c" group had
the greatest radiographic severity and longest time to sputum

conversion among the 4 groups (Table 2). The odds of being
lost from the study (including through voluntary withdrawal)
were similar for all groups. Among those not lost to follow-up,
BMI/A1c"° participants were more likely than those with
normal-high BMIs to have died or failed treatment. The mem-
bers of the BMI/A1c™ group fared better in treatment out-
comes than BMI'/A1¢" participants and were not significantly
different from the 2 groups with normal-high BMIs. In adjusted
models, the BMI"/A1c" and BMI™/A1c" groups did not differ
from each other. Contrary to our prediction, poorly controlled
DM was not associated with higher odds of adverse TB out-
comes among participants with normal or high BMIs and un-
expectedly reduced the odds for bad TB outcomes among those
with low BMIs.

Nutritional Biomarkers

The TB risk in people with low BMIs is commonly attributed to
undernutrition, but the mechanisms of susceptibility and resist-
ance associated with extremes of BMIs are poorly understood. In
our cohort, there was an association of low serum albumin with
a low BMI that might reflect undernutrition (Supplementary
Figure 2). Albumin was negatively associated with radiographic
severity at enrollment and was positively associated with being

Table 1. Treatment Outcomes by Body Mass Index and Glycemic Status

BMI <18.5 kg/m?

BMI <18.5 kg/m?

BMI >18.5 kg/m? BMI >18.5 kg/m?

Outcome (%) NGT, n = 99 DM, n = 85 NGT, n = 34 DM, n =171 PValue®
Lost 172 212 176 1.7 .23
Not lost n=_82 n==67 n=28 n =151
Cure 78.1 82.1 96.4 92.7 .003
Failure 14.6 1.9 3.6 6.0 .09
Death 7.3 6.0 0 1.3 .05

Abbreviations: BMI, body mass index; DM, diabetes mellitus; NGT, normal glucose tolerance.

“For group differences using Fisher’s exact test for failure and death, chi-square test for lost and cure.
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Table 2. Adjusted Multivariate Models of Tuberculosis Treatment Outcomes

BMI <18.5 kg/m?

HbATc <8.0% HbATc >8.0% HbATc <8.0% HbATc >8.0%

Total n in Model

CXR score, coefficient® 14.99 (7.27-22.71) 9.24 (-.58 to 19.05) 2.32 (-7.18 to 11.82) 0 331
TTC, HR® .64 (.44-.93) 1 .70 (.45-1.09) .72 (.49-1.05) 3562
Lost, OR 1 1.07 (.40-2.86) 1.24 (.49-3.16) 1.01 (.47-2.21) 371
Cure, OR 1 3.04 (.92-10.05) 4.40 (1.17-16.55) 4.49 (1.77-11.35) 312
Failure/death, OR 4.99 (1.77-11.36) 1.48 (.42-5.19) 1.02 (.25-4.09) 1 312

Data are presented as n (95% confidence interval). Data were adjusted for age, sex, height, household income, smoking, and alcohol consumption.
Abbreviations: BMI, body mass index; CXR, chest x-ray; HbA1c, glycohemogloblin; HR, hazard ratio; OR, odds ratio; TTC, time to sputum conversion.

“Coefficient (higher score indicates greater radiographic severity of disease).

®Higher HR indicates faster sputum conversion.

cured (P =.001). In contrast, there were no associations of adverse
TB outcomes with serum 25-hydroxyvitamin D or hemoglobin.

Potential Countervailing Mechanisms Associated with Diabetes Mellitus
The moderating effect of DM on TB outcomes in low-BMI in-
dividuals might be explained by behaviors, but this was not ev-
ident in the data. Durations of coughs before enrollment were
similar between groups and there was no consistent trend for
greater symptoms in any group (Supplementary Table 2). This
suggests that there was no difference between groups in the
time from TB onset to diagnosis. More BMI'®/A1c" participants
were lost compared to other groups, but adherence was no dif-
ferent between groups for those reaching a treatment endpoint.
Metformin was reported to reduce TB mortality in Type 2 DM
patients [21] and was used by 116 (71.6%) of KDM participants
in our study. However, there were no associations of metformin
with TB outcomes in analyses based on all participants with
HbA1lc >8.0%, all DM (KDM plus NDM) participants, or KDM
participants only. Among 162 KDM participants, cures were
recorded for 75.9% on metformin and 89.1% of those not on
metformin (P = .57, adjusted for age, sex, BMI, stature, income,
alcohol, and smoking).

In prior studies, TB-DM comorbidity was associated with
elevated plasma cytokine levels, compared to TB without DM
[7], while a low BMI was associated with low cytokine levels
[6]. To assess whether cytokine elevation with DM could
offset the immunosuppressive effect of a low BMI, we meas-
ured levels of 15 cytokines in plasma from 256 participants

with available samples. There was no consistent pattern of
cytokine differences between the low-BMI participants with
or without poorly controlled DM that could explain the rela-
tive protection enjoyed by the former (Supplementary Figure
3).

