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Summary
Background We sought to identify resistance patterns and key drivers of recent multidrug-resistant tuberculosis
(MDR-TB) transmission in a TB-prevalent area in Peru.

Methods Cross-sectional study including MDR Mycobacterium tuberculosis complex (Mtbc) strains identified in Callao-
Peru between April 2017 and February 2019. Mtbc DNA was extracted for whole genome sequencing which was used
for phylogenetic inference, clustering, and resistance mutation analyses. Clusters indicative of recent transmission
were defined based on a strain-to-strain distance of ≤5 (D5) single nucleotide polymorphisms (SNPs).
Epidemiologic factors linked to MDR-TB clustering were analyzed using Poisson regression.

Findings 171 unique MDR-Mtbc strains were included; 22 (13%) had additional fluoroquinolone resistance and were
classified as pre-XDR. Six strains (3.5%) harboured bedaquiline (BDQ) resistance mutations and were classified as
MDR + BDQ. 158 (92%) Mtbc strains belonged to lineage 4 and 13 (8%) to lineage 2. Using a cluster threshold of
≤5 SNPs, 98 (57%) strains were grouped in one of the 17 D5 clusters indicative of recent transmission, ranging in
size from 2 to the largest cluster formed by 53 4.3.3 strains (group_1). Lineage 4.3.3 strains showed the overall
highest cluster rate (43%). In multivariate analyses, current or previous imprisonment was independently associated
with being part of any MDR-TB transmission clusters (adjusted prevalence ratio [aPR], 1.45; 95% CI, 1.09–1.92).

Interpretation Pre-XDR-TB emerged in more than 10% of the MDR-TB strains investigated. Transmission of 4.3.3
Mtbc strains especially of the dominant group_1 clone is a major driver of the MDR-TB epidemic in Callao.
Current or previous imprisonment was linked to recent MDR-TB transmissions, indicating an important role of
prisons in driving the MDR-TB epidemic.
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Research in context

Evidence before this study
Tuberculosis (TB) remains a top infectious disease killer
worldwide. Globally, about half million new multidrug-
resistant (MDR)-TB infections annually result in substantial
morbidity and mortality. Nevertheless, our understanding of
key drivers of MDR-TB epidemics and secondary transmissions
is incomplete, thus limiting our ability to intervene in this
global health problem. In the Americas, Peru is especially
affected by MDR-TB and is listed among the 30 countries with
highest levels for MDR-TB globally. Understanding key drivers
of recent MDR-TB transmissions is critical in our region,
including the role of prisons. We searched Pubmed, Medline
using the search strategy “tuberculosis” and “resistant” and
“prison” through September 2023. Prior research in the
Americas, particularly coming from Brazil, demonstrated that
TB transmissions are common in prisons, and that prison TB
strains are interrelated with the wider community. However,
few studies have focused on MDR-TB and used whole genome
sequencing (WGS).

Added value of this study
We utilized WGS to identify molecular resistance patterns and
key drivers of recent MDR-TB transmission in Callao, a TB-
prevalent area in Peru. WGS offers the best resolution to
identify transmission clusters and ongoing transmission. Our
genotypic resistance profile analysis revealed high rates of co-
resistance to other first and second line anti-TB drugs.
Importantly, we identified a clonal spread of 4.3.3 Latin
American-Mediterranean (LAM) MDR-TB strain in our study
population. Current or previous imprisonment was linked to
recent MDR-TB transmissions, indicating an important role of
prisons in driving the MDR-TB epidemic.

Implications of all the available evidence
MDR-TB prevention and control interventions in persons
deprived of liberty are urgently needed, not only during
incarceration time but also once individuals return to their
communities. Further, transmission dynamics and resistance
evolution need to be closely monitored in our region ideally
with routine WGS surveillance.
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Introduction
Tuberculosis (TB), caused by pathogens of the Myco-
bacterium tuberculosis complex (Mtbc), remains a top
infectious disease killer worldwide, accounting for more
than 1.5 million deaths each year.1 Globally, approxi-
mately 4% of newly developed TB and 19% of previously
treated people with TB are rifampicin (RIF)-resistant or
multidrug-resistant (resistance to at least RIF and
isoniazid [INH]) (RR/MDR-TB), leading to about a half
million new MDR-TB infections worldwide annually
linked with high treatment failure rates, and increased
mortality.1–4 Nevertheless, our understanding of key
drivers of MDR-TB epidemics and secondary trans-
missions is incomplete, thus limiting our ability to
intervene in this global health problem.

