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Summary
Background With improved tuberculosis (TB) control programs, the incidence of TB in China declined dramatically
over the past few decades, but recently the rate of decrease has slowed, especially in large cities such as Shanghai. To
help formulate strategies to further reduce TB incidence, we performed a 10-year study in Songjiang, a district of
Shanghai, to delineate the characteristics, transmission patterns, and dynamic changes of the local TB burden.

Methods We conducted a population-based study of culture-positive pulmonary TB patients diagnosed in Songjiang
during 2011–2020. Genomic clusters were defined with a threshold distance of 12-single-nucleotide-polymorphisms
based on whole-genome sequencing, and risk factors for clustering were identified by logistic regression.
Transmission inference was performed using phybreak. The distances between the residences of patients were
compared to the genomic distances of their isolates. Spatial patient hotspots were defined with kernel density
estimation.

Findings Of 2212 enrolled patients, 74.7% (1652/2212) were internal migrants. The clustering rate (25.2%, 558/2212)
and spatial concentrations of clustered and unclustered patients were unchanged over the study period. Migrants had
significantly higher TB rates but less clustering than residents. Clustering was highest in male migrants, younger
patients and both residents and migrants employed in physical labor. Only 22.1% of transmission events occurred
between residents and migrants, with residents more likely to transmit to migrants. The clustering risk decreased
rapidly with increasing distances between patient residences, but more than half of clustered patient pairs lived
≥5 km apart. Epidemiologic links were identified for only 15.6% of clustered patients, mostly in close contacts.

Interpretation Although some of the TB in Songjiang’s migrant population is caused by strains brought by infected
migrants, local, recent transmission is an important driver of the TB burden. These results suggest that further
reductions in TB incidence require novel strategies to detect TB early and interrupt urban transmission.
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Research in context

Evidence before this study
We searched PubMed using the search terms “tuberculosis”,
“transmission”, “migrant” and “China” from the inception of
the database through March 31, 2023, for studies published in
English. We found only 5 studies that used molecular
epidemiology to investigate the origin and transmission
characteristics of TB in large cities where the majority of TB
patients were internal migrants. Searching the China national
knowledge infrastructure (CNKI) with the same search terms
for papers published in Chinese found no additional studies.
China improved its TB control measures and reduced TB
incidence over the past several decades, but despite good
control programs, the rate of decline has slowed, especially in
large cities. Long-term molecular epidemiological studies that
delineate the dynamics of transmission should help formulate
strategies to further reduce the incidence of TB in large cities,
but we found no such studies.

Added value of this study
We combined genomic, epidemiological, and spatial analysis
to investigate the patterns and dynamics of TB transmission
in Songjiang, a district in Shanghai with a large population of
migrant workers from rural China. The overall clustering rate
of 25.2% was unchanged over the past decade and the

percentage of clustered patients with confirmed
epidemiological links was only 15.6%. However, while
migrants had significantly higher TB rates and some migrants
belonged to clusters, the clustering rate was considerably
higher in long term residents of Songjiang. Only one fifth of
transmission events occurred between residents and
migrants, with residents more likely to transmit to migrants.
The spatial concentration of TB patients was unchanged over
the study period, and while patients living in close proximity
had an increased risk of genomic clustering, more than half of
clustered patients pairs lived ≥5 km apart.

Implications of all the available evidence
This study demonstrates that although much of the TB
burden in Songjiang is caused by TB strains the migrants
bring with them, this is superimposed on endemic recent,
local transmission, mainly through casual contact, and these
patterns have not changed over the past decade. These results
suggest that the current TB prevention and control strategies,
while good, may not be sufficient to achieve further
reductions of the TB incidence in large cities, and therefore
new strategies should be considered to enhance patient
detection and interrupt transmission.
Introduction
Tuberculosis (TB) remains an important threat to global
health and the second leading cause of death from an
infectious disease after SARS-CoV-2.1 China has the
third highest TB burden worldwide and in 2021 had an
estimated 780,000 new TB cases and 32,000 TB-related
deaths.1 China’s rapid urbanization over the past several
decades process has been accompanied by a vast
migration of workers into large cities with employment
opportunities.2 As a result, areas that previously had low
TB burdens must now cope with TB in migrants coming
from TB high-burden areas.3–5 Most internal migrants
come from rural areas where the prevalence of TB is up
to three times higher than in urban areas.6 In addition,
the internal migrants are more likely to have a low level
of education, share crowded living conditions and have
poor health awareness, all of which are risk factors for
TB.7 The internal migrants, who comprise more than
70% of new TB patients in large cities such as Shanghai
and Shenzhen,8,9 pose a daunting challenge to urban TB
prevention and control. However, the TB brought by the
migrants is superimposed upon the local TB burden
that is mostly caused by transmission within the cities.
Cluster analysis based on whole-genome sequencing
(WGS) can help distinguish the proportion of the TB
burden due to local transmission from the TB brought
with the migrants, and thus inform targeted control
strategies.10,11

