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Background: We aimed to determine the trend of TB-related deaths during the COVID-19 pandemic.

Methods: TB-related mortality data of decedents aged ≥25 years from 2006 to 2021 were analyzed. Excess deaths were estimated by determining the difference between observed and projected mortality rates during the pandemic.

Results: A total of 18,628 TB-related deaths were documented from 2006 to 2021. TB-related age-standardized mortality rates (ASMRs) were 0.51 in 2020 and 0.52 in 2021, corresponding to an excess mortality of 10.22 and 9.19%, respectively. Female patients with TB demonstrated a higher relative increase in mortality (26.33 vs. 2.17% in 2020; 21.48 vs. 3.23% in 2021) when compared to male. Female aged 45–64 years old showed a surge in mortality, with an annual percent change (APC) of −2.2% pre-pandemic to 22.8% (95% CI: −1.7 to 68.7%) during the pandemic, corresponding to excess mortalities of 62.165 and 99.16% in 2020 and 2021, respectively; these excess mortality rates were higher than those observed in the overall female population ages 45–64 years in 2020 (17.53%) and 2021 (33.79%).

Conclusion: The steady decline in TB-related mortality in the United States has been reversed by COVID-19. Female with TB were disproportionately affected by the pandemic.
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1 Introduction

Tuberculosis (TB) is one of the leading causes of disease burden and death worldwide. The global cost of TB control is up to US $1 billion annually (1). In 2014, the World Health Organization (WHO) proposed a strategy to combat TB, which strives to achieve a 95% reduction in TB mortality from 2015 to 2035, and to reduce individual and systemic healthcare costs related to TB (2). Between 2015 and 2018, the number of global TB deaths fell by 11%, which fell short of the projected decrease represented by this WHO goal (3). In 2019, there were an estimated 10 million new TB cases worldwide. As a low-burden TB country, the United States has a stabile TB incidence at ~30 new cases per 1 million people after years of slow incidence decline (4). However, this incidence still does not reach the goal of a 20% drop in incidence between 2015 and 2020 set forth by the WHO TB strategy (2).

Unfortunately, the COVID-19 pandemic has had a devastating impact on TB control, and in many aspects reversed the global progress made in the fight against TB. Many areas of the world have seen declines in TB testing and reporting of cases, and some have even observed the first increase in TB-related mortality in the past decade (5–7). In countries with a high burden of TB, the disruption of healthcare services due to reduced outbreaks, redistribution of human and material resources, and reduced social support could lead to a projected 20% increase in the number of TB-related deaths in the next 5 years (6, 8–10). Despite efforts by some TB centers to keep healthcare services fully operational during the pandemic, it has proven impossible to avoid a large decrease in the number of diagnosed cases and an increased number of patients lost to follow-up or dying during this time (11).

The substantial impact of the COVID-19 pandemic on TB control is highlighted by a sharp decline in case reporting and the squeeze on medical resources, which ultimately lead to a decline in the ability to provide timely diagnosis and treatment resulting in poor outcomes and increased TB-related mortality (12–14). On the other hand, co-infection of tuberculosis and COVID-19 was associated with an increased risk of unfavorable clinical outcomes, as reported by Aiello et al., which may have been related to immune responses (15). Particularly, the decreased immune response in older adults may have limited the ability to contain pathogen growth (16). As of yet, there has been little evidence published on the impact of the COVID-19 pandemic on TB in the United States, particularly with respect to possible gender differences. Therefore, we aimed to assess the impact of the COVID-19 pandemic on TB mortality in the United States with focus on sex differences using nationally representative data.



2 Methods


2.1 Data sources

The current study represented a population-based time series analysis combined with predictive analysis performed on data from decedents in the United States. Data were analyzed from decedents who had died from January 1, 2006 to December 31, 2021. Data were obtained from the National Vital Statistics System (NVSS) dataset through the Center for Disease Control and Prevention Wide-Ranging Online Data for Epidemiologic Research (CDC-WONDER) website. This database contained annual death data of more than 99% of decedents in 50 U.S. states and the District of Columbia. The most recent data available were used (updated most recently on April 16, 2022). We also collected demographic data including age, sex, and race/ethnicity. Since all data from NVSS were publicly available and completely deidentified, the study did not seek approval from the Institutional Review Board. The study is compliant with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines.



2.2 Definition

The targeted population was decedents aged 25 years or older with TB as one of the causes of death. The study period was defined between January 1, 2006 and December 31, 2021. We identified TB and COVID-19 cases using criteria detailed in the 10th Edition of the International Classification of Diseases (ICD-10). The stratified analyses were classified by age (25–44, 45–64, and ≥65 years) and sex (male and female). We also stratified the data by racial/ethnic groups defined by the U.S. Office of Management and Budget, including non-Hispanic Alaska Indians/American Natives, non-Hispanic Asians, non-Hispanic Blacks, Hispanics, and non-Hispanic Whites. In 2021, the racial/ethnic component on the CDC Miracle website changed when the new subgroup “multiple races” was introduced. Thus, the subgroup analysis by race/ethnicity included only data through 2020.



