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Prognostic value of an abnormal chest X-ray
result in predicting the development of
tuberculosis

Ping Zhu 1,7, Xinyi Chen2,7, Jie Pan1,7, Wei Wang1,7, Xiaogang Hao1,7, Bingjun Xu1,
Bingdong Zhan 1, Chunfu Fang1, Ye Shen 3, Kui Liu2, Xiaowei Qiu4, WeiWang2,
Bin Chen 2,8 , Jianmin Jiang 2,5,8 & Leonardo Martínez 6

Although tuberculosis is preventable, whom to prioritize for preventive
interventions is debated. As part of a follow-up to a mass tuberculosis
screening, we aimed to evaluate tuberculosis incidence among persons with
distinct baseline X-ray results. FromMarch to October 2020, we implemented
a mass tuberculosis screening intervention among elderly persons in eastern
China. Participantswere followed for incident tuberculosis until October 2022.
Tuberculosis incidence over two years among participants with differing
baseline chest X-ray results were assessed. Physical examinations and X-rays
were administered to all participants. Among persons suspected of tubercu-
losis, computed tomography, culture or GeneXpert MTB/RIF was performed.
Among 183,808 participants, 27,796 had a baseline abnormal X-ray. The
annualized incidence per 100,000 person-years was 1,525 (95% CI, 989-2,243),
278 (202-373), 325 (218-466), and 61 (50–75) among participants with X-rays
suggestive of active, stable, uncertain and normal, respectively. Among per-
sons with X-ray findings suggestive of tuberculosis, the increased hazard was
16.7 (95% CI, 11.9–23.4). These results demonstrate the risk of developing
tuberculosis among persons with an abnormal chest X-ray was very high.
Combining mass screening with preventive interventions based on X-ray
findings should be explored as a combination intervention package to reduce
tuberculosis in high-risk populations.

Tuberculosis is amongst the leading infectious disease killers glob-
ally. In 2022, there was an estimated 10.6 million new tuberculosis
patients worldwide1. The Covid-19 pandemic has led to substantial
reduction in tuberculosis case detection in 2020 and 20212,3. These
impacts have led to calls for additional supplementary interventions,
such as mass active case finding among high-risk populations,

to improve case detection in settings with a high burden of
tuberculosis4,5.

Recently, there has been a renewed interest in mass tuberculosis
screening as both an intervention to increase case detection and pre-
vent subsequent Mycobacterium tuberculosis transmission6–8. The
World Health Organization recommends systematic screening among
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certain at-risk populations including people with human immunode-
ficiency virus and exposed persons9. A systematic tuberculosis
screening strategy using chest X-ray as an initial screening test, fol-
lowedbydiagnostic assessment for thosewith abnormalfindings, aims
to detect tuberculosis early and initiate prompt treatment. Recent
surveys in Vietnam found a reduction in community tuberculosis
prevalence after multiple rounds of systematic screening6. There
remain several unanswered questions about the utility of mass tuber-
culosis screening.

In China, a large proportion of identified tuberculosis, up to 40%
in some areas, are among the elderly10,11. Whether targeting this group
for mass tuberculosis screening has public health impact has not been
investigated12. Additionally, whether mass tuberculosis screenings
should include follow-up for persons at especially high-risk of tuber-
culosis progression has not been thoroughly explored. The historical
literature suggests that persons with abnormal chest X-rays may have
as much as 10% risk of incident tuberculosis, suggesting prioritizing
them for preventive interventionsmay be useful13. In the past 50 years,
few large-scale, population-level mass screening interventions have
been implemented and reported to assess populations at high-risk to
develop tuberculosis after mass screening interventions.

To further investigate these questions, we conducted a largemass
tuberculosis screening among elderly residents aged 65 and older in a
rural, high-incidence area of eastern China. Participants were stratified
based on distinct chest X-ray features and a cohort was established for

follow-up to identify subsequent active tuberculosis patients. Our
primary aim of this studywas to assesswhether there was an increased
tuberculosis risk among those with distinct chest X-ray abnormalities,
and to evaluate factors that might influence the development of
tuberculosis across distinct chest X-ray classifications during the
screening period and over the subsequent two years of follow-up. This
study provides data to support policymaking for tuberculosis screen-
ing and control measures in high-risk populations.

Results
Baseline characteristics of participants
As shown in Fig. 1., in 2020, 187,065 persons participated in a mass
tuberculosis screening. Of these, 3,257 were excluded, including 343
(11%) younger than 65 years old, 969 (30%) who did not participate in
the chest X-ray examination, and 1,945 (60%) who had a chest X-ray
performed but had incomplete data, leaving 183,808 included in the
study. Among the 3,257 excluded participants, matching their infor-
mation with the tuberculosis information system revealed no patients
of tuberculosis. Of the 183,808 participants included, 156,012 (84.9%)
had normal chest X-rays and 27,796 (15.1%) had abnormal chest X-rays.
Among those with abnormal X-rays, 1,988 (7.2%) showed active signs,
9,275 (33.4%) showed uncertain signs, and 16,533 (59.5%) showed
stable signs. Of the stable signs, 9,309 (56.3%) were fibrotic lesions,
2,930 (17.7%) were nodular lesions, and 4,294 (26.0%) were calcified
lesions. Among the uncertain signs, 5,249 (56.6%) were patchy and

Fig. 1 | The enrollment and screening process of included participants. The flowchart describes the selection process of research subjects based on the inclusion and
exclusion criteria of this study.
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4,026 (43.4%) were non-patchy. Socio-demographic characteristics of
participants by chest X-ray classification were detailed in Table 1. The
number of participants excluded and retained at different stages for
different chest X-ray classifications is shown in detail in Supplemen-
tary Fig. 1.