We previously conducted genomic epidemiological
studies of tuberculosis in Shanghai and Shenzhen to
investigate the origin and transmission characteristics of
TB in urban areas.12,13 These prior studies, however,
were of shorter duration or used lower resolution gen-
otyping methods (VNTR). The more sensitive WGS
produces a more accurate description of the local TB
characteristics and transmission patterns, and a longer
study duration makes it possible to determine whether
these patterns have changed over time.

Shanghai is one of the most developed cities in
China and since the 1990s has been a favored destina-
tion for rural-to-urban migration, especially into the
Songjiang District, which was the first export industrial
zone in Shanghai. In 2020 the population of Songjiang
was 1.91 million, of whom 58.4% were internal mi-
grants,14 making it an appropriate, representative site for
studying the epidemiology of TB in large Chinese cities.
The incidence of TB in Shanghai has declined over the
past few decades but more recently the rate of decrease
has slowed, prompting an urgent need to find new
strategies to achieve further reductions. Genomic
epidemiological studies provide information on the na-
ture of the local TB burden that can aid in the
www.thelancet.com Vol 38 September, 2023
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formulation of effective, targeted control strategies. We
therefore performed a study to delineate the patterns
and dynamics of TB transmission in Songjiang, we
prospectively collected TB isolates from Songjiang pa-
tients over a 10-year period for genomic, epidemiologic,
and spatial analyses.

Methods
Study design and population
Community physicians routinely identify individuals
with TB-like symptoms (cough for at least two weeks,
fever, chest pain, weight loss, night sweats) or abnormal
chest radiographs and refer them to the TB-designated
hospital in Songjiang for diagnosis by sputum smear
and culture. Sputum induction was used when patients
could not produce sputum spontaneously. WGS was
performed on all of the pre-treatment cultured isolates.
The study population was comprised of all culture-
positive pulmonary TB patients 15 years or older who
were diagnosed between January 1, 2011 and December
31, 2020. The study was approved by the institutional
review board of the Institutes of Biomedical Sciences,
Fudan University and all enrolled patients provided
informed written consent.

Whole-genome sequencing
All clinical strains were re-cultured and sequenced as
described.15 A previously validated pipeline was used to
identify single nucleotide polymorphisms (SNPs).16 In
brief, raw sequence reads were trimmed with Sickle
(version 1.33) and aligned to the inferred Mycobacterium
tuberculosis complex ancestor sequence17 using BWA-
MEM.18 SAMtools (version 1.3.1)19 and Varscan (version
2.3.6)20 were then used to identify SNPs. Strains with a
sequence depth less than 20X or a genome coverage less
than 95% were excluded from the analysis. Pairwise
SNP distances were calculated based on the fixed SNPs
with a frequency ≥75%. A genomic cluster was defined
as strains differing by 12 or fewer SNPs, consistent with
linkage through recent transmission.21 Strain lineage
identification and prediction of drug–resistance profiles
were obtained from analyses using an online platform
(https://samtb.uni-medica.com).22

Transmission inference
Transmission directions in each genomic cluster were
inferred using the R package phybreak (version 0.5.2).23