Visceral Adiposity Index is Associated with Adverse Tuberculosis
Outcomes

Visceral adiposity is a hallmark of DM and, in South Asians,
may be present despite a normal or low BMI. White adipose
tissue might provide an energy reserve to fuel immunity and
is a niche for pathogen-specific memory T cells [22]. Despite
those considerations, we found no associations of waist cir-
cumference or waist-height ratio with TB outcomes. The VAI
reflects both visceral fat mass and metabolic dysfunction [13].
There was an expected, overall-positive correlation of VAI re-
sults with HbA1lc in our cohort, although VAIs declined at the
highest HbA1c levels (Supplementary Figure 4). We tested the
association of VAIs with adverse TB outcomes in the 4 BMI/
Alc groups. As shown in Table 3, a significant effect was evi-
dent in BMI'/A1c" participants, but not in the other 3 groups.
Among all participants, a VAI result >5.0 was strongly associ-
ated with the combined outcomes of treatment failure or death,
with an odds ratio (OR) of 5.1 and a 95% confidence interval
(CI) of 1.4-19.0 (P = .015). This association remained signif-
icant when restricted to participants with BMIs <18.5 kg/m’
(OR =13.5;95% CI 1.4-135.0; P = .027). A groupwise scatter
plot of VAIs surprisingly revealed that 12 (8.7%) participants

Table 3. Association Between Visceral Adiposity Index and Adverse Tuberculosis Outcomes

BMI <18.5 kg/m?

HbATc <8.0%

HbATc 28.0%

HbATc <8.0% HbATc 28.0%

VAI per unit (OR) 1.63 (.02)
n per group 112

1.08 (.90) .84 (.88) 1.12 (.67)
37 44 135

Data are for combined outcomes of treatment failure or death among participants not lost to follow-up. Data are shown by BMI-HbA1c group.

Abbreviations: BMI, body mass index; HbA1c, glycohemogloblin; OR, odds ratio; VAI, visceral adiposity index.
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Figure 2. Visceral Adiposity Index (VAI), stratified by BMIs and HbA1c levels. The
VAl was calculated for the following 4 groups: BMI <18.5 kg/m? and HbA1c <8.0%
(BMI/A1c" n = 138); BMI <18.5 kg/m’ with HbATc >8.0% (BMI/ATc"™: n = 44);
BMI =18.5 kg/m? and HbA1c <8.0% (BMI"/A1c" n = 50); and BMI =18.5 kg/m? and
HbA1c >8.0% (BMI"/A1c": n = 151). The horizontal lines indicate the medians, the
boxes show the interquartile ranges, the whiskers show the highest and lowest
values, and the dots represent outliers.

Abbreviations: BMI, body mass index; HbA1c, glycohemoglobin.

in the BMI"*/A1c" group were outliers, having high VAIs de-
spite normal glucose tolerance (Figure 2). We concluded that a
high VAI, which is associated with cardiovascular disease risk
[23], reflects a TB susceptibility mechanism among individ-
uals with low BMIs.

DISCUSSION

The EDOTS study was designed to compare presenting features
and treatment responses of pulmonary TB in participants rigor-
ously characterized as having either a NGT or Type 2 DM. India
has the highest number of DM cases linked to TB [24], and the
study site in Chennai is at the epicenter of this syndemic, re-
flected by the 54.1% prevalence of DM in EDOTS participants
with TB that was reported in an interim analysis when recruit-
ment was sequential [10]. We now report the longitudinal
follow-up of the first 389 participants with a TB treatment out-
come determined. We anticipated finding greater TB severity
and worse treatment outcomes in the DM group, particularly
in view of the poor glycemic control in this population, with
a median HbAlc level of 10.5%. Instead, a BMI <18.5 kg/m’
was the strongest negative factor for the combined outcomes of
treatment failure or all-cause mortality (adjusted OR, 4.49; 95%
CI 1.77-1.35; Table 2). Contrary to expectations, poorly con-
trolled DM, classified as an HbA1lc level >8.0%, was paradoxi-
cally associated with better outcomes in low-BMI participants,
resulting in sputum conversion and cure rates closer to those of
diabetic and nondiabetic participants with normal-high BMIs.
Our findings were consistent with evidence linking low
BMIs to greater risks for TB treatment failure and mortality

