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Abstract: Background/Objectives: The global push to eliminate tuberculosis (TB) as a public health
threat is increasingly urgent, particularly in high-burden areas like O.R. Tambo District
Municipality, South Africa. Drug-resistant TB (DR-TB) poses a significant challenge to TB control
efforts and is a leading cause of TB-related deaths. This study aimed to assess DR-TB transmission
patterns and predict future cases using geospatial and predictive modeling techniques. Methods: A
retrospective cohort study was conducted across five decentralized DR-TB facilities in O.R. Tambo
District Municipality from January 2018 to December 2020. Data were obtained from Statistics South
Africa, and patient GPS coordinates were used to identify clusters of DR-TB cases via DBSCAN
clustering. Hot Spot Analysis (Getis-Ord Gi) was performed, and two predictive models (Linear
Regression and Random Forest) were developed to estimate future DR-TB cases. Analyses were
conducted using Python 3.8 and R 4.1.1, with significance set at p <0.05. Results: A total of 456 DR-
TB patients were enrolled, with 56.1% males and 43.9% females. The mean age was 37.5 (+14.9)
years. The incidence of DR-TB was 11.89 cases per 100,000 population, with males
disproportionately affected. Key risk factors included poverty, lack of education, and occupational
exposure. DR-TB types included RR-TB (60%), MDR-TB (30%), Pre-XDR-TB (5%), XDR-TB (3%), and
INHR-TB (2%). Spatial analysis revealed significant clustering in socioeconomically disadvantaged
areas. A major cluster was identified, along with a distinct outlier. Predictive models indicated
differing trends, with the Random Forest model predicting stabilization at 30 cases per year by 2022,
while the Linear Regression model projected a decline to zero by 2026. Conclusions: The study
highlights the need for targeted interventions in vulnerable populations to curb DR-TB transmission
and improve treatment outcomes.
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1. Introduction

Tuberculosis (TB) remains a significant public health challenge globally, particularly in regions
with high human immunodeficiency virus (HIV) prevalence, such as South Africa [1]. Among the
various forms of TB, drug-resistant tuberculosis (DR-TB) presents an especially formidable challenge
due to its resistance to standard first-line anti-TB drugs, complicating treatment regimens and
reducing the chances of successful outcomes [2]. DR-TB arises primarily from two mechanisms
namely, primary drug resistance, which occurs through person-to-person transmission of resistant
strains, and secondary drug resistance, which develops during treatment when patients do not
adhere to their prescribed regimens or when inappropriate medications are used [3-5]. There are
several types of drug-resistant TB disease, namely, Mono-resistant TB (resistant to one TB drug),
Poly-resistant TB (resistant to at least two TB drugs, but not both isoniazid and rifampin), Multidrug-
resistant TB (MDR TB, resistant to at least isoniazid and rifampin), Pre-extensively drug-resistant TB
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(pre-XDR TB, a type of MDR TB resistant to isoniazid, rifampin, and either a fluoroquinolone or a
second-line injectable), and Extensively drug-resistant TB (XDR TB, a rare type of MDR TB resistant
to isoniazid, rifampin, a fluoroquinolone, and either a second-line injectable or additional drugs like
bedaquiline or linezolid) [2,6]. DR-TB is caused by various factors including inadequate treatment,
biological mutations, healthcare system challenges, socio-economic conditions, and HIV co-infection
[7,8]. Poor treatment adherence, stigma, and cultural beliefs can increase the risk of resistance [9].
HIV patients are more vulnerable due to weakened immune systems, making treatment harder and
increasing the risk of drug-resistant TB [10]. Proper management can prevent drug resistance.