Screening period
During the screening period, among 27,796 individuals with abnor-
mal chest X-rays, 3,953 (14.2%) underwent subsequent tuberculosis
diagnostic tests. Those with active chest signs had the highest rate
(90%; 1790/1988) of referral for further diagnostic testing (Supple-
mentary Table 1). A total of 174 participants were identified and
diagnosedwith pulmonary tuberculosis, of which 94% (164/174)were
found to have abnormal chest X-ray (Supplementary Table 2). Among
these patients, 43 were sputum smear-positive, 55 were sputum
culture-positive, and 76 were GeneXpert-positive (Supplementary
Table 3). A total of 55 (31.6%) patientswerediagnosedwith subclinical
tuberculosis.

The prevalence of confirmed tuberculosis was 111 cases among
183,808 persons (60 cases per 100,000 screened persons). Compared
with those who showed no abnormalities in chest X-ray, the detection
ratios of pulmonary tuberculosis in participants with stable, uncertain,
and active tuberculosis were 2.92 (95% CI, 0.30-28.07), 5.43 (95% CI,
0.56–52.22) and 2539.29 (95% CI, 798.12-8,078.94), respectively (Sup-
plementary Table 4). During the screening period, few cases were
diagnosed among participants with fibrous lesions (1/9,309; <1%),
sclerotic lesions (0/2930; 0%), and calcifications (0/4,294; 0%) with
detection ratios of 6.98 (95%CI, 0.71–68.60), 0, and0, respectively. No
subgroupof participants in stable and uncertain chest X-ray categories
had statistically higher odds of being diagnosed with tuberculosis
during screening compared with participants without abnormalities.

During the screening period, 253deaths occurred, with zero attributed
to tuberculosis (Supplementary Table 5).

Incidence and risk of normal and abnormal chest X-ray during
different follow-up periods
After baseline screening and exclusion of prevalent tuberculosis,
183,382 participants were followed for twoyearswith a total of 362,235
person-years. Overall, there were 4330 deaths among the study
population throughout the two-year follow-up period, with a total of 4
deaths due to tuberculosis (Supplementary Table 5). During the first
and second year of follow-up, diagnostic tests for tuberculosis were
performed on 10.4% (19,045/183,382) and 12.4% (22,490/181,282) of
participants, respectively (Supplementary Table 6 and 7). In each of
these time periods, 372 (372/183,382; 0.20%), and 359 (359/181,282;
0.20%) patients with tuberculosis were identified (Supplementary
Table 2). During the first year of follow-up, 87 (87/372; 23.4%) patients
with tuberculosis were sputum smear-positive, 142 (142/372; 38.2%)
were culture-positive, and 169 (169/372; 45.4%) were GeneXpert MTB/
RIF-positive (Supplementary Table 8). In the second year, 68 (68/359;
18.9%) patients with tuberculosis were sputum smear-positive, 104
(104/359; 29.0%) were culture-positive, and 151 (151/359; 42.1%) were
GeneXpert MTB/RIF-positive (Supplementary Table 9). In the first and
second years of follow-up, 80 (21.5%) and 73 (20.3%) individuals were
diagnosed with subclinical tuberculosis, respectively.

In total, 429 confirmed active tuberculosis patients were identi-
fied, with an incidence rate of 118 cases per 100,000 person-years.,
with a predominance of males diagnosed (N = 318, 74.1%). We first
analyzed the study population by all post-screening follow-up. At
baseline, the incidence per 100,000 person-years were 464 and 58
among thosewith andwithout abnormal chest radiographs.More total
incident tuberculosis patients were diagnosed among participants

Table 1 | Baseline characteristics of the study population, stratified by distinct chest X-ray findings

Normal
chest X-ray

Abnormal chest X-ray (n = 27,796)

Stable (n = 16,533) Uncertain (n = 9,275) Active (n = 1988)

Fibrous lesion Sclerotic lesion Calcification Patchy lesion No patchy lesion

All Participants, n 156,012 9309 2930 4294 5249 4026 1988

Sex, n (%)

Male 70,859 (45.4) 5428 (58.3) 1592 (54.3) 2267 (52.8) 2727 (52.0) 2133 (53.0) 1443 (72.6)

Female 85,153 (54.6) 3881 (41.7) 1338 (45.7) 2027 (47.2) 2522 (48.0) 1893 (47.0) 545 (27.4)

Mean age, years (SD) 72.09 ± 5.90 74.46 ± 6.83 72.88 ± 6.21 74.37 ± 6.82 74.41 ± 6.82 74.36 ± 6.89 74.19 ± 6.55

Age group, n (%)

65-74 113,139 (72.5) 5406 (58.1) 1989 (67.9) 2502 (58.3) 3016 (57.5) 2349 (58.3) 1168 (58.8)

