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Objective: Drug resistance is the critical determinant for appropriate tuberculosis (TB) treatment regimens and an important indicator
of the local TB burden. We aimed to investigate and compare trends in TB drug resistance in the urban Songjiang District of Shanghai
from 2011 to 2020, and the rural Wusheng County of Sichuan Province from 2009 to 2020, to assess the effectiveness of local TB
control and treatment programs.

Methods: Whole-genome sequencing data of Mycobacterium tuberculosis were used to predict drug-resistance profiles and identify
genomic clusters. Clustered, retreated cases of drug-resistant TB with identical resistance mutations, as well as all new resistant cases,
were defined as transmitted resistance. The Cochran-Armitage trend test was used to identify trends in the proportions. Differences
between groups were tested using the Wilcoxon rank sum or chi-square tests.

Results: The annual proportions of rifampicin-resistant (RR), isoniazid-resistant (INH-R) and multidrug-resistant (MDR) TB cases
did not change significantly in Songjiang. In Wusheng, however, the percentage of total TB cases that were RR decreased from 13.2%
in 2009 to 3.7% in 2020, the INH-R cases decreased from 16.5% to 7.3%, and the MDR cases decreased from 10.7% to 3.7%. In
retreated cases, the percentage of drug resistance decreased in both Songjiang and Wusheng, suggesting improved treatment programs.
Transmitted resistance accounted for more than two thirds of drug-resistant cases over the entire study periods, and in recent years this
proportion has increased significantly in Songjiang.

Conclusion: In both urban Songjiang and rural Wusheng, drug-resistant TB is mostly the result of transmission of drug resistant
strains and the percentage of transmitted resistance will likely increase with on-going improvements in the TB treatment programs.
Reducing the prevalence of drug resistance depends principally upon decreasing transmission through the prompt diagnosis and
effective treatment of drug-resistant TB cases.
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Introduction

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis (M. tuberculosis), is a major problem in
global public health. As the COVID-19 pandemic subsides, TB is again the leading cause of death from a single
infectious agent, surpassing even HIV/AIDS and malaria." Drug-resistance, especially multidrug-resistance (MDR) is an
important risk factor for TB treatment failure and death.” * Among global MDR/RR-TB cases that began treatment in
2019, the success rate was only 60%." China is one of the countries with the highest TB burdens. In 2021, China had
about 780,000 new TB cases and 33,000 MDR/RR-TB cases, both exceeding 7% of the global totals for these categories.
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The World Health Organization (WHO) recommends that countries monitor local trends in drug-resistant TB because
the percentage of TB cases that are drug-resistant TB is an important indicator of both the local TB burden and the
quality of the local TB control program. As early as 1994, WHO and the International Union Against Tuberculosis and
Lung Disease (IUATLD) launched a global drug-resistance surveillance project to monitor drug-resistant TB,> and
several countries have subsequently published data from national surveys of drug-resistant TB.°'® In 2007, China
conducted a national sampling survey on the prevalence of resistance to the four first-line anti-TB drugs (rifampicin,
isoniazid, ethambutol and streptomycin) and two second-line drugs (ofloxacin and kanamycin).'" Since this survey, China
has made a concerted effort to improve the control of drug-resistant TB. Although the trends in the prevalence of drug-
resistant TB have been evaluated in several individual regions of China, including Beijing, Zhejiang, Henan, and

. 12-17
Guizhou,

most of these studies were based on hospitalized TB patients and therefore the reported prevalence of
drug resistance may have been higher than would be found in population-based studies.

Molecular Drug Susceptibility Testing (DST) is less affected by laboratory quality than phenotypic testing, and
therefore more suitable for long-term monitoring and comparisons of TB drug resistance in different regions. Whole-
genome sequencing (WGS) based molecular DST has been widely used in epidemiologic studies'®2° because it provides
nearly complete genomic information and can predict the susceptibility to all anti-TB drugs.?’** We previously
established population-based epidemiological study sites in Songjiang District, an urban area in Shanghai, and
Wusheng County, a rural area in Sichuan Province, and obtained WGS data from the clinical M. tuberculosis strains
isolated in both sites over periods of at least 10 years.”** Here, we report our analysis of this WGS data to identify

trends in TB drug resistance in both Songjiang and Wusheng.

Materials and Methods
Patients and WGS Data

All patient information and WGS data on clinical strains analyzed in this study were obtained from previous population-
based studies conducted in the urban Songjiang District of Shanghai (population 1.9 million in the 2020 census) and in
the rural Wusheng County of Sichuan Province (population 0.55 million).?**> There were 2225 pulmonary TB cases
diagnosed in Songjiang from 2011 to 2020, and 1333 pulmonary TB cases diagnosed in Wusheng from 2009 to 2020.