The global strategy to end the global TB epidemic by 2030 demands an imperative action plan
by all countries that are members of the United Nations (UN) and the World Health Organization
(WHO) [11]. Tuberculosis is a chronic communicable infectious disease caused by Mycobacterium
tuberculosis [12,13], mostly affects the lungs including other parts of the body as well [14,15], and is
a major cause of morbidity and fatalities [16,17]. The disease spreads through the air when infected
people cough, sneeze, or spit [18]. South Africa continues to be one of the hubs of the highest-
burdened countries in all three WHO-defined TB groupings, including TB, MDR tuberculosis, and
TB and HIV coinfection cases [1]. Over 322, 000 new cases of TB are reported per year, out of which
4-4% are DR-TB [19]. The number of MDR-TB cases keeps rising while the number of drug-susceptible
TB cases appears to be declining and this has made TB control and eradication challenging [20,21].
TB is one of the leading infectious diseases afflicting global health and its drug-resistant form is
burdensome to health systems particularly in poorly resourced settings [22]. The Olivier Reginald
Tambo (O.R.) District Municipality, located in the Eastern Cape Province of South Africa is one of the
areas of concern in the Eastern Cape Province of South Africa due to its high burden of TB and DR-
TB cases [23,24]. According to O.R. Tambo District Municipality population data published in 2019
by Statistics S.A, the total population was 1,514,306 people, with a gender distribution of 53.3%
females and 46.7% males [25]. The population is predominantly young, with 52% under the age of
20, 36% between 20 and 49 years old, 5% aged 50 to 59, and a smaller percentage over 60 years [25].
This youthful demographic presents both opportunities and challenges for the region, particularly in
terms of education, employment, and healthcare needs. A significant portion of the population,
66.5%, lives in poverty, highlighting the economic challenges faced by residents of the O.R. Tambo
District. The unemployment rate was reported at 37.71% in 2018, indicating a critical need for job
creation and economic development initiatives. Within the employment sector, 33.4% of the
workforce was employed in community services, reflecting the importance of this sector in providing
essential services to the population [25]. As of 2019, the region had 354,168 households, with 57.2%
of these households headed by women. Notably, 14,313 households were headed by children aged
15-19, raising concerns about the implications for youth welfare and education. The healthcare
infrastructure includes 137 clinics and 16 hospitals, which are vital for addressing the health needs of
the population [25]. The demographic and socioeconomic profile of the O.R. Tambo District
Municipality reveals significant challenges related to poverty, unemployment, and healthcare access.
Understanding these dynamics is essential for developing focused interventions to improve the well-
being of the population.

The incidence of TB in the population shows varying levels of drug resistance. There were 5.22
cases of RR-TB per 100,000 people. MDR-TB was slightly higher, with 6.14 cases per 100,000
population. Pre-XDR-TB was recorded at 0.46 cases per 100,000, while XDR-TB was much rarer, with
0.07 cases per 100,000 population. Additionally, INHR-TB occurred at a rate of 0.13 cases per 100,000
people. MDR-TB had the highest incidence rate, slightly surpassing RR-TB. The more severe and
resistant forms of TB, including Pre-XDR-TB, XDR-TB, and INHR-TB, had significantly lower
incidence rates. Although these forms are rarer, they present more complex treatment challenges.

This study focused on identifying and analyzing the geographic hotspots of DR-TB within the
O.R. Tambo District Municipality. The significance of this study lies in its potential to inform
evidence-based public health strategies aimed at controlling DR-TB in one of the most affected
regions of South Africa. By mapping the distribution of DR-TB cases, the study provides critical
insights into the epidemiological patterns of the disease, which are essential for developing specific
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interventions. Furthermore, this research contributes to the broader understanding of the factors
driving DR-TB transmission in high-burden settings, with implications for both local and national TB
control programs.

2. Materials and Methods
2.1. Study Design

The study design was a retrospective cohort. Patients’” demographic data, data on clinical
characteristics and treatment outcomes data were extracted from the patient clinic files in five selected
health care facilities of O.R. Tambo District Municipality. Inclusion criteria were patients with DR-
TB between 2018 and 2020.