75 and older 42,873 (27.5) 3903 (41.9) 941 (32.1) 1792 (41.7) 2233 (42.5) 1677 (41.7) 820 (41.2)

Body mass index, kg/m2

Underweight (< 18.5) 10,738 (6.9) 1743 (18.7) 343 (11.7) 631 (14.7) 711 (13.5) 629 (15.6) 459 (23.1)

Normal (18.5–24.9) 111,077 (71.2) 6390 (68.6) 2115 (72.2) 3029 (70.5) 3522 (67.1) 2688 (66.8) 1356 (68.2)

Overweight (≥25.0) 34,197 (21.9) 1176 (12.6) 472 (16.1) 634 (14.8) 1016 (19.4) 709 (17.6) 173 (8.7)

Diabetes mellitusa

Yes 16,222 (10.4) 830 (8.9) 320 (10.9) 406 (9.5) 322(6.1) 402 (10.0) 189 (9.5)

No 139,790 (89.6) 8479 (91.1) 2610 (89.1) 3888 (90.5) 4927 (93.9) 3624 (90.0) 1799 (90.5)

Prior tuberculosisb

Yes 2734 (1.8) 822 (8.8) 139 (4.7) 141 (3.3) 252 (4.8) 201 (5.0) 347 (17.5)

No 153,278 (98.2) 8487 (91.2) 2791 (95.3) 4153 (96.7) 4997 (95.2) 3825 (95.0) 1641 (82.5)

Tuberculosis-related
symptomsc

Yes 2,383 (1.5) 169 (1.8) 37 (1.3) 75 (1.7) 28 (0.5) 105 (2.6) 64 (3.2)

No 153,629 (98.5) 9140 (98.2) 2893 (98.7) 4219 (98.3) 5221 (99.5) 3921 (97.4) 1924 (96.8)
aDiabetes was defined as a prior diagnosis (collected through health records) or through a positive fasting glucose test.
bPrior tuberculosis was defined as having a confirmed or reported diagnosis/treatment of tuberculosis.
cSymptoms of tuberculosis were defined as those who reported any of the following symptoms: cough, sputum production, hemoptysis, fever, night sweats, weight loss, fatigue, or chest pain.
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with an abnormal chest X-ray at baseline (N= 249) compared with
thosewithout (N = 180), despite far fewer participants in this subgroup
(27,549 versus 155,833). People with abnormal chest X-rays had 5.90
(95% CI, 4.83–7.21) higher risk of developing tuberculosis than those
without. In the primary analysis (second year of follow-up), 192 pul-
monary tuberculosis patientswere identified, with an overall incidence
rate of 108 per 100,000 person-years. Most patients were male
(N = 143, 74.5%). The rates were 371 and 61 per 100,000 person-years
for thosewith andwithout abnormal chest X-rays, respectively. Results
from a multivariable Cox model was similar to the prior model with
longer follow-up (aHR, 4.54; 95% CI, 3.38–6.10) (Table 2).

Over the entire follow-up period (both years), the aHRs for
tuberculosis was 3.98 (95% CI: 3.09–5.12), 5.64 (95% CI: 4.27–7.44), and
24.46 (95% CI: 18.41–32.49) for stable, uncertain, and active disease
signals, respectively, compared to those with no abnormalities on
chest X-rays. During only the second year of follow-up, the aHRs for
stable, uncertain, and active signs of tuberculosis were 3.48 (95% CI,
2.41–5.02), 4.46 (95% CI, 2.93–6.79) and 14.30 (95% CI, 8.89–23.00),
respectively (see Fig. 2 and Supplementary Table 10).

Throughout the 2-year follow-up period, the aHRs of tuberculosis
in those with fibrous lesions, sclerotic lesions, and calcifications on
baseline X-rays was 3.96 (95% CI, 2.94–5.34), 5.56 (95% CI, 3.60–8.61),
and 1.64 (95% CI, 0.87–3.11) times higher than participants without
abnormalities. Among participants with patchy and non-patchy
lesions, the increased risk of tuberculosis was 4.25 (95% CI,
2.91–6.21) and 6.83 (95% CI, 4.81–9.69), respectively. When restricting
to second year of follow-up, participants with fibrous lesions, sclerotic
lesions and calcifications had risks of 3.87 (95%CI, 2.53-5.92), 4.26 (95%
CI, 2.15–8.47) and 1.33 (95% CI, 0.49–3.62), respectively, compared
with those without chest X-ray abnormalities. The HRs of pulmonary
tuberculosis among participants with patchy lesions and non-patchy
lesions (compared to a reference group without abnormal X-ray find-
ings) was 3.92 (95% CI, 2.26-6.79) and 4.98 (95% CI, 2.83–8.78) (see
Fig. 3 and Supplementary Table 11).

Two-year follow-up identified male (HR= 3.26, 95%CI, 2.63–4.05),
over 75 years of age (HR= 1.59, 95%CI, 1.31–1.93), underweight (HR= 3.21,
95%CI, 2.57–4.00), previous tuberculosis (HR=4.71, 95%CI, 3.47–6.39) as
risk factors for developing tuberculosis (Supplementary Table 12).