The emergence of MDR-TB was traditionally attrib-
uted to poor treatment compliance and programmatic
failure. However, studies have demonstrated that
transmission of resistant Mtbc strains would be the
main driver of the MDR-TB epidemic, and particular
MDR Mtbc strains can spread for centuries even across
borders.5–7 Prisons are high-congregate settings that
often have conditions that favour Mtbc transmission,
including overcrowding, poor ventilation, poor sanita-
tion, and a high prevalence of untreated/undiagnosed
TB infection and TB disease among inmates.8,9 Incar-
cerated individuals, correctional facility workers, and
people living in areas around prisons are particularly
vulnerable to MDR-TB.10–12 However, the overall contri-
bution of MDR-TB in prisons into the general MDR-TB
epidemiology in TB-prevalent areas has not been
completely defined. Understanding the influence of
prisons and other factors on recent MDR-TB trans-
missions would be informative to TB control
interventions.

Peru is especially affected by MDR-TB in the
Americas and is listed among the 30 countries with the
highest levels of MDR-TB globally.13 Indeed, Peru had a
TB incidence of ∼116 new TB diagnoses per 100,000
inhabitants in 2020, and it is estimated that 6.3% of new
TB diagnoses in Peru are MDR-TB.14,15 Callao is one of
the cities with the highest rates of MDR-TB in Peru.16 In
this study, we utilized whole genome sequencing
(WGS), epidemiologic and spatial data to identify drivers
of recent MDR-TB transmission and resistance patterns
in this region.
Methods
Study design and epidemiologic characteristics
We conducted a cross-sectional study including clinical
specimens identified as MDR-TB strains by the Tuber-
culosis Control Program Laboratory of the Regional
Directorate of Health of Callao Region (DIRESA-Callao)
in Peru between April 29th 2017 and February 26th
2019. MDR-TB strains were identified based on National
TB Program drug susceptibility testing standards.17

Briefly, first-line drug susceptibility testing at the
DIRESA-Callao TB laboratory was performed using
Microscopic Observation Drug Susceptibility (MODS).18

Second-line drug susceptibility testing (MGIT 960 and
Genotype™) was assessed at the National Reference
www.thelancet.com Vol 31 March, 2024
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Laboratory of Mycobacteria in Lima, Peru. For this
project, MODS liquid cultures of MDR-TB strains were
sub-cultured for DNA extraction and quality tested at the
Molecular Epidemiology and Genetics Laboratory,
Centro de Investigaciones Tecnológicas, Biomedicas y
Medioambientales (CITBM) in Callao, Peru. TB is a
mandatory-notified diagnosis in Peru. Available de-
mographic and clinical characteristics of MDR-TB cases
were extracted from the medical records of the DIRESA-
Callao Tuberculosis Control Program Laboratory and TB
Program Information System (SIGTB). Data included
age, sex, HIV, diabetes mellitus, history of TB contact,
prior history of TB, and history of current or prior
imprisonment. Data completeness for key variables
ranged from 98% to 100% and therefore no imputation
of missing values was performed. History of HIV and
diabetes mellitus were defined based on routine
screening done by the TB Program.

DNA sequencing
WGS was performed at the Research Center Borstel in
Germany on the Illumina NextSeq 500 using a modified
Nextera workflow.19 WGS data were analyzed using the
MTBseq pipeline as described previously.20 The
sequencing data have been made public on the Euro-
pean Nucleotide Archive (ENA) and the samples indi-
vidual accession numbers are listed in Supplementary
Table S1.

Mtbc lineage and resistance characterization
Phylogenetic Mtbc lineages and sub-lineages were
inferred from signature single nucleotide poly-
morphisms (SNPs).21,22 For genome-based resistance,
prediction polymorphisms in 27 drug resistance asso-
ciated genes that are involved in drug resistance
mechanisms were determined from the WGS data us-
ing an updated version (v2022-01-26) of a previously
published interpretation catalogue.23 Furthermore, yet
uncharacterized INDELS and stop codons in the
following genes were also considered as resistance de-
terminants: (a) ethA (ethionamide/prothionamide); (b)
pncA (pyrazinamide); (c) rpoB (rifampicin, rifabutin);
(d) Rv0678c (bedaquiline, clofazimine); (e) ald (cyclo-
serine); (f) katG (isoniazid); (g) gid (streptomycin); and
(h) fbiC and ddn (delamanid). Mutations resulting in a
STOP codon were indicated by an underscore ‘_’ sign.
For resistance detection variants were called by lowering
the default variant detection parameters to read coverage
of a minimum of two for each forward and reverse
orientation, four reads of a Phred score of at least 20 and
5% allele frequency, to increase the detection limit for
not fixed SNP positions. Strains were characterized into
resistance categories per World Health Organization
(WHO) classifications: MDR (resistance to at least
isoniazid [INH] and rifampicin [RIF]); pre extremely
drug-resistant (pre-XDR, MDR plus resistance to
fluoroquinolones [FQ]).1 MDR Mtbc strains with
www.thelancet.com Vol 31 March, 2024
bedaquiline (BDQ) resistance mutations were classified
as MDR + BDQ.