2.3 Statistical analysis

We used age-standardized mortality rates (ASMR), using the 2010 U.S. Census as a reference, to ensure comparability across study years. Crude mortality rate (number of TB-related deaths/total population) was calculated and age-standardized using direct methods. In the direct approach, we stratified the number of TB-related deaths and the reference population by 10 years (from 25 to 64 years old, then ≥65 years old).

Using mortality data available from 2006 and 2019, TB-related mortality and general population mortality were predicted to determine the expected ASMR between 2020 and 2021. Autoregressive moving average model (ARMA), autoregressive integrated moving average model (ARIMA), polynomial regression, and linear regression were tested. Given the trend in mortality from 2006 to 2019, we chose polynomial regression with least squares for fitting. Model fitness was assessed using R square (Supplementary Table 1). The impact of the pandemic was determined by calculating the percentage difference between the expected and observed mortality rates, such that the excess mortality rate was defined as:
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A time-trend analysis was performed using a connected-point analysis via piecewise regression with Monte Carlo permutation tests to estimate the direction, magnitude, and significance of trends, and to determine the segmentation of trends. All analyses were performed using Joint Point Trend Analysis software (version 4.9.1.0; National Cancer Institute, Bethesda, MD), PyCharm3.9.0 (prediction analysis), and R 4.0.2 software (all other analyses and data cleaning). The significance threshold was defined as a two-tailed p-value of < 0.05.




3 Results


3.1 Population and characteristics of analyzed deaths

A total of 18,628 TB-related deaths among adults aged 25 years or older were recorded between 2006 and 2021 (Table 1). The older adults group (≥65 years) represented the greatest percentage of these deaths at 65.61%, followed by 28.21% in the 45–64 years group, with the lowest percentage occurring in the 25–44 years age group (6.18%). With respect to sex, the mortality of males was greater than that of females (63.18 vs. 36.82%, respectively). Finally, with respect to race/ethnicity, nearly half of the analyzed TB-related deaths occurred in non-Hispanic Whites (8,008; 46.6%), followed by non-Hispanic Blacks (3,153; 18.4%), non-Hispanic Asians (2,882; 16.8%), and Hispanics (2,709; 15.8%). American Indian/Alaska Natives represented only 2.45% of the deaths (Table 1).


TABLE 1 Characteristics of TB-related death in the United States, 2006–2021.
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3.2 The impact of the COVID-19 pandemic on mortality in patients with TB and in the general population

The TB-related ASMR was 0.72 per 100,000 persons in 2006, which decreased to 0.45 per 100,000 persons by 2019 (Figure 1 and Table 2). A rise in mortality rate was observed during the pandemic, with an ASMR of 0.51 per 100,000 persons in 2020 and 0.52 per 100,000 persons in 2021, corresponding to excess mortality of 10.22 and 9.20%, respectively. The overall ASMRs of adults in the U.S. general population stratified by age and sex are shown in Table 3 and Supplementary Figure 1.


[image: Figure 1]
FIGURE 1
 Temporal trends of all-cause mortality in people with tuberculosis (TB) and excess mortality during the COVID-19 pandemic by sex, further stratified by age. (A–C) Overall TB-related mortality: (A) males and females; (B) females only; (C) males only. (D–F) TB-related mortality, ages 25–44 years: (D) male and female; (E) female only; (F) male only. (G–I) TB-related mortality, ages 45–64 years: (G) male and female; (H) female only; (I) male only. (J–L) TB-related mortality, ages ≥ 65 years: (J) males and females; (K) females only; (L) males only. The blue bars represent the predicted mortality rate. Purple bars represent the excess mortality associated with COVID-19.



TABLE 2 Age-standardized mortality rates, U.S. adults with TB, 2006–2021.
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TABLE 3 Age-standardized mortality rates, U.S. general adult population, 2006–2021.
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3.3 Sex disparities in the impact of the COVID-19 pandemic on TB-related deaths

A downward trend in TB-related mortality rate in males was evident prior to the pandemic, dropping from 1.05 per 100,000 persons in 2006 to 0.66 per 100,000 persons in 2019. This rate increased during the pandemic, with an annual percent change (APC) of 6.7% (predicted 95% CI: −6.5 to 21.7%; p > 0.05). The ASMRs were 0.710 per 100,000 persons in 2020 and 0.740 per 100,000 persons in 2021, with excess mortality of 2.17 and 3.23%, respectively (Figure 1 and Supplementary Table 2).