Analysis of WGS Data

A previously validated pipeline was used to identify single nucleotide polymorphisms (SNPs) based on the WGS data.?®
Briefly, WGS fastq files were trimmed using the Sickle tool and sequencing reads with Phred base quality greater than 20
and reads length longer than 35 were mapped to the reference genome (H37Rv, NC000962.3) using Bowtie 2 (v2.2.9).?’
The SAMtools (v1.6)/VarScan (v2.3.6)*%% suite was used for SNP calling with mapping quality greater than 30.
Repetitive regions of the genome, including the proline-glutamic acid (PE) and proline-proline-glutamic acid/poly-
morphic guanine-cytosine-rich sequence (PPE-PGRS) family genes, phage sequences, insertions, and mobile genetic
elements were excluded from the SNP analysis. SNPs with a frequency >10% were used to predict the drug-resistance
profiles with SAM-TB.** The genomic clusters were identified in a previous study.”> Pairwise SNP distances were
calculated based on the fixed SNPs with a frequency >75%, and strains within a threshold distance of twelve or fewer
SNPs were defined as genomic clusters.

Rifampicin resistance (RR) and isoniazid resistance (INH-R) were defined as any resistance to rifampicin (RIF) and
isoniazid (INH), respectively. MDR-TB was defined as resistance to at least RIF and INH. We designated transmitted
resistance as previously defined:*' retreated cases of drug-resistant TB that belong to a genomic cluster and have the
same resistance mutations as the other isolates in the cluster; and also all new, previously untreated cases of drug-
resistant TB.

Statistical Analysis
Categorical variables were described using proportions while non-normal continuous data were expressed as medians
with interquartile ranges (IQR). Differences between groups were tested using the Wilcoxon rank sum or the chi-square
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tests. The Cochran-Armitage trend test was used for identifying trends in the proportions. All analyses were performed
with Stata version 14.0 and results with a p-value less than 0.05 were considered statistically significant.

Results

Drug Resistance Trends of Songjiang and Wusheng

We analyzed strains with RR, INH-R and MDR to assess trends of drug resistant TB in Songjiang and Wusheng. The
overall RR, INH-R and MDR proportions were 6.6% (236/3558), 10.8% (383/3558) and 4.9% (176/3558), respectively,
with no significant differences between the two study sites (Table 1). However, in the early half of the study period the
proportion of cases with drug resistance was significantly higher in Wusheng than in Songjiang (Table 1). The trends of
drug resistance in Songjiang were also distinct from those in Wusheng (Figure 1). Whereas the proportions of RR, INH-R
and MDR were relatively stable in Songjiang, they showed a significant downward trend in Wusheng, where the
percentage of RR decreased from 13.2% in 2009 to 3.7% in 2020 (Z=-3.05, p=0.002); INH-R from 16.5% to 7.3%
(Z=-3.61, p<0.001); and MDR-TB from 10.7% to 3.7% (Z=—3.12, p=0.002).

Changes in the Proportion and Drug Resistance Rate of Retreated Cases

TB patients that fail treatment and require retreatment have a high risk of harboring drug resistant strains. To identify trends,
we analyzed changes over time in the proportion of retreated cases and the percentage of these cases that had drug resistant
isolates. The proportion of retreated cases in Songjiang showed a significant downward trend (Z=—4.29, p<0.001),
decreasing from 9.9% in 2011 to 4.3% in 2020 (Figure S1). In contrast, Wusheng showed no significant trend (p=0.365),
and the total percentage of retreated cases in Wusheng was 9.9% over 12 years (Figure S1). Due to the small number of
retreated cases each year, it was statistically challenging to assess trends in drug resistance by year, so we divided the study
periods into two halves and compared the drug resistance rates between the early and latter halves of the study. With this
analysis, we found that the prevalence of RR, INH-R and MDR-TB among retreated cases decreased in both Songjiang and
Wusheng (Figure 2A and B). In Songjiang, the percentage of RR-TB among retreated cases decreased from 27.0% to 8.1%
(x*=5.64, p=0.018) and in Wusheng the change was from 35.1% to 16.0% (x°=6.42, p=0.011).

Trends in Transmitted Drug-Resistance

Amongst all cases with drug resistance, 77.8% of RR, 87.4% of INH-R and 79.6% of MDR-TB cases in Songjiang, and
68.3% of RR, 78.6% of INH-R and 69.9% of MDR cases in Wusheng, were new, untreated cases, presumably due to
transmission of resistant strains (Table S1). Of the retreated resistant cases, 13.3% to 25.8% were clustered with strains
that had identical resistance mutations and were therefore the result of transmitted resistance (Table S2). Overall, 83.0%
of RR, 89.1% of INH-R, and 83.5% of MDR-TB cases in Songjiang, and 73.3% of RR, 84.1% of INH-R, and 76.7% of
MDR-TB cases in Wusheng were the result of transmitted resistance (Table S3).