Phylogenetic inference
Phylogenetic trees were calculated based on concate-
nated SNP alignments. Maximum likelihood (ML)
phylogenetic inference was calculated from the concat-
enated SNP alignment only using polymorphic sites by
IQ-TREE2 v1.6.824 with automatic model selection by
ModelFinder Plus25 based on the Akaike information
criterion (AIC), corrected Akaike information criterion
(AAICs), and the Bayesian information criterion (BIC)
including ascertainment bias correction (ASC). Branch
support was assessed via Ultrafast bootstrap approxi-
mation (UFBoot) with 1000 replicates.26 ML trees were
midpoint rooted in FigTree 1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree/). Minimum spanning trees were
created from the concatenated SNP alignment with
GrapeTree 1.5 and the MSTree V2 algorithm.27

Identification of transmission clusters
WGS offers the best resolution to identify transmission
clusters and ongoing transmission. The cluster analyses
were based on an isolate-to-isolate distance of ≤12 SNPs
(D12) and ≤5 SNPs (D5).28,29 With D12 long-term
transmission chains can be followed, whereas D5 of-
fers the view on recent and ongoing transmission. Thus,
in our study, we defined recent MDR-TB transmission
when strains had a distance of ≤5 SNP between each
other (D5 clusters). All strains which have at least one
other isolate within the distance threshold were
assigned to a cluster. A transmission index per isolate
was calculated as previously defined.30 Briefly, we
determined for every isolate the number of isolates that
were in a range of 10 SNPs or less, which is the extend
of a putative transmission network. This 10 SNP-
threshold was used to infer the number of recently
linked cases, as considered within a 10-year time period,
based on previous convergent estimates of Mtbc
genome evolution rate of ≈0.5 SNPs/genome/year in
inter-human transmission chains.31

Data visualization analysis of the distribution of the
estimated percentage of strains included in D12 and
D5 clusters over all samples sequenced were generated
with continuous surface maps of the prevalence dis-
tribution of each cluster. These maps were generated
using a standard spatial Gaussian kernel interpolation
method. Maps were created with ArcGIS Pro version
3.1.

Identification of compensatory mutations
We evaluated rpoA, rpoB, and rpoC genes for the pres-
ence of non-synonymous mutations. Detected SNPs
were considered as putative compensating, after
excluding SNPs in the rifampicin-resistance deter-
mining region, other known rifampicin resistance mu-
tations and phylogenetic mutations.
3
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Statistical analyses of the relationship between
epidemiologic factors and Mtbc transmission
Project data were analyzed in Stata software (v13.0;
StataCorp) and R software. Categorical data were sum-
marized using percentages. Continuous data are pre-
sented as median and interquartile range (IQR). We
used chi-square and Mann–Whitney tests for bivariate
analyses of categorical and continuous variables,
respectively. We used Poisson regressions (log link
function; with robust estimator of variance) to assess
potential factors associated with recent Mtbc trans-
mission (D5 clusters), including age, sex, diabetes
mellitus, HIV infection, history of prior TB, TB contact,
drug use, and history of current or prior incarceration.
Two primary regression models were assessed: in the
first model, the outcome variable was defined as being
part of any of the MDR-TB transmission clusters (any
D5 clusters), whereas in the second model the outcome
variable was defined as being part of the dominant D5
cluster. Poisson regression results were reported as
prevalence ratios (PR) accompanied by their 95% con-
fidence interval (CI). Spatial data visualization was
conducted using spatial interpolation methods to
generate continuous surface maps of the distribution of
D12 and D5 clusters in the study area. Spatial in-
terpolations were generated using Kernel interpolation
methods. Maps were generated using the ArcGIS Pro
software.32

Ethics approval
The study protocol was approved by the Ethics Com-
mittees of DIRESA-Callao and the Institute of Tropical
Medicine Daniel A. Carrion at Universidad Nacional
Mayor de San Marcos in Peru (CIEI-2017-014). Indi-
vidual patient consent was not required for retrospective
access to data. The study was registered in the PRISA
national research project registry (#EI00000003098).