2.2. Data Collection and Analysis

Data was collected from DR-TB patients treated between January 2018 and December 2020 in
four DR-TB decentralized clinics of the O.R. Tambo District Municipality and one referral hospital in
the Eastern Cape Province. Census data for the O.R. Tambo district municipality was obtained from
Statistics South Africa. We collected global positioning system (GPS) locations of patients” homes and
diagnosing facilities. Proportion (%) was calculated when data was categorical while mean or median
(+ standard deviation) was computed when data was continuous. We compared the
sociodemographic characteristics of DR-TB patients to the underlying O.R. Tambo general
population. Student’s t-test was performed to assess differences between two means and ANOVA
between groups. Either the Chi-square test with and without trend or Fischer’s exact test was used
to test the degree of association of categorical variables. DBSCAN (Density-Based Spatial Clustering
of Applications with Noise), a density-based clustering technique that identifies clusters of points
that are closely packed together while labelling points in sparse regions as noise (outliers), was used
combined with geospatial data (latitude and longitude) to determine clusters of DR-TB cases. Spatial
autocorrelation was used to perform the Hot Spot Analysis (Getis-Ord Gi), a spatial statistical method
to determine statistically significant clusters of high or low values. Two predictive models (Linear
Regression and Random Forest) were used over time to estimate DR-TB cases in hot spot areas. Linear
Regression is a parametric method assuming a linear relationship, making it easy to interpret but
limited in capturing complex patterns. Random Forest is a non-parametric, ensemble learning
method that can capture more complex, non-linear relationships in the data. Each of these models
was trained on the historical data and used to forecast future DR-TB cases. The Python version 3.8.
and R version 4.1.1 software were used. A p < 0.05 was considered to be significant.

3. Results

A total of 456 patients were enrolled in the study, of which 56.1% were males and 43.9% females.
The mean age (= SD) of the study population was 37.5 (+14.9) years. Considering a total population
of 1,514,306 in the O.R. Tambo district municipality during the study period, the incidence of DR-TB
cases per 100,000 population, based on the provided data, was estimated to be 11.89 cases per 100,000
population. The age distribution analysis shows that DR-TB is significantly more prevalent among
individuals aged 20-59 years, while those under 20 and over 60 are less affected compared to the
general population in the O.R. Tambo region. Females are significantly underrepresented among DR-
TB patients, suggesting that males might be at higher risk or more likely to be diagnosed with DR-
TB in this region (Table 1.)
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Table 1. Baseline characteristics of DR-TB patients in O.R. Tambo district compared to underlying
general population characteristics.

Characteristics of Enrolled DR- | O.R. Tambo | Difference | [95% CI] P-value
Interest TB population (n=1 | %

Patients (n=456) | 514 306) %

(%)
Demographic
characteristics
Age (years)
<20 30.0 52.0 -22.0 [-22.04; -21.96] <0.0001
20-49 50.0 36.0 14.0 [13.96; 14.04] <0.0001
50-59 15.0 5.0 10.0 [9.97;10.03] <0.0001
>60 5.0 7.0 -2.0 [-2.02; -1.98] 0.0597
Gender
Female 44.04 53.3 -9.26 [9.30; -9.21] 0.000035

Level of education

No Education 19.78 10 +9.78 [9.75%, 9.81%] <0.0001
Primary Education 22.92 30 -7.08 [-7.12%, -7.04%] 0.00033
Secondary Education | 47.87 50 -2.13 [-2.17%, -2.09%] 0.3407
Tertiary Education 9.21 10 -0.79 [-0.82%, -0.76%] 0.5488

Income category

No Income 56.85 40 +16.85 [16.81%, 16.89%] <0.0001
Salary or Wages 19.15 25 -5.85 [-5.89%, -5.81%] 0.0016
Casual 15.96 20 -4.04 [-4.07%, -4.01%] 0.0187
UIF 1.54 5 -3.46 [-3.48%, -3.44%] 0.00036
Disability Grant 3.08 5 -1.92 [-1.94%, -1.90%] 0.0292

About 19.78% of patients diagnosed with DR-TB had no level of education as compared to 10%
from the general population, and this difference reached statistical significance. Likewise, 56.85% of
DR-TB patients had no source of income as compared to 40% in the general population as displayed
in Table 1 above.

