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values reflecting an impoverished population and lower
values a wealthy population.

Spatial analysis
Spatial autocorrelation of TB cases, poverty, and PM2.5 were
assessed using global Moran’s I statistics to describe the
overall spatial dependence in the entire study area. In
addition, local Getis-Ord Gi* statistic (a type of Local Indica-
tor of Spatial Association - LISA) was used to identify local
patterns and high-risk areas. A first-order queen contiguity-
based weighted neighborhoods (districts with contiguous
boundaries) were used for Moran’s I and Getis-Ord Gi*. Gi*
statistic was categorized based on the sign (cold or hotspot)
and percentile (90, 95, 99%) to prevent bias due to multiple
and dependent tests [20]. Gi* statistic might be sensible to
the fact that units near the edge would have fewer neighbors
than those in the middle of the study area, known as edge-
effect [21]. However, there is no consensus on the edge-
effects on hotspot detection using areal data and their cor-
rection methods. In this study area, the median number of
neighbors for districts located at the edges is four and five
for those located in the middle. Under this small difference,
the spatial analysis did not account for edge-effect correction,
however, precaution would be taken if clusters were near the
border of the study area.
Kendall’s W test was performed to evaluate the co-

occurrence between cluster categories of TB cases, poverty,
and PM2.5 as previously described [22]. Kendall’s W measure
the concordance between two features, ranging from + 1
(complete agreement) to � 1 (no agreement) and was calcu-
lated for all combinations of two variables including TB cases
(TB cases-poverty, TB cases-PM2.5) and the three at the
same time. Legendre method [23] was used to compute a P-
value based on Monte Carlo randomizations.
The spatial data processing, analysis, and visualization

were performed using the ‘spdep’ and ‘sf’ packages; and
Kendall’s W test were performed using the ‘synchrony’
package in R software.

Statistical analysis
The Gini Index was calculated to assess the dispropor-
tioned distribution of cases in Lima districts. The Gini
coefficient is a common measure of the inequality
among values of a frequency distribution (TB cases). It is
defined as a ratio with values between 0 (perfect equal-
ity) and 1 (perfect inequality). The Gini coefficient was
computed using the ‘ineq’ package in R software.
A negative binomial generalized linear mixed model

(GLMM) was created to assess the importance of pov-
erty level and PM2.5 as drivers of spatial variation in TB
incidence rate across Lima. A baseline model was for-
mulated as follows:

log ρst
� � ¼ αþ γt að Þ þ φs þ υs

Where the TB rate for each district and year (log(ρst))
is modeled by 1) an intercept (� ), 2) an exchangeable
random effects for each year (� t(a)) to account for inter-
annual variation in TB over time (yearly random effect);
and 3) spatially unstructured (φs), and structured (υs)
random effects using a convolution prior that combines
area-specific overdispersion and a neighborhood de-
pendency structure [24]. Covariates (poverty level and
PM2.5) were added to this model and model parameters were
estimated within a Bayesian framework using Integrated
Nested Laplace Approximation (INLA) [25], an alternative
to Markov Chain Monte Carlo (MCMC) methods. Models
were fitted using the ‘INLA’ package in R software.

Results
Baseline characteristics and TB incidence
A total of 28 381 new pulmonary TB cases were reported
during the study period (2015–2017) with stable yearly
rates. The incidence rate at district-level ranged between
18.8–214, 20.2–216, and 0–199 cases per 100 000 habi-
tants in 2015, 2016, and 2017, respectively (Fig. 1b). The
average PM2.5 concentration at district-level was slightly
higher in 2016 (29.5 � g/m3) than in 2015 (26.2 � g/m3).
The average PM2.5 was highly heterogeneous across dis-
tricts in Lima, ranging between 13.8–40.4 � g/m3 in 2015,
and 16.5–44.8 � g/m3 in 2016.

Spatial clustering and co-occurrence
An overall strong spatial autocorrelation was observed
during the 2015–2017 period for TB cases (Moran’s I
range: 0.24–0.36, P < 0.01), PM2.5 (Moran’s I range: 0.55–
0.56, P < 0.001), and poverty level (Moran’s I = 0.353, P =
0.003) (Supplementary Fig. 1). Stable high-risk clusters of
TB cases were observed in the central-east part of Lima
and low-risk clusters in the south-west (Fig. 2a). High-risk
clusters of PM2.5 were detected in the south and central-
east of Lima, with low-risk clusters located in the south.
Furthermore, cold spots of poverty level (cluster of
wealthy districts) were located in the central-west. Statisti-
cally significant co-occurrence of clusters (seven categor-
ies - cold spot 99% confidence, cold spot 95% confidence,
cold spot 90% confidence, not significant, hot spot 99%
confidence, hot spot 95% confidence, hot spot 90% confi-
dence) of TB cases and PM2.5 (Kendall’s W = 0.596; P =
0.046), TB cases and poverty level (Kendall’s W = 0.4714;
P = 0.003), and the three variables combined (Kendall’s
W = 0.4606; P = 0.001) were observed.

Mixed-effects models and inequity indexes
A moderate concentration of TB cases among Lima dis-
tricts were observed in the study period (Gini Index
range = 0.27–0.29) (Fig. 2b). The general trends of TB
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