Table 2 | Development of confirmed tuberculosis among participants with either normal or abnormal chest X-ray findings,
stratified by the time period of follow-up

N, at risk Confirmed TB
events

Person-
years

Incidence per 100 thousand
person-years (95% CI)

Hazard ratio (95% CI)

Age and sex-
adjusted

Full modela

After screening, all casesb

No abnormal findings 155,833 180 308,610 58 (50–67) Reference Reference

Abnormal signs 27,549 249 53,607 464 (408–525) 7.08 (5.83–8.60) 5.90 (4.83–7.21)

After screening, > 1 year post-
completionb

No abnormal findings 154,447 94 153,427 61 (50–75) Reference Reference

Abnormal signs 26,821 98 26,405 371 (301–452) 5.35 (4.02-7.13) 4.54 (3.38–6.10)

TB tuberculosis, CI confidence interval. Classification of abnormal X-ray findings is described in detail in the Methods.
aAdjusted for age, sex, body mass index, and prior tuberculosis.
bThe screening timeperiod occurred fromMarch 1 toOctober 31, 2020. The total follow-up timeperiodwas defined asNovember 1, 2020 toOctober 31, 2022. To account for any undiagnosed, early
tuberculosis patients thatmay have beendiagnosed in year 1 of follow-up, a secondary follow-up periodwith a one year lead-in timewas analyzed. This time period began > 1 year after completion of
screening and ran from November 1, 2021–October 31, 2022.

Fig. 2 | Development of confirmed tuberculosis in populations with distinct
chest X-ray findings. Abbreviations: aHR, adjusted hazard ratio. Models are
adjusted for age, sex, body mass index, and prior tuberculosis. Referent category
are persons with no abnormal X-ray findings at the baseline mass screening visit.

Error bars represent the 95% confidence intervals (CI). A Follow-up was not
restricted and included all follow-up (up to 2 years) for participants after screening
(all cases). B Follow-up time for development of tuberculosis began 1 year post-
completion of the mass screening intervention.
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Discussion
Weanalyzed the riskof incident tuberculosis associatedwith abaseline
abnormal screening chest X-ray among over 180,000 elderly indivi-
duals from eastern China, assessed over 362,233 participant-years of
follow up. Our study demonstrated that an abnormal X-ray sub-
stantially increased the risk of incident tuberculosis (by up to 200 to
500%) and that the annual risk of developing tuberculosis among
persons with an X-ray suggestive of tuberculosis (but bacteriologically
negative and not clinically diagnosed) was above 3,000 cases per
100,000 persons.

To our knowledge, this is the largest population-based, pro-
spective study to evaluate the risk of tuberculosis among persons with
distinct chest X-ray findings13. We found that 1817 participants with an
X-ray suggestive of tuberculosis had a multi-fold higher disease risk
over two years of follow-up. In our cohort, the annualized rate of
tuberculosis progression was high at ~3%, or 3,000 cases per 100,000
person-years. A recent synthesis of historical studies including 1199
participants with chest X-ray suggestive of tuberculosis found that the
annual rate of tuberculosis (based on conversion from micro-
biologically negative to positive from either culture or smear testing)
was ~10% (95% CI, 6.2–13.3)13. Reasons for the discrepancy between
these historical studies and our analysis are unclear but is likely mul-
tifold. First, there was wide between-study heterogeneity within this
synthesis ranging from 3–16%, suggesting that other characteristics
not included within this analysis (eg, baseline symptom status, pre-
vious tuberculosis history, secondary comorbidities) may have influ-
enced pooled estimates. Second, although our study was prospective,
the passive follow-up is likely to underestimate longitudinal risk esti-
mates among this group. Lastly, our study includes and focuses on an
elderly population; there may be a difficulty of sputum collection
among this population which would lead to underdiagnosis compared
to some younger populations.

The especially high-risk of tuberculosis among persons with chest
X-rays suggestive of active, unstable tuberculosis is concerning. This
rate suggests that these individuals are likely to have early-stage
tuberculosis, prior to fully microbiologically positive, active tubercu-
losis. In the past decade, there has been a push to understand the
distinct stages of tuberculosis, including those that occur prior to fully
active, microbiologically positive manifestations and post-
tuberculosis14,15. Large-scale cohort studies such as this study are nee-
ded tobetter understand theprevalenceof distinct stages of disease as
well as future risk. Tests forMycobacterium tuberculosis infection, such
as the tuberculin skin test or interferon gamma assays, as well as
transcriptomic profiling may be useful to further delineate and group
participants in their disease process15–17. Integrating these tools into
one cohort will be a challenge but is needed to continue to improve
our understanding in distinct settings.