Role of the funding source
The funding source had no role in the study design; in
the collection, analysis, and interpretation of data; in the
writing of the report; or in the decision to submit the
report for publication.
Characteristic Study population

Age, median (interquartile range) 31 (25–44)

Age ≥65 years, n (%) 16 (9.4%)

Male sex, n (%) 114 (66.7%)

Diabetes mellitus, n (%) 15 (8.8%)

HIV infection, n (%) 10 (5.9%)

Drug use, n (%) 39 (22.8%)

History of TB contact, n (%) 22 (12.9%)

History of imprisonment, n (%) 29 (17%)

History of prior TB, n (%) 42 (24.6%)

Table 1: Epidemiologic characteristics linked to 171 MDR-TB strains
from Callao, Peru.
Results
Between April 29th 2017 and February 26th 2019, an
estimated 2180 cases of TB were reported in the study
region, which included 197 MDR-TB case notifications.
Of those, 188 were MDR-TB cases with positive culture
susceptibility testing. Through our study, we accessed a
total of 183 samples. After excluding 8 duplicate or non-
Mtbc samples, 175 strains were analyzed for their in-
dividual genotypic resistance patterns, phylogenetic
lineages, and clustering. Of the 175 Mtbc strains
investigated, 171 strains were confirmed as MDR-TB by
WGS and used for all downstream analyses (90.9%
coverage of culture-positive MDR-TB cases reported in
the study region; Supplementary Figure S1). Each strain
corresponded to one unique patient.

Epidemiologic characteristics linked to MDR-TB
strains
Table 1 shows the epidemiologic characteristics linked
to the 171 MDR-TB strains. Median age of the patients
was 31 years (IQR, 25–44). Of 171 MDR-TB strains, 114
(66.7%) came from male patients. There were 42
(24.6%) MDR-TB strains from patients who reported a
prior history of TB. The rates of diabetes mellitus and
HIV co-infection were low in our study population,
8.8% and 5.9%, respectively. Twenty-nine (17%) of
strains belonged to individuals with a history of incar-
ceration. Of those, 19 (65.5%) were currently in prison
and 10 (34.5%) were previously incarcerated.

Drug-resistance patterns and Mtbc lineage of
circulating MDR-TB strains
Of the 171 strains confirmed as MDR-TB, 129 (75%)
harboured additional resistance mutations against pyr-
azinamide (PZA) and 147 (86%) against ethambutol
(EMB) (Fig. 1, Supplementary Table S1). 22 (13%) also
showed markers for fluoroquinolone (FQ) resistance
and were classified pre-XDR-TB (Fig. 1, Supplementary
Table S1). Interestingly, another six (3.5%) MDR strains
had mutations conferring resistance against bedaquiline
(BDQ), based on two different mutations in Rv0678
(192_ins_g and N98D), despite BDQ not being available
for MDR-TB treatment in this region at the time of the
study. Both mutations have been reported before.33,34 Of
these six patients only one was treated before for MDR-
TB. Five of these patients received clofazimine (CFZ)
during their current treatment. Transmitted FQ resis-
tance could be detected for the two clusters group_4 and
group_8 where all strains harbored the same resistance
conferring mutations. BDQ resistance transmission was
found for the two samples of group_13 (Supplementary
Figure S3).

Overall, 158 (92%) strains were assigned to lineage 4
(L4), and 13 (8%) strains to lineage 2 (L2). Out of L4, the
www.thelancet.com Vol 31 March, 2024
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Fig. 1: Percentage of strains from Callao/Peru resistant to a certain antibiotic. INH = isoniazid, RIF = rifampicin, SM = streptomycin,
EMB = ethambutol, PZA = pyrazinamide, MFX = moxifloxacin, LFX = levofloxacin, KAN = kanamycin, AMK = amikacin, CPR = capreomycin,
ETH = ethionamide, LZD = linezolid, BDQ = bedaquiline, CS = cycloserine, PAS = para-aminosalicylic acid, DEL = delamanid.
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most prevalent sub-lineage found was lineage 4.3.3 LAM
(n = 99, 58%), followed by 4.3.4.2 LAM (n = 18, 11%)
and 4.1.2.1 Haarlem (n = 12, 7%) (Table 2). A detailed
look at the resistance profiles of strains of the dominant
sub-lineage 4.3.3 LAM (n = 99) showed that a high
proportion were PZA (91/99; 92%), and EMB (83/99;
84%) resistant. Resistance to ethionamide (ETH) was
found in 28% (28/99), and to FQ in 11% (11/99),
respectively.