There was no significant change in the proportion of transmitted resistance over the 12-year study period in Wusheng
(Figure 3B). In Songjiang, however, the proportion of cases with transmitted RR increased from 74.7% (59/79) in 2011-2015
to 94.6% (53/56) in 2016-2020 (¥*=9.24, p=0.002), among cases with INH-R, from 83.8% (114/136) to 96.1% (98/102)
(°=9.00, p=0.003), and among cases with MDR-TB, from 73.7% (42/57) to 95.7% (44/46) (x*=8.91, p<0.003) (Figure 3A).

Trends of Drug-Resistant TB Among Local and Internal Migrant Cases in Songjiang

In Songjiang, 74.6% of TB cases occurred in internal migrants—individuals who move from one region to another within
China, generally for employment opportunities. There was a significant age difference between local resident TB patients
and migrant TB patients, with median ages of 59 (IQR, 39-72) and 27 (IQR, 23-38) years (»p<0.001), respectively. The
9.2% (52/566) of local resident TB cases who were retreated was significantly greater than the 5.1% (85/1659) of migrant
retreated cases (x’=12.06, p<0.001), although the proportions of both the local (Z=—3.97, p<0.001) and migrant retreated
cases (Z=-2.75, p=0.006) showed significant downward trends. The percentages of local and migrant cases in Songjiang
with RR-TB were 4.9% and 6.4% (3°=1.67, p=0.196), with INH-R were 8.7% and 11.4% (x*=3.31, p=0.069), and with
MDR-TB were 2.5% and 5.4% (x*=7.99, p=0.005), respectively. Among all cases with drug-resistant TB, 79.3% with
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Table | Drug-Resistance Profile in Songjiang and Wusheng

Drug-Resistance Profile Early Halves of the Study * Latter Halves of the Study ® Total ©
Songjiang Wousheng P P Songjiang Wousheng P P Songjiang Wousheng i P
n=1219 % n=651 % n=1006 % n=682 % n=2225 % n=1333 %
RR 79 6.5% 62 9.5% 5.64 0.018 56 5.6% 39 5.7% 0.02 0.894 135 6.1% 101 7.6% 3.07 0.080
INH-R 136 11.2% 93 14.3% 3.87 0.049 102 10.1% 52 7.6% 3.10 0.078 238 10.7% 145 10.9% 0.03 0.866
MDR 57 4.7% 48 7.4% 5.83 0.016 46 4.6% 25 3.7% 0.83 0.362 103 4.6% 73 5.5% 1.27 0.259

Notes: *In Songjiang for the period from 2011 to 2015 and in Wusheng for the period from 2009 to 2014. ®In Songjiang for the period from 2016 to 2020 and in Wusheng for the period from 2015 to 2020.

from 2011 to 2020 and in Wusheng for the period from 2009 to 2020.

Abbreviations: RR, rifampicin-resistant; INH-R, isoniazid-resistant; MDR, multidrug-resistant (both rifampicin and isoniazid resistant).
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Figure | Trends in the percentages of rifampicin-resistant (RR), isoniazid-resistant (INH-R) and multidrug-resistant (MDR) tuberculosis in Songjiang (A-C) and Wusheng
(D-F). Dots represent the percentage of RR (A and D), INH-R (B and E), and MDR (C and F) for each year. Lines and shaded areas indicate linear regression and 95%
confidence intervals. Linear trends were evaluated with the Cochran-Armitage trend test. Z-values less than 0 indicate a decreasing trend and p-values less than 0.05 indicate

a significant trend.
Abbreviations: RR, rifampicin-resistant; INH-R, isoniazid-resistant; MDR, multidrug-resistant (both rifampicin and isoniazid resistant); TB, tuberculosis; Cl, confidence
interval.
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Figure 2 The percentage of RR, INH-R and MDR-TB among new and retreated cases in Songjiang (A) and Wusheng (B). The percentages of drug-resistant cases in
Songjiang and Wusheng were colored by blue and red, respectively. The light color indicated the percentage of new cases, while the dark color indicated the percentage of
retreated cases. The proportions in the early and the latter halves of the study period were marked with triangles and circles, respectively. Chi-square test was used to
compare differences and p-values less than 0.05 indicate statistical significance.
Abbreviations: RR, rifampicin-resistant; INH-R, isoniazid-resistant; MDR, multidrug-resistant (both rifampicin- and isoniazid-resistant); DR, drug-resistant.