Although our results suggest that persons with active or inactive
abnormal chest X-rays have an increased risk of subsequently devel-
oping tuberculosis, how best to manage this population is not clear.
Potentially, amass tuberculosis screening intervention could bepaired
with targeted preventive intervention for persons that are bacter-
iologically negative but with an X-ray suggestive of either active or
inactive tuberculosis18,19. Historical studies have foundmixed results. A
recent randomized trial of 677 persons with radiographically inactive
tuberculosis lesions and a positive QuantiFERON test from China
evaluated whether a 6-week rifapentine and isoniazid preventive
therapy regimen effectively averted subsequent tuberculosis20. The
trial found similar rates of incident tuberculosis over two years of
follow-up among those given and not given tuberculosis treatment
(2.3% versus 2.1%) however the overall number of events was low.
Which preventive treatment regimen to use in elderly populations is
also debated21,22. Further research is needed to understand whether a
further targeted intervention to participants with any X-ray

Fig. 3 | Development of confirmed tuberculosis among participants with dif-
fering subcategories of uncertain and stable X-ray findings, stratified by the
time period of follow-up.Cox proportional hazardsmodels show adjusted hazard
ratios for the development of confirmed tuberculosis among participants with
differing subcategories of uncertain and stable chest X-ray findings. Models are
adjusted for age, sex, body mass index, and prior tuberculosis. The unit of study is
the individual participant; all data points represent biological replicates
(n = 183,382 independent subjects across all groups). The screening time period
occurred from March 1 to October 31, 2020. The total follow-up time period was
defined asNovember 1, 2020–October 31, 2022. Referent category are personswith
no abnormalX-rayfindings (n = 155,833) at the baselinemass screening visit. Precise
sample sizes for each subgroup are as follows: Uncertain, non-patchy lesions

(n = 4002); Uncertain, patchy lesion (n = 5243); Stable, fibrous lesion (n = 9290);
Stable, sclerotic lesion (n = 2920); Stable, Calcification (n = 4277). To account for
any undiagnosed, early tuberculosis patients thatmay have been diagnosed in year
1 of follow-up, a secondary follow-up period with a one year lead-in time was
analyzed. This time period began > 1 year after completion of screening and ran
from November 1, 2021–October 31, 2022. Referent category are persons with no
abnormal X-ray findings (n = 154,447) at the secondary follow-up period. Precise
sample sizes for each subgroup are as follows: Uncertain, non-patchy lesions
(n = 3819); Uncertain, patchy lesion (n = 5202); Stable, fibrous lesion (n = 9080);
Stable, sclerotic lesion (n = 2857); Stable, Calcification (n = 4163).Error bars repre-
sent the 95% confidence intervals (CI).
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abnormality would be beneficial. Our results also indicate that persons
that test bacteriologically negative but with X-rays classified as sug-
gestive of tuberculosis may be at especially high-risk of developing
tuberculosis. Alternatively, these personsmay already have early-stage
tuberculosis and may benefit from an attenuated anti-tuberculosis
treatment23. Future trials are needed to answer these questions.

The findings of this study offer several important insights about
mass screening and tuberculosis risk. First, after active screening,
partnered interventions may be guided by the different types of
abnormal imaging results for high-risk populations. For individuals
exhibiting signs of active tuberculosis, uncertain signs, or those with
cavities, strengthening pathogen detection based on sputum or
bronchoalveolar lavage fluid sampling, fully utilizing the sensitivity
and timeliness advantages of molecular diagnostic technologies to
achieve early diagnosis and prompt treatment. For clinical diagnoses
without supporting pathogen evidence, standardized evaluationof the
effectiveness of anti-tuberculosis treatment should be conducted to
support clinical diagnosis and improve treatment completion rates24.
These recommendations need further validation in different regions
and populations across China. Second, preventive interventions—such
as preventive treatment or a full disease treatment regimen— among
persons without microbiologically-positive tuberculosis but sugges-
tive X-rays should be further explored. In China and most other set-
tings, this population is not prioritized likely due a lack of empirical
evidence regarding effective interventional approaches.

This study has considerable strengths. This cohort is amongst the
largest mass chest X-ray screenings. Most mass screenings do not
include substantial secondary information such as prior tuberculosis,
tuberculosis-related symptoms, diabetes, or body mass index. This
secondary data on this large sample allowed us to further identify
potential confounders as well as refine specific populations in which
this relationship may be most relevant. The well-defined chest X-ray
data–including stratifications of stable and unknown X-ray
categorizations–on such a large sample are rare.

There are limitations of this work. First, a proportion of indivi-
duals with abnormal X-rays at baseline did not undergo micro-
biological testing to determine if they had tuberculosis at that time.
Hence, there is potential for prevalent tuberculosis to have been mis-
classified as incident tuberculosis. To account for this potential mis-
classification, we performed additional analyses that began one year
after the end of the mass screening intervention, excluding cases
occurring early in the follow-up time period. Our results remained
largely the same. Second, although our study was prospective, the
follow-up was based on a case-registry based diagnoses. Under-
diagnoses would likely bias our hazard ratio estimates from our
regression analyses towards the null. Third, tuberculosis case infor-
mation was not electronically registered before 2005, precluding
access to patient data prior to that year. Attempts to inquire about
patient history were largely unsuccessful due to patients’ inability to
recall details. Therefore, we were able to record a history of tubercu-
losis only from 2005 onward which may have resulted in mis-
classification. Fourth, in some subgroups of chest X-ray findings, such
as fibrotic and sclerotic lesions, the number of tuberculosis events
remained low despite the large sample size. This may compromise the
precision of our estimates, reflecting the inherent characteristics of
this cohort. The statistical power is potentially affected. Fifth, pan-
demic control measures during COVID-19 may have introduced
potential selection bias through altered health behaviors (e.g., avoid-
anceof crowded settings). Although the daily incidenceof COVID-19 in
Quzhou was low, we cannot exclude the possibility that high-risk
individuals avoided screening due to perceived exposure risks. Sixth,
in some participants, tuberculosis at baseline was excluded through
Xpert and not culture. Although Xpert has high sensitivity, some par-
ticipants with tuberculosis may have been classified as healthy at
baseline. To account for this potential misclassification, we performed