The priors used for mutation rate, the gamma-
distributed generation and sampling time were as pre-
viously described.24 We ran 20 independent Markov
chain Monte Carlo (MCMC) simulations with a burn-in
of 10,000 cycles and sampling of the independent chains
every 50,000 cycles to ensure that most estimated pa-
rameters reached an effective sample size >200. Trans-
mission directions with posterior probability >0.5 were
included in further analysis.24
www.thelancet.com Vol 38 September, 2023
Spatial analysis
For all possible pairs of TB patients, we calculated the
geographical distance between the residences given by
the patients at the time of diagnosis using geosphere
(version 1.5) in the R package. We estimated the SNP
differences between all pairs of MTB isolates and
evaluated the SNP differences at different geographic
distances between the patient residences. Using more
than 10 km as a reference, logistic regression was
employed to calculate the odds ratios (OR) for genomic
clustering at different levels of geographic proximity.25

We also performed sensitivity analysis using 5 SNPs
and 1 SNP as clustering thresholds. Kernel density
estimation and spatial visualization were performed in
ArcGIS (version 10.2).26

Epidemiological investigation
A questionnaire administered to all culture-positive TB
patients within a week of their diagnosis asked about
demographic, clinical and laboratory data. Information
was also collected on the patients’ close contacts,
workplaces, residential addresses, and the social settings
frequented in the three years prior to their TB diagnosis.
Based on the WGS analysis, patients whose TB strains
belonged to genomic clusters were invited to participate
in an in-depth interview to identify epidemiological
links with other patients in the same cluster. The
epidemiological links were defined as confirmed when
clustered patients knew each other and had a history of
contact before TB diagnosis.

Statistical analysis
Non-normal continuous data was expressed as medians
and interquartile ranges (IQR), while categorical vari-
ables were described using proportions. Differences
between groups were tested using the Wilcoxon rank
sum test or the chi-square test. Logistic regression was
used to calculate the odds ratio (OR) and 95% confi-
dence intervals (CI) for risk factors associated with
genomic clustering. Variables with p-values less than 0.2
in the univariable analysis were included in the multi-
variable analysis to calculate the adjusted odds ratios
(aOR). Factors with a p-value less than 0.05 in the final
model were considered statistically significant. Changes
in temporal trends of clustering rates were analyzed
using Joinpoint (version 4.9.0.0).27 All statistical analyses
were performed in Stata version 14.0.

Role of the funding source
The funders played no role in the design or analysis of
this study.
Results
Characteristics of study population
Between January 1, 2011 and December 31, 2020, there
were 3012 bacteriologically confirmed pulmonary TB
3
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patients in Songjiang, of which 2299 (76.3%) were
culture-positive. Eighty-seven patients were excluded
because their strains failed re-culture or genome
sequencing. Of the remaining 2212 patients, 560
(25.3%) were residents and 1652 (74.7%) were internal
migrants (Fig. 1A). Most migrant patients came to
Songjiang from central and western regions of China
(Fig. 1B), both of which have incidences of tuberculosis
that are substantially higher than that of Shanghai.28

Compared with resident patients, migrant patients
were more likely to be female (33.7% vs 20.7%,
p < 0.001), younger (27 years vs 58 years, p < 0.001),
engaged in physical labor (77.6% vs 36.4%, p < 0.001),
have multidrug-resistant isolates (5.4% vs 2.5%,
p = 0.008), and were less likely to have a previous history
of TB (4.7% vs 8.2%, p = 0.002) (Table 1).

Clustering rate and factors associated with
genomic clustering
To estimate the level of recent transmission in Song-
jiang, we calculated the clustering rate between 2011
and 2020. A total of 558 (25.2%, 558/2212) strains were
grouped into 200 genomic clusters containing 2–19
strains, and the cumulative clustering rate16 gradually
increased as more strains were analyzed (Fig. 2A/2B).
To visually reflect temporal trends of the clustering rates
in Songjiang, we calculated the clustering rates for
sliding 3-year windows (Fig. 2C). Although the rates
declined and then rose, there were no significant
changes in the clustering rates over the course of the
study period (Fig. 2D). We performed the same analysis
separately for resident and migrant patients and again
found no significant change in clustering rates during
the study period (Supplementary Figure S1).