Cluster analysis
130 (74%) strains were grouped in one of the 17 D12
clusters identified in the study population (Fig. 2). When
a stricter threshold of 5 SNPs was used, 98 (56%) strains
were grouped in one of the 17 D5 clusters indicative of
Total

Dataseta 171 (100%)

Lineage2 13 (8%)

Lineage4 158 (92%)

Sub-lineages

2.2.1 Beijing 6 (4%)

2.2.1 Beijing Asian/Africa 2 7 (4%)

4 Euro-American 4 (2%)

4.3.3 LAM 99 (58%)

4.3.4.2 LAM 18 (11%)

4.1.2.1 Haarlem 12 (7%)

4.3.4.1 LAM 9 (5%)

4.1.1.3 X-type 6 (4%)

4.3.2 LAM 4 (2%)

4.1.1 X-type 3 (2%)

4.8 mainly T 3 (2%)

aDenominator is “Total” for the row “Dataset”.

Table 2: Genome-based DR classification stratified by lineage for the 171 MD

www.thelancet.com Vol 31 March, 2024
recent transmission (Fig. 2), ranging in size from 2 to 53
strains (median = 3, average = 5.8, Fig. 2,
Supplementary Table S1). Of the 99 strains of the
dominant sub-lineage 4.3.3 LAM, 92 (93%) were clus-
tered with D12 and 73 (74%) with D5, indicating a high
rate of recent MDR-TB transmission of these strains.
The largest detected cluster (D12 group_1), containing
73 (43%) strains, could also be attributed to the sub-
lineage 4.3.3 LAM. On D5 level, 53 (31%) strains
remained grouped in the largest cluster group_1, which
in addition showed much higher transmission indexes
compared to the not included strains, indicating a very
dense transmission network (Fig. 2). A more detailed
analysis considering resistance mutations showed that
all strains of the D12 group_1 harboured the katG
MDR MDR + BDQ preXDR

143 (84%) 6 (4%) 22 (13%)

8 (6%) 0 (0%) 5 (23%)

135 (94%) 6 (100%) 17 (77%)

3 (2%) 0 (0%) 3 (14%)

5 (3%) 0 (0%) 2 (9%)

0 (0%) 4 (67%) 0 (0%)

87 (61%) 1 (17%) 11 (50%)

17 (12%) 0 (0%) 1 (5%)

9 (6%) 1 (17%) 2 (9%)

9 (6%) 0 (0%) 0 (0%)

5 (3%) 0 (0%) 1 (5%)

4 (3%) 0 (0%) 0 (0%)

1 (1%) 0 (0%) 2 (9%)

3 (2%) 0 (0%) 0 (0%)

R-TB strains from Callao, Peru.
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Fig. 2: Maximum Likelihood phylogeny of 171 MDR TB strains from Callao/Peru. Tracks from left to right: 1: Transmission index, 2: D12
cluster, 3: D5 cluster, 4: prison history, 5: resistance status, resistance to antibiotics, 6: resistance markers for isoniazid and 7: rifampicin, 8: rpoB
compensatory mutations.

Articles

6

S315T mutation, however, MDR-TB had evolved at least
two times as strains harboured either the rpoB S450L or
D435V mutation, respectively. When considering the
stricter cluster threshold, all strains of the D5 group_1
harboured rpoB D435V and additional resistances to SM
(gidB P84L, 52/53), EMB (embB Y319S, 52/53) and PZA
(pncA Q10R, 52/53). Noteworthy the second largest
cluster (D12 group_16) only contained 9 (5%) strains.
We observed a lower frequency of compensatory muta-
tions in D12 clustered compared to non-clustered
strains (39.2 vs. 65.9%; P = 0.003). Similarly, there
was a lower frequency of compensatory mutations in
www.thelancet.com Vol 31 March, 2024
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strains in D5 clusters compared to strains that did not
belong to a cluster (33.7% vs. 61.6%; P < 0.001). This
effect was mainly driven by the fact that the strains of
the largest cluster group_1 do not contain any known
compensatory mutation, e.g., in rpoA, rpoB, or rpoC
(Supplementary Table S1).7,30,35

We were further interested in the relationship of the
dominant sub-lineage 4.3.3 MDR strains to a previously
published intercontinental transmission chain origi-
nating from the Lima region.36 The three strains from
the cross-border transmission study (two from Lima, 1
from Madrid) were found to cluster with the five strains
of D12 group_8, establishing a direct link to actively
transmitted TB in our study population (Supplementary
Figure S4).