additional analyses that began one year after the end of the mass
screening intervention, excluding individuals with tuberculosis
occurring early on in the follow-up time period. Our results remained
largely the same. Seventh, despite strict adherence to national guide-
lines, operational constraints at the primary healthcare level, including
resource limitations, varying levels of staff training, and complex
workflows, pose challenges to ensuring the consistency and com-
pleteness of all screening and diagnostic procedures. This incon-
sistency may have resulted in some participants not undergoing the
full suite of scheduled examinations, thereby affecting data quality and
result accuracy. Future research should focus on enhancing standar-
dization within primary healthcare services to improve screening
efficiency and diagnostic precision. Lastly, in our baseline screening,
we designed the screening protocol with reference toWHOguidelines,
taking into comprehensive consideration the pandemic situation,
screening principles, and cost-effectiveness. Although not all screen-
ing participants underwent microbiological testing—whichmight have
missed some potential patients—the vast majority of those with chest
X-ray findings suggestive of tuberculosis received confirmatory
pathogenetic examinations. Among participants with other abnormal
or normal radiographic findings, microbiological testing was largely
omitted; however, the number of potential undetected patients is
expected to be minimal, thus exerting a limited impact on the study.

In conclusion, in a region of high incidence of TB in eastern China,
mass screening by chest X-ray identified 0.01% (174/183,808; 95/
100,000) of the elderly populationswith active TB and identified0.71%
(381/27,549; 711/100,000) of futureTB patients inwhich TB could have
been possibly prevented with preventive chemotherapy. In addition,
persons with abnormal chest X-ray findings at baseline were multifold
times more likely to progress to tuberculosis. In this high-burden
setting for tuberculosis, particularly among elderly individuals,
tuberculosis detection was limited during the screening period. How-
ever, post-screening, targeted interventions based on the categoriza-
tion of chest radiographs identified those at high risk, preventing the
progression to active tuberculosis and reducing community incidence,
thereby promoting the goal of ending the tuberculosis epidemic.

Methods
Ethics statement
The study protocol was approved by the Ethics Committee of the
Institute of Quzhou City Center for Disease Control and Prevention
(ApprovalNO:IRB-2020-R-NO.001). All participants provided informed
consent for both the active screening and subsequent follow-ups. For
those who were illiterate or could not read, the research staff would
read the content of the informed consent to him/her, and then asked
the family member to sign the consent form as an agent.

Study setting and population
Quzhou City is located in the western region of Zhejiang Province and
comprises six counties (cities, districts) with 100 towns. In December
2019, there were 377,205 permanent residents aged ≥65 years, of
whom 311,385 were rural residents. The reported incidence rate of
pulmonary tuberculosis in the city was 67 cases per 100,000 person-
years in 2019; among those aged ≥65 years, it was 194 cases per
100,000 person-years. The proportion of all pulmonary tuberculosis
patients that are elderly in the city reached 41%25. Outmigration is low
in Quzhou, especially among the elderly population.

Quzhou City has six designated tuberculosis laboratories (one at
the prefectural level and five at the county level), all of which are BSL-2
level facilities capable of performing sputum smear microscopy,
molecular testing, MGIT-320 culture, and drug susceptibility testing.
Quality control in these laboratories is in accordance with guideline
requirements, with a Mycobacterium tuberculosis culture contamina-
tion rate of less than 10%. Since 2015, all laboratories have successfully
participated in 10 rounds of proficiency testing organized by the
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National Tuberculosis Reference Laboratory of the Chinese Center for
Disease Control and Prevention for TBmolecular diagnostics and drug
susceptibility testing, with all results being satisfactory.