[25]. Over half of the TB incidence in India is attributable to
undernutrition [26]. The association of TB risk and BMI is
commonly ascribed to undernutrition, but additional factors
may be involved, since the log linear correlation of BMI with
susceptibility and protection extends through normal BMIs to
obesity [27]. Epidemiological evidence suggests that the pro-
tective effect of a high BMI may be tempered in diabetic obe-
sity [28], although that was not evident in our cohort. There
was a strong correlation between BMI and serum albumin
(Supplementary Figure 2), and low albumin levels were associ-
ated with adverse TB outcomes, suggesting that undernutrition
was a factor in the poor treatment response of the BMI"/A1c"°
group. However, albumin is an imperfect biomarker of nutri-
tional status, since levels fall with systemic inflammation [29].
We found no association of treatment outcomes with levels of
vitamin D or hemoglobin, which are alternative indicators of
nutritional status [30]. Short stature is a marker of childhood
and inter-generational undernutrition [31], but we found no re-
lations between stature and TB treatment outcomes in this co-
hort. Having a low BMI was the major risk factor for poor TB
outcomes in our cohort and may have influenced the TB-DM
interaction in ways that differ from other populations, where
this comorbidity more commonly occurs in overweight indi-
viduals [20, 32].

Poorly controlled DM had a protective effect in individuals
with low BMIs and TB in our study (Table 2). We considered
that participants with DM might have had a shorter interval
between TB onset and diagnosis, due to contact with medical
providers for DM care and greater health awareness. That pos-
sibility could not be excluded with the available data, but there
was no difference in the duration of cough prior to a TB di-
agnosis across all BMI/Alc groups. We considered that demo-
graphic or behavioral variables might account for the protective
effect of poorly controlled DM in low-BMI individuals, but
this association was maintained after adjustments for poten-
tially confounding variables that influence TB susceptibility,
including age [33], sex [34], smoking [35], and alcohol con-
sumption [36]. This association was also maintained after an
adjustment for family income, which is an indicator of food in-
security [37]. Treatment adherence is the most important factor
influencing TB outcomes, but did not differ between groups in
this cohort (Supplementary Table 2).

Abundant clinical and basic research evidence supports the
hypothesis that chronic hyperglycemia impairs TB defense [38].
The apparent lack of negative consequences for high HbAlc
levels in EDOTS participants with normal to high BMIs, and
protection in those with low BMIs, might reflect population-
specific factors that obscured the well-described adverse effects
of diabetic immunopathy in TB [38]. We questioned whether
relative protection in the underweight participants with DM
was attributable to a DM-associated factor other than chronic
hyperglycemia. It has been proposed that metabolic syndrome
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reflects an evolutionary response to build the fat energy re-
serves needed for defense against chronic infectious diseases,
including TB [39]. Visceral adiposity, a hallmark of meta-
bolic syndrome, might provide such a protective energy re-
serve. Moreover, white adipose tissue is a niche for protective,
pathogen-specific, memory T cells [22]. Despite these consid-
erations, we found no associations of TB outcomes with waist
circumference alone or as a ratio with height. Waist circumfer-
ence does not distinguish between subcutaneous and visceral
adipose tissue, nor does it indicate adipose tissue dysfunction.
We therefore calculated VAIs that included serum lipid param-
eters linked to metabolic syndrome. This metric, which reflects
visceral adipose tissue mass and function, is a biomarker for
cardiovascular disease risk [13]. While VAIs were generally cor-
related with HbAlc levels in our cohort, they declined at the
highest HbAlc values and were surprisingly elevated in 8.7%
of BMI/A1c" individuals who had normal oral glucose toler-
ance tests. We anticipated that higher VAIs would be associated
with protection, but the opposite was observed; participants
with VAIs >5.0 had significantly greater odds of adverse TB out-
comes. When analyzed as a continuous variable versus in the 4
BMI/Alc groups, the association of VAI with adverse TB out-
comes was restricted to BMI'*/A1¢” individuals. To our know-
ledge, VAI was not previously investigated in the context of TB.

Our study had several limitations. The sample size of NGT partici-
pants with BMIs >18.5 kg/m” was small, which may have limited our
ability to identify the expected adverse effect of poorly controlled DM
on TB outcomes in those with normal-high BMIs. The magnitude of
the impact that low BMIs had in this cohort was not anticipated, so a
detailed nutrition survey was not included in the research protocol and
vitamin A levels [40] were not measured. The association of VAI with
TB outcomes was also not anticipated, so potentially relevant studies—
such as homeostatic model assessments for insulin resistance or meas-
urements of free fatty acids or plasma glycerol—were not performed.
Despite these limitations, our study identified low BMI as a more im-
portant risk factor for adverse TB outcomes than DM, and it revealed a
surprising, protective effect of comorbid, poorly controlled DM in un-
derweight individuals. Future studies evaluating other DM-associated
variables, such as adipose tissue inflammation or gut microbiomes,
might clarify the mechanisms of susceptibility and protection.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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