Factors associated with recent Mtbc transmission
To better understand the factors associated with recent
Mtbc transmission, we investigated the relationship
between epidemiological characteristics of individuals
with MDR-TB and recent transmission clustering (D5
clusters, Table 3). Of note, 26 (27%) of individuals with
MDR-TB belonging to D5 transmission clusters had a
current or prior history of imprisonment. In unadjusted
analyses, we found that male sex (prevalence ratio [PR],
1.53, 95% confidence interval [CI], 1.07–2.17), history of
drug use (PR, 1.64; 95% CI, 1.31–2.06), and current or
prior history of imprisonment (PR, 1.77; 95% CI,
1.44–2.17) were associated with being in a recent
transmission cluster (Table 3). In multivariate Poisson
regression modelling, history of imprisonment (current
or prior) remained independently associated with being
in a recent transmission cluster (adjusted PR [aPR],
1.45; 95% CI, 1.09–1.92). History of imprisonment was
also independently associated with being in the domi-
nant group_1 transmission cluster (aPR, 2.33; 95% CI,
1.21–4.48; Supplementary Table S2).

We then analyzed the geospatial distribution of
MDR-TB strains in Lima-Callao belonging to D12
(Fig. 3a) and D5 (Fig. 3b) clusters. Data visualization
maps show a high percentage of strains grouped in D12
clusters were distributed in the mid and southern part
Characteristic Unadjusted PRa

Age ≥65 years 1.1 (0.73–1.65)

Male sex 1.53 (1.07–2.17)

Diabetes mellitus 0.92 (0.56–1.51)

HIV infection 1.24 (0.81–1.9)

Drug use 1.64 (1.31–2.06)

History of TB contact 0.95 (0.63–1.41)

History of imprisonment 1.77 (1.44–2.17)

History of prior TB 1.17 (0.89–1.54)

aPrevalence ratios presented with 95% confidence intervals in parentheses. The adjusted
infection, drug use, history of TB contact, history of current or prior imprisonment, hi

Table 3: Results of Poisson regression of factors associated with being in an

www.thelancet.com Vol 31 March, 2024
of the study area within adjacent districts to Callao
(Fig. 3a; Supplementary Figure S2). Strains belonging to
D5 transmission clusters had a similar geospatial dis-
tribution, but a larger concentration of strains belonging
to this cluster-type was observed in the Callao district,
which was also the district with a large concentration of
strains linked to current or prior history of imprison-
ment (Fig. 3b).
Discussion
We found that more than half (57%) of MDR-TB in
Callao-Peru was due to recent transmission (SNP dis-
tance cutoff ≤5) according to WGS cluster analysis.
Recent transmission leading to primary MDR-TB is also
supported by the fact that less than 25% of patients had
a prior history of TB. Our data indicate that prisons may
play a pivotal role in the MDR-TB epidemic in the re-
gion as incarceration was found to be associated with
clustering, and with being infected with an Mtbc strain
of the dominant MDR group_1 clone. Importantly, the
genotypic resistance profile of MDR-TB strains investi-
gated, revealed high rates of co-resistance to other first
and second-line anti-TB drugs, which could pose chal-
lenges for individual treatment plans, as well as pre-
ventive strategies among contacts.6 The emergence of
BDQ resistance in the study population before the drug
was used for MDR-TB treatment in the region is
particularly worrying.