We then used logistic regression to identify risk
factors associated with genomic clustering (Table 2).
The multivariable analysis found that younger patients
(<25 years: aOR 3.63, 95% CI 2.13–6.19; 25–44 years:
Fig. 1: Sample enrollment (A) and distribution of provinces of origin for m
(B). The size of the circles in (B) represents the number of patients, stra
aOR 2.86, 95% CI 1.71–4.78), males (aOR 1.59, 95% CI
1.26–1.99), and those engaged in physical labor (aOR
2.75, 95% CI 1.48–5.13) had a greater risk of clustering.
However, compared with resident patients, migrant
patients had an overall lower risk of clustering (aOR
0.42, 95% CI 0.31–0.56).

On further analysis we found that the risk factors for
residents were somewhat different from those for mi-
grants (Supplementary Tables S1 and S2). The clustering
rates in the residents was highest, 40.6%, in the 30.4% of
residents ≤44 years old and was 40.7% in the 36.4% of
residents employed in physical labor. However, there
was also a large portion (40.9%) of the resident TB pa-
tients who were ≥65 years old and had a much lower
clustering rate of 18.3%. This suggests that while there is
a younger, working resident population that acquired
their TB from recent local transmission, there is also a
large, older, resident population whose TB is unclus-
tered and likely caused by reactivation of past infections.

Most of the TB in Songjiang (1395/2212, 63%)
occurred in young internal migrants. In migrants, the
highest levels of clustering were found in the <25
(28.1%) and 25–44 years old (24.2%) age groups, who
made up 35.4% and 49.1% of the migrants, respectively.
However, for all categories of migrant groups the clus-
tering rates were lower than in the same categories of
residents. This suggests that while there was clearly
local transmission in the migrant population, it was less
than in the residents, presumably because many of the
migrants brought their TB infections with them from
rural communities with a higher TB incidence.

Transmission between migrant and resident
patients
To analyze the transmission between resident and
migrant patients in Songjiang, we performed trans-
mission inference for each genomic cluster. To include
possible early source cases, the genomic clustering
igrant patients with tuberculosis in Songjiang, Shanghai, 2011–2020
tified by Beijing strains (red) and non-Beijing strains (pink).
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Migrant patients
(n = 1652)

Resident patients
(n = 560)

χ2 p value

Sex 33.4024 <0.001

Female 557 (33.7) 116 (20.7)

Male 1095 (66.3) 444 (79.3)

Age (years), median 27 (23, 38) 58 (39, 72) 22.738 <0.001

Age group (years)

<25 584 (35.4) 58 (10.4) 749.3409 <0.001

25–44 811 (49.1) 112 (20.0)

45–64 219 (13.3) 161 (28.7)

≥65 38 (2.3) 229 (40.9)

Occupation 664.9174 <0.001

Retired 21 (1.3) 124 (22.1)

Commercial service 93 (5.6) 12 (2.1)

Physical labor 1282 (77.6) 204 (36.4)

Farmer 39 (2.4) 138 (24.6)

Students and teachers 50 (3.0) 34 (6.1)

Other 167 (10.1) 48 (8.6)

History of tuberculosis 9.6419 0.002

New cases 1574 (95.3) 514 (91.8)

Retreated cases 78 (4.7) 46 (8.2)

Diagnosis delay 9.0676 0.028

<2 weeks 382 (23.1) 98 (17.5)

2–4 weeks 521 (31.5) 176 (31.4)

4–8 weeks 455 (27.5) 172 (30.7)

≥8 weeks 294 (17.8) 114 (20.4)

Chest cavitation 0.1947 0.659

No 1134 (68.6) 390 (69.6)

Yes 518 (31.4) 170 (30.4)

Sputum smear status 0.1581 0.691

Negative 751 (45.5) 260 (46.4)

Positive 901 (54.5) 300 (53.6)

Drug resistance profile 9.5861 0.008

Drug-susceptiblea 1442 (87.3) 494 (88.2)

Non-MDR DR 121 (7.3) 52 (9.3)

MDRb 89 (5.4) 14 (2.5)

Beijing strain 29.7072 <0.001

No 344 (20.8) 59 (10.5)

Yes 1308 (79.2) 501 (89.5)

MDR: Multidrug-resistant. aSusceptible to the four first-line drugs. bResistant to at least isoniazid and rifampicin.