In contrast, the TB-related mortality rates in females increased during the pandemic, with ASMRs of 0.35 per 100,000 persons in 2020 and 0.336 per 100,000 persons in 2021 (Table 2 and Supplementary Figure 2). Notably, the percent difference between the observed and predicted mortality in female patients with TB during the pandemic was higher than in the general female population in 2020 (26.325 vs. 16.41%, respectively) and 2021 (21.48 vs. 19.60%, respectively; Tables 2, 3).



3.4 By age group

The pre-pandemic TB-related ASMR of the 45–64 years age group showed a significant downward trend, decreasing from 0.51 per 100,000 persons in 2006 to 0.32 per 100,000 persons in 2019 (APC: −2.8%; p < 0.05). However, during the pandemic, there was an upward trend in mortality with an APC of 16.8% (95% CI: −2.2 to 39.5%; p > 0.05). The observed mortality rates were 0.41 per 100,000 persons in 2020 and 0.42 per 100,000 persons in 2021, corresponding to excess mortality of 23.62 and 26.23%, respectively (Figure 1, Table 2, and Supplementary Table 2). Furthermore, the excess mortality observed in this group was higher in 2020 compared to the general population (23.62 vs. 19.25%, respectively; Tables 2, 3). Mortality rates within the 25–44 and ≥ 65 years age groups also decreased before the pandemic, but the trend was not significant (Figure 1 and Table 2).



3.5 By sex-age subgroup

Females aged 45–64 years showed a significant decrease in mortality pre-pandemic (APC −2.2%; p < 0.05), and mortality surged with an APC of 22.8% (95% CI: −1.7 to 68.7%; p > 0.05) during the pandemic (Supplementary Table 3). The observed mortality rates of female patients with TB in this age group were 0.24 per 100,000 persons and 0.26 per 100,000 persons in 2020 and 2021, respectively (Figures 1, 2, and Table 2). These data represent excess mortalities of 62.17 and 99.16% in 2020 and 2021, respectively, Which were higher than the excess mortalities in the general female population aged 45–64 years in 2020 (17.53%) and 2021 (33.79%; Tables 2, 3). Female patients with TB and aged 25–44 years also showed high excess mortalities in 2020 (63.59%) and 2021 (38.07%), both higher than that in general female population of the same age group (Figures 1, 2, Tables 2, 3). The increase in male mortality was modest throughout the pandemic, and the mortality rate observed across all ages for males was within the 95% CI of the predicted mortality rate (Figure 2).
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FIGURE 2
 Observed and predicted age-standardized mortality rates for TB-related deaths before and during the COVID-19 pandemic among different sex-age subgroups.




3.6 By race/ethnicity group

Overall mortality rates decreased across all racial/ethnic groups prior to the pandemic and demonstrated a mild increase during the pandemic (Supplementary Figure 3). In 2020, the observed mortality rate increased significantly in the non-Hispanic white subgroups to higher than the predicted mortality rate, representing an excess mortality of 10.29%. Observed mortality rates for racial/ethnic subgroups of non-Hispanic black, Hispanic, non-Hispanic Asian, and non-Hispanic American Indian/Alaska Native were within the 95% CI of predicted mortality rates (Supplementary Table 4 and Supplementary Figure 3).




4 Discussion

This study analyzed 18,628 TB-related deaths occurring between 2006 and 2021 in the United States, and in doing so demonstrated the significant impact of the COVID-19 pandemic with respect to the progress made in eliminating TB in this country. During the pandemic, TB-related mortality rates significantly increased for the first time since 2006, and the observed TB-related mortality rates were significantly higher than the projected mortality rates for all age and sex subgroups in 2020 and 2021. Our data support the theory that since the early 2020's, the disruption of TB management has shifted healthcare priorities to COVID-19, which has led to the reversal of the decline of TB-related mortality. When further stratified by age and sex, there was a profound and steep increase in TB-related mortality among females aged 45–64 years, and a more moderate increase of the same in females aged 25–44 years, both of which exceeded mortality in the same female age groups of the general population. This phenomenon was observed despite the overall excess mortality being lower during the pandemic (10.22 vs. 14.800% in 2020 and 9.194 vs. 16.271% in 2021). Taken together, the precipitous increase in mortality rates suffered by young and middle-aged females with TB highlights the need for additional resources to address the underlying social and economic burden experienced by female patients and to mitigate the effects that will undoubtedly linger for years following the pandemic.