Study design
Active screening period. FromMarch to October 2020, Quzhou City
conducted a large-scale campaign involving active screening of all
residents aged 65 years or older in the rural areas. The active tuber-
culosis screening intervention among the elderly was led by health
administrative departments at the county level, organized and laun-
ched by township people’s governments, and supervised by county-
level medical institutions. This mass screening involved a compre-
hensive physical examination and chest X-rays on all enrollees26. The
majority of chest X-ray radiographic examinations for tuberculosis
were scheduled at township health centers, as most of these centers
have radiographic equipment. Among the 89 township health cen-
ters, seven that lacked on-site chest digital radiography (DR) equip-
ment utilized mobile chest DR units for screening. Screening for
tuberculosis was scheduled to coincide with the residents’ annual
physical examination. At township health centers, targeted indivi-
duals underwent general health examinations and chest X-ray
screenings27; images were uploaded to the local county hospital
through the Picture Archiving and Communication System (PACS) for
radiological interpretation, with the results subsequently fed back to
the township health centers. A diagnostic panel composed of three
members (two infectious disease specialists and one radiologist) was
responsible for identifying abnormalities in participants’ chest
radiographs and classifying the radiographic diagnoses into normal
or abnormal28. Abnormal signs were further categorized into active
lesions, stable lesions, and indeterminate lesions. Stable signs were
subclassified into fibrotic lesions, sclerotic lesions, and calcified
lesions29–31, while uncertain signs were subclassified into patchy and
non-patchy lesions30,31. For abnormal classification, diagnostic results
consensus from at least two specialists; disagreements were resolved
through discussion until consensus was reached. The diagnostic
panel included qualified licensed physicians, with at least one being a
certified attending hospital physician (or more senior in terms of
experience). All panelists received training from the Quzhou City
Quality Control Center for Tuberculosis Diagnosis and Treatment.
During on-site quality control, experts randomly reviewed a certain
percentage of X-ray images; a concordance rate of over 90% between
the evaluated image decisions and the quality control team was
deemed acceptable. For individuals with active lesions, referral to
designated tuberculosis hospitals for TB diagnostic tests wasmade to
confirm or rule out active pulmonary tuberculosis. Those without
active lesions were advised to seek tuberculosis diagnosis at desig-
nated hospitals if tuberculosis-related symptoms developed. In
asymptomatic individuals with a chest X-ray result indicating an
abnormality, referral to an appropriate healthcare facility for further
evaluation andmanagement was recommended to evaluate for other
serious conditions such as lung cancer or pulmonary fibrosis. Pul-
monary tuberculosis diagnosis primarily relied on pathogen detec-
tion (including bacteriological and molecular biological methods),
combined with epidemiological history, clinical presentation, chest
imaging, relevant ancillary tests, and differential diagnosis for com-
prehensive analysis. Bacteriological examinations included three
sputum samples for Mycobacterium tuberculosis smear microscopy
(one immediate, one morning, and one night sample), liquid culture
of one sputum sample, and one GeneXpert MTB/RIF test24. When
sputum volume or quality was inadequate, artificial sputum induction
was performed, and bronchoalveolar lavagewas usedwhen necessary
to obtain sputum samples.

Screening costs were fully covered by the government as part of
theQuzhouMunicipal Government’s CivilWelfare Project from 2020 to
2022. A specific tuberculosis screening subsidy of 55 yuan per person (1

U.S. dollar is equivalent to 6.5 RMB at the time of the study) was pro-
vided, with 35 yuan allocated for chest X-ray costs, 15 yuan for promo-
tional activities, organizational expenses, transportation, and follow-up,
and 5 yuan reserved for subsequent diagnostic tests for those identified
with active pulmonary lesions. The costs for residents’ health exam-
inations were covered by the urban and rural health insurance funds.

Follow-up period
Follow-up was conducted quarterly by trained community health
professionals through on-site visits during health service provision or
via telephone interviews. Follow-up visits consisted of inquiries about
tuberculosis-related symptoms, educational activities on prevention
and treatment, and general health services. An end visit of 2 years
(from 1 November 2020 to 31 October 2022) was scheduled for all
participants unless they developed TB during follow-up, refused fol-
low-up, or died. Individuals with active lesions during the baseline
radiological assessment who were not diagnosed with pulmonary
tuberculosis, were instructed to participate in further annual health
check-ups and were referred to designated hospitals for tuberculosis
diagnostic testing to confirm or rule out tuberculosis. For participants
with baseline X-ray findings not suggestive of tuberculosis, were
instructed to self-refer to designated hospitals for tuberculosis diag-
nostic testing if they developed tuberculosis-related symptoms during
follow-up. In addition to field visits and telephone interviews, we uti-
lized the local Tuberculosis Management Information System (TBIMS)
to capture data on confirmed tuberculosis individuals, thereby sup-
plementing information on unvisited individuals. Confirmed patients
were treated according to the standard protocol for active tubercu-
losis. Participants not diagnosedwith tuberculosiswere not prescribed
preventive treatment, regardless of chest X-ray status, following Zhe-
jiang Provincial and Chinese national guidelines. All tuberculosis
patients are managed through the TBIMS maintained by the National
Center for Tuberculosis Control and Prevention10. Information
regarding death (including timing) was collected from the Cause of
Death Registration Reporting Information System maintained by the
Zhejiang Provincial Center for Disease Control and Prevention.

Relevant definitions
Pulmonary tuberculosis, according to the People’s Republic of China
Health Industry Standard WS 288-2017 for Diagnosis of Pulmonary
Tuberculosis24, refers to tuberculous lesions in the lung tissue, trachea,
bronchi, and pleura. This includes suspected individuals with tubercu-
losis, clinically diagnosed patients, and confirmed patients. The diag-
nosis of pulmonary tuberculosis primarily relies on pathogen testing
(including bacteriology and molecular biology), combined with epide-
miological history, clinical presentation, chest imaging, related ancillary
tests, anddifferential diagnosis, for a comprehensive analysis leading to
a diagnosis. Pathogen and pathology results serve as the basis for
confirmation. Confirmed patients tested microbiologically positive,
which includes sputum smear positivity, and/or culture positivity,
GeneXpert MTB/RIF positivity, and/or pathology positivity in lung tis-
sue specimens. Clinically diagnosed patients were microbiologically-
negative and diagnosed by a group of clinicians based on several rele-
vant clinical characteristics which may include (but are not limited to)
epidemiological history, clinical presentation infection testing results,
tuberculosis exposure history, and chest imaging results. Subclinical
tuberculosis was a condition caused by viable Mycobacterium tuber-
culosis that did not produce the symptoms associated with clinical
tuberculosis but could lead to other abnormalities detectable by cur-
rent radiological or microbiological testing methods. Tuberculosis-
related symptoms included cough, sputum production, hemoptysis,
fever, night sweats, weight loss, fatigue, or chest pain.