High rates of TB, including MDR-TB, have been
described in many prison settings globally.37 In Peru, a
national survey conducted in 69,890 persons deprived of
liberty (PDL) in 2016 found that the self-reported prev-
alence of TB was 2510 per 100,000, approximately 25
times higher than the overall country TB prevalence.38

Similarly, another report indicated that the incidence
of TB in Peru prisons in 2018 was 2810 per 100,000
PDL.39 However, the contribution of prisons (including
current or prior incarceration) in local MDR-TB epide-
miology has not been well described. In our study,
we found that 17% of all MDR-TB strains studied and
27% of MDR-TB strains belonging to a D5 recent
P value Adjusted PRa P value

0.642 1.32 (0.75–2.33) 0.343

0.020 1.25 (0.84–1.85) 0.270

0.755 0.94 (0.56–1.58) 0.826

0.329 1.3 (0.86–1.98) 0.216

<0.001 1.27 (0.95–1.69) 0.103

0.785 0.99 (0.67–1.46) 0.963

<0.001 1.45 (1.09–1.92) 0.010

0.268 1.01 (0.75–1.34) 0.980

model included the following variables: age ≥65 years, sex, diabetes mellitus, HIV
story of prior TB.

y clusters of recent MDR-TB transmission (any D5 clusters).
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Fig. 3: Spatial distribution of the estimated percentage of (a) strains included in D12 clusters and (b) strains included in D5 clusters. Blue
dots illustrate the spatial location of each strain and red dots illustrate the location of strains linked to current or prior history of imprisonment.
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transmission cluster were linked to a history of
imprisonment. Most of these cases were located within
the Callao district, an area that also showed a high
percentage of Mtbc strains belonging to a single D5
transmission cluster with high transmission indexes.
Our findings are in line with a recent report from the
country of Georgia, which showed that almost a third of
MDR-TB cases were directly or indirectly linked to
prisons.8 In the Americas region, prior research from
Brazil and Paraguay has demonstrated that TB trans-
missions in prisons and the wider community are
interrelated, and that migration across neighbour
countries has an important role in local and regional TB
epidemiology.40 Moreover, studies have shown that
MDR-TB from PDL frequently spills over the general
population,8,11 as also documented in other South
American countries.41–43 Interestingly, it has been re-
ported that MDRMtbc strains from prison settings carry
increased compensatory mutations that favour Mtbc
transmission fitness,8 which may explain the high rate
of recent MDR-transmission linked to imprisonment.
However, we did not find any compensatory mutations
within our large D5 group_1 transmission cluster sug-
gesting that the role of compensatory mutations may not
be as important for the successful transmission of MDR
Mtbc strains, at least in lineage 4 strains being domi-
nant within the Callao region. Interestingly, strains
from an intercontinental cross-border transmission36

were found to cluster with strains from the D12
group_8 cluster, also lacking compensatory mutations.
This contrasts our findings to studies in Eastern Europe
and India, in which mainly MDR strains of L2 with
compensatory mutations have a clear transmission
advantage, and also carry more drug resistance muta-
tions.7,30,35 Obviously, the L4 MDR strains found in our
study can spread without the previously described
compensatory mutations, e.g., in rpoA, rpoB, and rpoC,
indicating that either other yet unknown mechanisms
lead to enhanced spread, or the importance of
compensatory mutations may be variable in strains from
different lineages.

This study, which combines WGS and epidemiologic
data from an MDR-TB-prevalent setting in the Amer-
icas, provides ground evidence that prisons potentially
are important drivers of the MDR-TB epidemic in TB
endemic areas.44 Likewise, our geospatial data visuali-
zation illustrated a striking spatial overlap between the
distribution of cases linked to a history of imprisonment
and recent transmitted strains. Such overlap might
indicate an association between this factor and recent
transmission in areas where cases linked to high expo-
sure to prison are circulating, potentially boosting the
dispersion of MDR-TB in these areas. Recent geospatial
analyses suggest that MDR-TB clustering is associated
with small, overlapping activity locations in the com-
munity.45 However, further in-depth geographical ana-
lyses are needed to disentangle the intriguing spatial
associations within and around prisons, and their rela-
tionship with MDR-TB transmission in the broader
community.

Our data suggest that there is a critical need for cost-
effective MDR-TB prevention and control interventions
www.thelancet.com Vol 31 March, 2024
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in PDL, not only during incarceration time but also once
individuals return to their communities. In addition, a
recent study of PDL transferred from Peruvian prisons
to Spain revealed new MDR-TB diagnoses detected
through a health screening program performed on
arrival.46 Such scenarios underscore the regional and
global implications of the MDR-TB thread, which ex-
tends beyond country and prison borders. Studies to
better understand the complex interplay and trans-
mission dynamics between the incarcerated populations
and the general population are needed. Over the past
two decades, the incarcerated population in Central and
South America has increased by 206%, which repre-
sents the largest increase globally. More than 10% of all
TB cases from Central and South America are reported
from prisons, despite prisons accounting for less than
1% of the overall population.47 Our findings are
consistent with other studies from the region indicating
a pivotal role of prisons in the local MDR-TB epidemic.
Control and eventual elimination of TB in the Americas
requires urgent interventions in PDL. The National TB
Program in Peru continues to make important efforts to
intensify TB case finding and follow-up to reduce TB
transmissions in prisons, including the implementation
of molecular testing (e.g., Xpert®) for rapid diagnosis of
TB/resistant TB, timely initiation of appropriate TB
treatment, and enhancement of isolation strategies.