RR, 79.4% with INH-R and 86.4% with MDR-TB were migrants. Among migrant cases with drug resistance, transmitted
resistance was observed in 81.3% (87/107) of cases with RR, 87.8% (166/189) of cases with INH-R and 83.1% (74/89)
of cases with MDR-TB. There were no significant changes in the annual drug-resistance percentages in either the local

residents or internal migrant TB patients in Songjiang.
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Figure 3 The percentage of transmitted drug-resistant cases in Songjiang (A) and Wusheng (B). The percentages of transmitted drug-resistant cases in Songjiang and
Wausheng were colored by blue and red, respectively. The proportions in the early and the latter halves of the study period were marked with triangles and circles,
respectively. Chi-square test was used to compare differences and p-values less than 0.05 indicate statistical significance.

Abbreviations: RR, rifampicin-resistant; INH-R, isoniazid-resistant; MDR, multidrug-resistant (both rifampicin- and isoniazid-resistant); DR, drug-resistant.

Discussion

This study used data collected over at least 10 years to analyze trends in the prevalence of drug-resistant TB in the urban
Songjiang District of Shanghai and rural Wusheng County in Sichuan Province. To our knowledge, this is the first long-
term study of drug-resistance trends in China using representative, population-based WGS data. In Wusheng, there were
significantly decreasing trends for RR, INH-R and MDR, while no significant changes were found in Songjiang. The
proportion of drug resistance in retreated cases decreased in both Songjiang and Wusheng. Most of the resistance was the
result of primary, transmitted resistance, especially in Songjiang, where the percentage of transmitted resistance amongst
all cases with drug resistance increased to 95% in recent years.

In this study, we found a significant downward trend for drug-resistant TB in Wusheng, which is consistent with
WHO estimates of MDR/RR-TB in China.*> This decrease presumably reflects the improvements to TB control
associated with the implementation of new diagnostic techniques, standardized treatment regimens, and other improve-
ments in TB control and treatment strategies. In Songjiang, however, there was no significant decline in drug-resistant TB
over a 10-year period. One possible explanation is that approximately 80% of drug-resistant cases in Songjiang were
internal migrants who were mostly new, untreated, TB cases with transmitted resistance. Because most their TB strains
were not clustered with other strains isolated in Songjiang over the ten years of the study, it is likely that these drug-
resistant migrant TB patients were infected with drug-resistant strains in their home towns and brought their infections
with them to Songjiang.*?

Kendall et al used a population-based MDR-TB transmission model to estimate that more than 80% (median 96%) of
all global incident MDR-TB cases resulted from the transmission of drug resistant strains.>* Similarly, the current study
found that more than 2/3 of drug-resistant cases were the result of transmitted drug-resistance. This trend was especially
notable in the Songjiang district of Shanghai, where these proportions increased to 94.6%-96.1%, presumably because
Songjiang’s effective TB control and treatment programs have greatly reduced the proportion of retreated cases and
acquired resistance. In 2021, there were an estimated 33,000 cases of MDR/RR-TB in China, but only about 17,000 cases
were laboratory-confirmed.*® This implies that a large number of MDR/RR-TB cases were not detected or treated and
may therefore have been transmitting their resistant strains over a considerable time period. Decreasing the burden of
drug resistant TB will require improved efforts to reduce transmission by detecting and effectively treating drug-resistant
patients as early as possible.

This study had several limitations. Due to the low rates of drug resistance and retreatments, the number of yearly
resistant and retreated cases in each area was limited. This made it difficult to statistically analyze these cases on an
annual basis and unlikely that small differences would achieve statistical significance. In addition, this study collected
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cases from TB-designated hospitals but could not obtain the data and strains from patients who were not diagnosed at
these hospitals. Some retreated or drug-resistant TB patients may have gone to municipal hospitals with more medical
resources and would not have been captured in our population-based study.

Conclusion

In summary, this study analyzed 10 years of population-based genomic epidemiological data to identify trends in drug-
resistant TB in the urban Songjiang district of Shanghai and rural Wusheng County in Sichuan Province. The data
showed that drug-resistant TB is predominantly caused by the transmission of resistant strains in both Songjiang and
Wusheng. Moreover, as treatment programs and treatment regimens improve, the proportion of drug resistant cases
attributable to transmitted drug-resistance will likely increase. Therefore, the way to decrease the prevalence of drug-
resistant TB is by reducing the transmission of drug-resistant strains through the early detection and effective treatment
of patients with drug resistant TB.
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