Table 1: Characteristics of migrant and resident TB patients in Songjiang, 2011–2020.

Articles
analysis also included the WGS data of 61 cultured
isolates obtained from Songjiang TB patients diagnosed
in 2009 and 2010.12 We found that 35 of these earlier
patients were clustered with ten patients diagnosed in
2011–2020, for a total of 603 clustered patients grouped
into 213 genomic clusters (Supplementary Table S3).
After excluding the initial transmission event leading to
the putative source case for each cluster, we estimated
that there were 390 transmission events, of which 272
(69.7%) had a posterior probability >0.5. Of these 272
plausible transmission events, 47 occurred between
resident patients and 165 between migrant patients.
Only 60 (22.1%, 60/272) transmission events occurred
between residents and migrants, with the residents were
more likely to transmit to migrants than migrants
transmitting to residents. Of the 196 transmission
events initiated by a migrant, 31 (31/196, 15.8%)
resulted in a secondary case in a resident, while out of
the 76 transmission events initiated by a resident, 29
(29/76, 38.2%) resulted in a secondary case in a migrant
(p < 0.001).

Epidemiological links of genomic-clustered
patients
To delineate the transmission links between the
genomic-clustered patients, we tried to perform in-
depth epidemiological investigation of all clustered pa-
tients, and were able to complete the investigations for
67.2% (405/603) of these patients. The percentage of
clustered patients with confirmed epidemiological links
was 15.6% (94/603) overall, and was the same in both
genomic-clustered residents (28/179, 15.6%) and mi-
grants (66/424, 15.6%). The confirmed epidemiologic
links were found to be predominantly with household
contacts in both clustered resident (64.3%, 18/28) and
migrant patients (53.0%, 35/66), and the rest were with
friends, colleagues and neighbors. We identified only
one confirmed link between a resident and a migrant
patient who were workplace colleagues. Interestingly,
two clusters included eight patients who worked in the
same very large factory that employed many workers.
However, they all labored in different workshops and
did not know each other, so these were not considered
to constitute confirmed epidemiological links.

Genetic relatedness and geographical distance
To look for a relationship between genomic clustering
and spatial clustering of patient residences, we calcu-
lated the pairwise SNP differences and the geographical
distances between the 2163 patients who provided
detailed home addresses. We found a bimodal distri-
bution of SNP differences, indicating closely related and
more distantly related TB isolates, respectively, at all
geographic distances between patient residences
(Supplementary Figure S2). We then analyzed the
geographic distance between the residences of genomic-
clustered patient pairs and found that greater than half
www.thelancet.com Vol 38 September, 2023
(55.8%, 419/751) of the patients in genomic-clusters
lived more than 5 km apart (Fig. 3B), even when the
clustering threshold distance was 5 SNPs or 1 SNP
(Fig. 3C/3D). The median geographical distances be-
tween the residences of all paired genomic-clustered
patients at clustering thresholds of 12 SNPs, 5 SNPs
and 1 SNP, were 5.96 km, 5.94 km and 5.04 km
(Supplementary Figure S3) respectively, which were not
significantly different (p = 0.1).

We then analyzed the risk for genomic clustering at
different levels of geographic proximity. We found that
patients living within 1 km of each other had the highest
risk of clustering (OR 14.68, 95% CI 11.54–18.66), but
5
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Fig. 2: Clustering rate and its changes in temporal trends. (A) Cumulative clustering rate in Songjiang. The bar indicates the cumulative number
of cases, the line indicates the cumulative clustering rate. (B) Changes in temporal trends in cumulative clustering rate in Songjiang. *indicates
that the Annual Percent Change (APC) is significantly different from zero at the alpha = 0.05 level. (C) Clustering rate of each sliding window 3
year period in Songjiang. The bar indicates the number of cases and the line indicates the clustering rate. (D) Changes in temporal trends in
clustering rate for the sliding window 3 year period in Songjiang.

Articles

6

the risk decreased rapidly as the geographic distance
between patient residences increased (Fig. 3A). These
results remained consistent when the clustering
threshold distance was reduced to 5 SNPs or 1 SNP
(Fig. 3A, Supplementary Table S4).