The challenges associated with TB control have been recognized from the start of the pandemic. Recent studies have shown that TB patients utilized healthcare services less during the pandemic than in previous years. The implementation of emergency measures such as home quarantine, cancellation of public transport, closure of public places, TB hospitals being designated as COVID-19 hospitals, and allocation of medical staff to COVID-19 wards has led to the interruption of health services, resulting in a significant decrease in TB diagnosis and reporting and an increase in TB-associated mortality (17–22). We quantified excess mortality in patients with TB during the pandemic and found a higher number of excess deaths in the female TB patient population, suggesting that more cases and opportunities for disease management were being missed in female TB patients. Soko et al. also found that females were most affected by TB service disruption and had the most pronounced decline in TB case notifications (20). Although service disruptions led to decreased disease detection, the proportion of females in the TB patient population increased more than before the pandemic (23). In addition to the impact of healthcare disruption, fear and stigma surrounding COVID-19, lack of access to adequate healthcare, and social determinants like gender inequality also likely contributed to the decrease in TB diagnosis and the increase in mortality among female TB patients.

We also observed an upward trend in deaths in male TB patients, but this was not significant as the observed mortality rate was within the 95% CI of the model predicted value. There are data suggesting that male gender is an independent risk factor for death related to TB and COVID-19 coinfection (24). In addition to male sex, the increased mortality was also associated with the presence of TB sequelae (25). These data suggest that the risk of death after COVID-19 infection is increased for both old and new TB cases. The risk of death was 1.51-fold in TB patients with COVID-19 diagnosed before the pandemic and 2.7-fold in newly-diagnosed TB patients with COVID-19 (26). Certainly, there is also evidence that the impact of COVID-19 coinfection on the TB clinical course seems modest, except for in cases of death where no serious clinical deterioration was observed (27). This seems to be explained by the fact that the effects of COVID-19 on TB disease course can be controlled through appropriate clinical care. In fact, COVID-19 mortality and incidence rates are low in the U.S. as well as in many Asian countries with high TB burden, which may be associated with immunity produced by long-term TB infection (28). Ahmed et al. reported that established pulmonary TB may have a protective effect against COVID-19, which may also support this speculation (29). However, TB has also been suggested as a risk factor for disease progression in COVID-19 (30), as evidenced by the higher mortality, shorter time to death, and longer recovery time after acquisition of previous TB infection compared with patients without TB (31). The reports by Petrone et al. and Najafi et al. also indicated that the inability of the immune system to in vitro respond to SARS-CoV-2 and M. tuberculosis antigens in TB-COVID-19 co-infected subjects (32, 33).

Furthermore, vaccination as a key social prevention strategy for TB may also have implications for COVID-19. A Japanese study found that routine infant BCG coverage was protective against the transmission of COVID-19 (34). This may be related to the effect of BCG vaccination on COVID-19-related immunity (35), but there has been controversy whether BCG vaccination plays any role. Lerm et al. suggest that COVID-19 does not cause serious disease in most unvaccinated young people and healthy people, and that high-quality studies on the effects of BCG vaccination on COVID-19 incidence, disease course, and transmission are needed to determine whether and how BCG could help control the outbreak (36).

In any case, the disruption of TB services due to medical and social measures put in place for management of COVID-19 is one of the main reasons for the sharp increase in TB-related deaths, with females being most affected. The U.S. government is a very important force in the global fight against TB, and it also provides the largest funds for global tuberculosis control in the world. Currently, TB is a greater long-term threat than COVID-19, and the government must strengthen services and support for TB patients, especially for disproportionately affected groups.

The main strength of our study is the use of a nationwide database to quantify the impact of the COVID-19 pandemic on the TB mortality rate in the United States and associated sex differences. The database we used had comprehensive records of deaths such that our selection bias was low. Secondly, a suitable model was utilized to predict general mortality rates during the pandemic, which provided the basis for further identification of excess mortality. In addition, our subgroup analysis highlighted the differences in excess mortality between sexes, ages, and ethnic groups. Our main limitation is that the death data are susceptible to biases such as underreporting, which could lead to underestimation of the excess mortality rate. For all analyses, data associated to clinical characteristics, cs, including occupation, education, and income, were not available. Therefore, additional studies are needed to investigate correlates and potential determinants of the trends in excess mortality in female patients aged 45–64 year found in our analyses of vital statistics. Furthermore, no data on race/ethnicity were used from 2021 because a new category was added (more than one race) during this year.



5 Conclusion

The steady decline in TB-related mortality in the United States has unfortunately been reversed by COVID-19. Female patients with TB were disproportionately affected during the pandemic, likely owing to care gaps and health disparities experienced by females that were accentuated during the pandemic. TB is a more substantial long-term threat to global health than COVID-19; as such, effective public health infrastructure and concrete policy changes are instrumental to ensuring an equitable and resilient health care delivery system to help prevent the deaths of vulnerable populations with TB.
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AI/AN, American Indian/Alaska Native.
$n = 17,172 between 2006-2020.
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I Multiple cause of death: Deaths caused by various causes, including TB. // Excluded decedents with COVID-19 infection as the multiple cause of death. /// Underlying cause of death: The disease or injury which initiated the series of events leading directly to death
(i.e., decedents with TB listed as the primary cause of death).
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