If drug resistance rates are considered, we found
high first-line resistance, and significant FQ/ETH
resistance rates in the strains investigated, especially in
strains of the dominant 4.3.3 LAM strains and the
group_1 outbreak clone. This is particularly concerning
as treatment options in these highly transmitted strains
are reduced. This potentially influences the efficacy of
newly endorsed MDR-TB treatment regimens, and the
resistance evolution, e.g., to FQ should be closely
monitored to avoid a further increase as seen in India.35

Besides FQ resistance, resistance to BDQ and CFZ
which are core drugs of current MDR-TB treatment
regimens globally48–51 is of particular importance. We
identified six Mtbc strains within our cohort that had
mutations in Rv0678, which encodes a transcriptional
repressor of the MmpS5-MmpL5 efflux system,52 even
before bedaquiline was widely used in the region.
Although mutations in the Rv0678 gene are not
consistently associated with phenotypic resistance,53 an
insertion mutation in codon 192, as observed in our
population, has been associated with 2- to 16-fold in-
creases in phenotypic minimal inhibitory concentra-
tions (MICs) to BDQ.54 This same mutation may confer
cross-resistance to CFZ in an order of 2- to 4-fold MIC
increase.54 Notably, 2 out of 4 (50%) strains carrying this
Rv0678 insertion mutation belonged to a D5 cluster
(group_13), indicating ongoing transmission of MDR-
TB strains that harbour BDQ/CFZ resistance-
associated mutations. These data are concerning and
argue for consequent monitoring of the resistance
www.thelancet.com Vol 31 March, 2024
evolution of MDR-TB strains in the region to allow rapid
targeted interventions if resistance is further rising. Of
note, our study was conducted in a pre-COVID-19 era. It
is estimated that the COVID-19 pandemic has set back
global TB control by 10 years.55 Whether transmission
and resistance patterns changed in Peru after the peak
of the COVID-19 pandemic could be explored in future
studies.

This study had limitations. Epidemiologic data were
obtained from available TB program records and thus
we were unable to include information on individuals’
socioeconomic status nor details on incarceration time
or prison conditions. Assessment of co-morbidities was
limited to HIV and diabetes mellitus for the study
population, as these are reportable conditions within
local TB programs. However, these two comorbidities
are the most strongly associated with TB among prison
inmates according to a recent national survey.56 Our
analysis focused on MDR-TB strains and therefore we
could not determine whether the history of incarcera-
tion was also an important driver of drug-susceptible TB
transmissions within the studied population, as re-
ported in other countries in the Latin American re-
gion.42,44 Our study sought to identify factors associated
with recent MDR-TB transmission, but was not
specifically powered to assess the magnitude of asso-
ciation between history of imprisonment and TB
transmission—this is reflected in the wide confidence
intervals reported. Although a third of MDR-TB di-
agnoses in our study were in females (which mirrors
national TB trends in Peru), our study setting only
included a prison system for males. Future studies
should include data from female correctional facilities
to better understand the contribution of prisons in
MDR-TB transmission dynamics across sexes. Callao
may not be representative of Peru, and national in-
quiries would be needed to expand our understanding
of the role of prisons in MDR-TB epidemiology in
Peru.

In conclusion, we found that MDR-TB transmission
is a main driver of the MDR-TB epidemic in Callao-
Peru. Importantly, pre-XDR-TB was found in already
more than 10% of the MDR-TB strains investigated,
and BDQ/CFZ resistance-associated mutations was
present in 4% of the strains already. The history of
imprisonment was linked to recent MDR-TB trans-
missions, indicating an important role of prisons in
driving the MDR-TB epidemic. MDR-TB prevention
and control interventions in PDL, not only during
incarceration time but also once individuals return to
their communities are urgently needed. Further,
transmission dynamics and resistance evolution need
to be closely monitored at best by implementing an
integrated molecular surveillance based on pathogen
WGS. The importance of the clonal spread of MDR
4.3.3 LAM strains in other areas of Peru needs to be
investigated.
9
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