Spatial hotspots and temporal changes
To identify spatial TB transmission hotspots, we used
the residential address of the patients to draw kernel
density maps. The spatial hotspots of clustered and
unclustered patients were largely the same, concen-
trated in central and eastern Songjiang (Fig. 4C/4D).
However, the resident and migrant patients showed
distinct spatial distributions, with the resident patients
concentrated in the central Songjiang (Fig. 4A) while the
migrant patients were concentrated in areas of eastern
Songjiang (Fig. 4B) – a distribution that reflects where
most migrants and residents live in Songjiang.

Finally, we looked for temporal changes in the spatial
hotspots by drawing kernel density maps of the resi-
dences of patients diagnosed in sliding 3-year windows,
and found that the hotspots were largely unchanged
over the 10-year duration of the study (Fig. 4E–L). We
then stratified the analysis by clustered, unclustered,
resident and migrant patients and again found no sig-
nificant changes in the spatial distributions of the pa-
tient residences over the time-course of the study
(Supplementary Figures S4–S7).

Discussion
This study, which was the longest longitudinal
population-based genomic epidemiological study of TB
www.thelancet.com Vol 38 September, 2023
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Unclustered
(n = 1654)

Clustered
(n = 558)

Total
(n = 2212)

Univariate regression Multivariable regression

OR (95% CI) p value aOR (95% CI) p value

Sex

Female 535 (79.5) 138 (20.5) 673 (30.4) 1.00 1.00

Male 1119 (72.7) 420 (27.3) 1539 (69.6) 1.46 (1.17, 1.81) 0.001 1.59 (1.26, 1.99) <0.001

Age (years)

<25 455 (70.9) 187 (29.1) 642 (29.0) 1.92 (1.34, 2.75) <0.001 3.63 (2.13, 6.19) <0.001

25–44 681 (73.8) 242 (26.2) 923 (41.7) 1.66 (1.18, 2.35) 0.004 2.86 (1.71, 4.78) <0.001

45–64 298 (78.4) 82 (21.6) 380 (17.2) 1.29 (0.86, 1.92) 0.213 1.70 (1.05, 2.76) 0.031

≥65 220 (82.4) 47 (17.6) 267 (12.1) 1.00 1.00

Occupation

Retired 128 (88.3) 17 (11.7) 145 (6.6) 1.00 1.00

Commercial service 80 (76.2) 25 (23.8) 105 (4.7) 2.35 (1.20, 4.63) 0.013 2.35 (1.09, 5.10) 0.03

Physical labor 1080 (72.7) 406 (27.3) 1486 (67.2) 2.83 (1.69, 4.75) <0.001 2.75 (1.48, 5.13) 0.001

Farmer 132 (74.6) 45 (25.4) 177 (8.0) 2.57 (1.40, 4.72) 0.002 2.69 (1.45, 5.00) 0.002

Students and teachers 66 (78.6) 18 (21.4) 84 (3.8) 2.05 (0.99, 4.25) 0.052 1.29 (0.56, 2.96) 0.548

Other 168 (78.1) 47 (21.9) 215 (9.7) 2.11 (1.16, 3.84) 0.015 1.77 (0.89, 3.54) 0.106

History of tuberculosis

New cases 1558 (74.6) 530 (25.4) 2088 (94.4) 1.00 –

Retreated cases 96 (77.4) 28 (22.6) 124 (5.6) 0.86 (0.56, 1.32) 0.485 – –

Internal migrant

No 395 (70.5) 165 (29.5) 560 (25.3) 1.00 1.00

Yes 1258 (76.2) 394 (23.8) 1652 (74.7) 0.76 (0.61, 0.94) 0.011 0.42 (0.31, 0.56) <0.001

Diagnosis delay

<2 weeks 363 (75.6) 117 (24.4) 480 (21.7) 1.00 –

2–4 weeks 524 (75.2) 173 (24.8) 697 (31.5) 1.02 (0.78, 1.34) 0.862 – –

4–8 weeks 456 (72.7) 171 (27.3) 627 (28.3) 1.16 (0.89, 1.53) 0.276 – –

≥8 weeks 311 (76.2) 97 (23.8) 408 (18.4) 0.97 (0.71, 1.32) 0.835 – –

Chest cavitation

No 1124 (73.8) 400 (26.2) 1524 (68.9) 1.00 1.00

Yes 530 (77.0) 158 (23.0) 688 (31.1) 0.84 (0.68, 1.03) 0.1 0.83 (0.66, 1.03) 0.09