Active signs: including multiple nodular lesions, patchy, cloudy
flocculent and lobar lung consolidations, mass-like opacities, and
enlarged hilar ormediastinal lymph nodes. These lesions are featured by
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heterogeneous density, high central density, peripheral low density,
irregulardistribution, and infiltrative changes.Theymaybeaccompanied
by thick-walled, thin-walled, tension cavities, and multiple moth-eaten
cavities, as well as satellite lesions, bronchial dissemination, bronchial
dilation, lymphangitis, and pleural effusion. Stable signs: including dense
nodules, plaques, calcified nodules, fibrous strands and residual pur-
ification cavities after treatment. These lesions have clear and sharp
margins and may accompany pleural and/or mediastinal lymph node
calcifications. Dense nodules and plaques are classified as sclerosing
lesions, fibrous striated lesions are classified as fibrotic lesions. Calcified
nodules and residual purgative cavities after treatment are classified as
calcified lesions. Uncertain signs: including patchy lesions and non-
patchy lesions (destroyed lungs, atelectasis, tuberculomas) and other
lesions that have not yet been fully calcified, cannot make a diagnosis of
inactive pulmonary tuberculosis based on these signs alone; further
analysis after obtaining computed tomography scans is required28.

Prior tuberculosis was defined as participants with tuberculosis
treatment history registered through TBIMS from January 1, 2005 to
December 31, 2019. Prevalence cases were defined as those identified
either actively or passively among participants during the screening
period. Individuals with tuberculosis found before the screening per-
iod were not included in this study. A one-month period was allowed
for referral anddiagnosis following screening, thus including prevalent
cases found within onemonth after the last screening date. Therefore,
screening took place from March to September, and all cases found
during the time period of March to October were defined as prevalent.
Incident cases were those identified and detected either actively or
passively during the follow-up period. The follow-up was during the
two years post-completion of the screening period. This was from 1
November 2020 to 31 October 2022. Tuberculosis patients occurred
exclusively among those who participated in the baseline screening;
data from follow-up years (year 1, year 2) did not include individuals
who did not partake in the baseline screening.

Elderly people were participants 65 years of age or over. Body
mass index (BMI) was categorized into subgroups relevant to Asian
populations, including < 18.5 kg/m² (underweight), 18.5–23.9 kg/m²
(normal weight), and ≥24 kg/m² (overweight). Diabetes was defined as
a prior clinical diagnosis or through a positive fasting glucose test
given during the physical examination32,33.

Statistical analysis
Data was described in terms of proportions and case rates. Tubercu-
losis risk was analyzed by specified time periods as well as chest X-ray
classification from the baseline screening visit. Time periods were
divided based on initial screening (March 1 to October 31, 2020), first
year of follow-up (November 1, 2020 to October 31, 2021), and second
year of follow-up (November 1, 2021, to October 31, 2022). The second
year of follow-up was specified to account for any unconfirmed early
tuberculosis patients thatmay have been diagnosed in year 1 of follow-
up. This time period began > 1 year after completion of screening. All
analyses, except for dividing the follow-up time period into the first
and second year, were pre-specified.

R version 4.2.0 was used for all analyses. Binomial logistic regres-
sion models were used to estimate the prevalence of tuberculosis
among participants with different characteristics during the screening
process. For the two distinct follow-up time period after screening,
time-to-event data were constructed between the first date of the
follow-up time period and the date of development of tuberculosis.
Follow-up was censored at death, development of tuberculosis, or end
of follow-up. We compared tuberculosis incidence in groups with dif-
fering chest X-ray status using hazard ratios (HRs) and 95% confidence
intervals (CIs) obtained from Cox proportional hazard models14,34. We
used Kaplan-Meier analyses to present the results of participants with
distinct chest X-ray classifications developing tuberculosis at different
follow-up stages. A two-sample likelihood ratio test was used.

We calculated confirmed active tuberculosis incidence in cases
per 100,000 person-years for participants with distinct baseline chest
X-rayfindings. 95%PoissonCIs were calculated around these estimates
and tuberculosis incidence rates were compared using two-sample
Poisson tests.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated and analyzed during the current study are not
publicly available due to ethical considerations involving sensitive
personal health information. Access to these data may be granted for
non-commercial academic research purposes upon reasonable
request and is subjected to approval by the first author, Ping Zhu.
Requests should be directed to the corresponding authors, Dr. Bin
Chen (e-mail:bchen@cdc.zj.cn) and Dr. Jianmin Jiang (e-mail:
jmjiang@cdc.zj.cn). Requests will be evaluated within two weeks, and
the data will be available for one month after approval. All other data
supporting the findings of this study, including processed results, are
available in the Supplementary Information.
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