Sputum smear status

Negative 750 (74.2) 261 (25.8) 1011 (45.7) 1.00 –

Positive 904 (75.3) 297 (24.7) 1201 (54.3) 0.94 (0.78, 1.14) 0.558 – –

Drug resistance profile

Pan-susceptible 1427 (73.7) 509 (26.3) 1936 (87.5) 1.00 1.00

Non-MDR DR 144 (83.2) 29 (16.8) 173 (7.8) 0.56 (0.37, 0.85) 0.006 0.57 (0.37, 0.87) 0.009

MDR 83 (80.6) 20 (19.4) 103 (4.7) 0.68 (0.41, 1.11) 0.123 0.61 (0.37, 1.02) 0.06

Beijing strain

No 346 (85.9) 57 (14.1) 403 (18.2) 1.00 1.00

Yes 1308 (72.3) 501 (27.7) 1809 (81.8) 2.33 (1.73, 3.13) <0.001 2.28 (1.68, 3.09) <0.001

Table 2: Univariate and multivariable logistic regression of risk factors for genomic clustering.

Articles
in urban areas in China, combined genomic, epidemi-
ological, and spatial analysis to investigate the patterns
and dynamics of TB transmission in Songjiang. Over the
10 year duration of the study, we found no significant
changes in either the clustering rate or the spatial dis-
tribution of the residences of TB patients in Songjiang.
While patients living in close proximity had an increased
risk of genomic clustering, this risk decreased rapidly
with increasing distance between patient residences.

It was thought that WGS would identify trans-
mission hotspots as targets for strategic interventions.
www.thelancet.com Vol 38 September, 2023
Consistent with previous findings,12,15,25 the closer the
geographical distance between the residences of Song-
jiang patients, the higher the risk of clustering, but the
geographic locations with the most clustering were
simply the regions of Songjiang where most migrants,
including most unclustered migrant TB patients,
resided, and therefore no real transmission hotspots
could be identified. Epidemiologic links could be found
for only 15.6% of the clustered patients, much lower
than the 41.8% in rural areas,16 and most of the links
were with household contacts. In addition, over half of
7
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Fig. 3: Associations between pairwise geographic distance and genomic clustering using pairs located 10 or more kilometers apart as the
reference category (A). Different colors indicate different thresholds for genomic clustering. Error bars are 95% confidence intervals. Histograms
by geographic distance for pairs with (B) ≤12 SNPs difference, (C) ≤5 SNPs difference, and (D) ≤1 SNP difference.
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the clustered patient pairs lived more than 5 km from
each other and had no known connections, suggesting
that most clustered cases were infected by unknown,
casual contacts. Of the 272 plausible transmission
events, most occurred within each group and only 60
(22%) were between residents and migrants, with a
higher proportion of transmission from residents to
migrants than the reverse. In areas where TB trans-
mission primarily occurs through casual contacts,
establishing a transmission monitoring system is
crucial. This system facilitates the prompt detection and
investigation of outbreaks, enabling early intervention to
interrupt transmission. Furthermore, collecting
comprehensive social network information from pa-
tients is essential for assessing the association between
exposure to community venues and TB. Intervention
across the segregated network of case venues may be
necessary to effectively interrupt transmission.29

The overall clustering rate in Songjiang was 25.2%,
significantly higher than in Shenzhen, China (12.2%) or
Oxfordshire, UK (15.8%), where the majority of TB pa-
tients were also migrants from high-burden areas.3,13

The 10-year duration of the study was long enough to
have captured most of the TB from recent transmission
in Songjiang during this period, although the clustering
rate in the residents would likely have been higher if it
included the TB cases diagnosed in all of Shanghai
during the study period. In addition, some of the cases
of TB in young residents were probably reactivation of
distantly acquired infections that, as in the older resi-
dents, were less likely to be clustered. The study’s
temporal and spatial limitations could have also affected
the clustering rate in migrants, who were mostly young
and employed in physical labor, but the underestimation
likely had a smaller impact due to the shorter migrant
residency in Shanghai. The highest clustering rate in
migrants, 28.1% in those <25 years (overall 23.8%), was
well below the highest resident rate in physical laborers
(40.7%), and lower than the overall clustering rate for all
residents (29.3%). This suggests that while there is
substantial local transmission among migrants in
Songjiang, a large portion of migrant TB was probably
due to reactivation of infections with TB strains ac-
quired in their hometowns.

The highest levels of clustering, in both residents
and migrants, were in the physical laborers who would
be expected to have lower socio-economic status and
were likely infected either at their worksites or as they
moved around Shanghai. The clustering of eight pa-
tients, who worked in different areas of the same large
factory and didn’t know each other, could be considered
a microcosm of transmission in Shanghai. Although it
seems perhaps surprising that patients with active TB
could perform physical labor, individuals in this
younger, more healthy group7 might resist early symp-
toms or transmit their TB during an infectious pre-
clinical stage of the disease.30

Shanghai is one of the most developed cities in
China and has one of the best TB prevention and control
programs. It was the first city in China to implement a
series of pioneering strategies for TB diagnosis, treat-
ment and control, and saw a decline in the notified
www.thelancet.com Vol 38 September, 2023

www.thelancet.com/digital-health


Fig. 4: Kernel density maps of resident patients (A), migrant patients (B), clustered patients (C), unclustered patients (D), and all patients in 3
year sliding window intervals (E–L).
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incidence from 64 per 100,000 population in the late
1990s to less than 30 per 100,000 population today.31–34

However, our previous study showed that this decline
slowed over the past decade (Supplementary Figure S8),
with the notified incidence remaining around 25 per
100,000 in the resident population and around 32 per
100,000 population in migrants.35 In the current study,
we found no significant changes in the clustering rate or
spatial distribution of TB patients in Songjiang from
2011 to 2020, suggesting there were no significant re-
ductions in recent, local transmission. Compared to
countries with low TB burdens, such as the United
States (2.6 per 100,000 population), the United Kingdom
(6.3 per 100,000 population), or Japan (11 per 100,000
population),1 the TB burden of Shanghai remains high.
However, while our study could not detail the trans-
mission chains for most patients, nor identify trans-
mission hotspots, it nevertheless provided valuable
insights into the local epidemiology of the disease. The
clustering analysis revealed that recent transmission
remains an important driver of tuberculosis infection in
Songjiang and has not been significantly reduced even
by the implementation of good, standard TB control
measures. Achieving further significant reductions in
the TB incidence in Shanghai and other Chinese cities
may require additional targeted strategies based on the
characteristics of the local TB burden and the high risk
populations.36

The most important limitation of this study is that
the calculated clustering rate likely underestimates the
extent of local TB transmission because strains could be
www.thelancet.com Vol 38 September, 2023
misclassified as unique when they were, in fact, clus-
tered with strains outside the study’s temporal or
geographical limits. A previous study of MDR-TB pa-
tients across the entire city of Shanghai found a clus-
tering rate of 32%,21 but when only patients from
Songjiang were included the clustering rate was just
19% (p = 0.02), indicating substantial cross-district
transmission. In addition, our geographical data
included only the locations where patients resided and
did not analyze their patterns of mobility within the city.

In conclusion, neither the clustering rate nor the
spatial distribution of clustering in Songjiang TB pa-
tients has changed significantly over the past decade.
While many migrants bring their TB strains with them,
either as latent or subclinical infections, local trans-
mission is an important driver of TB in both the resi-
dents and migrants in Songjiang. The risk for genomic
clustering decreased rapidly with increasing geograph-
ical distances between the residences, and most clus-
tered cases lived far apart and had no identifiable
epidemiological links. The current TB prevention and
control strategies, while good, may not be sufficient to
achieve further reductions in the TB incidence in
Shanghai. Therefore new strategies, based on the spe-
cific characteristic of the local TB burden, should be
considered in order to enhance case detection and
thereby interrupt transmission.
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