The distribution of DR-TB cases in Figure 1 below indicates that RR-TB accounts for the majority
with 60% of cases, followed by MDR-TB at 30%. Less prevalent forms are Pre-XDR-TB at 5%, XDR-
TB at 3%, and INHR-TB at 2%.
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Figure 1. Proportions of DR-TB types within total DR-TB cases.

The age distribution for different DR-TB types varies significantly. MDR-TB and RR-TB show
wider age ranges with several older outliers, indicating these types affect a broader age group. In
contrast, INHR-TB has the smallest variation in age. XDR-TB tends to affect younger individuals
overall, though there is one notable older outlier in this group. This suggests different age-related
patterns of resistance across TB types (Figure 2).
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Figure 2. Age distribution by DR-TB type.
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New cases are prominent across all DR-TB types, but there are considerable numbers of
previously treated cases, especially for more resistant forms like XDR-TB. The UNK/NR categories,
seen slightly in MDR-TB cases, represent gaps in data collection where previous drug history was
unknown or not documented in the patient file (Figure 3).
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Figure 3. Stratified previous drug history by DR-TB type. PT1 (previously treated once), PT2
(previously treated twice), UNK (unknown), NR (not written).

In Figure 4 displaying DR-TB hotspots, the colour bar on the right represents the cluster labels,
with a gradient ranging from dark purple to yellow. This colour scale corresponds to different
clusters or groups of data points, where the range from -1.0 to 0.0 likely indicates cluster identification
or a measure related to the clusters, such as a silhouette score or another clustering metric. Points in
the scatter plot are colored according to their cluster label, with yellow being the predominant colour,
suggesting that most points belong to the same cluster. A few outliers, such as the dark purple point,
may belong to a different or unique cluster. Most of the data points are concentrated between the
longitudes of 27 to 30 and latitudes of -30.5 to -32.0. There is a distinct outlier located at approximately
(26, -32.5), colored dark purple, indicating it belongs to a different or unique cluster compared to the
majority of the points. The fact that most data points are colored yellow suggests that a large portion
of the dataset belongs to a single, dominant cluster. This could imply that the majority of the data
shares similar characteristics, leading to a high degree of cohesion.
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Figure 4. DR-TB hot spots in O.R. Tambo District Municipality.

Here is the heat map visualizing DR-TB hot spots by urban and rural classification. The intensity
of the colour represents the number of DR-TB cases, with annotations showing the exact counts. The
heat map clearly shows that DR-TB, particularly the RR and MDR types, is more prevalent in urban
areas as compared to rural areas. While urban areas have higher counts across all DR-TB types, rural
areas show a much smaller distribution, especially for the more severe forms like pre-XDR-TB, XDR-
TB, and INH DR-TB (Figure 5).
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Figure 5. Heat map of DR-TB hot spots by urban and rural classification.
Figure 6 below illustrates the temporal trends of DR-TB cases from 2018 to 2021 in hotspots.
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Figure 6. Temporal trends of DR-TB cases in hot spot.

However, Figure 7 illustrates the historical and predicted number of DR-TB cases from 2018 to
2026. It includes historical data (in blue), as well as two predictive models used which are Linear
Regression (in green) and Random Forest (in red). The number of DR-TB cases shows a steady decline
from about 65 cases in 2018 to around 30 cases in 2021. This indicates a significant reduction in DR-
TB cases over this period. The Random Forest model predicts that the number of DR-TB cases will
stabilize at around 30 cases per year from 2022 onwards, showing no further decline or increase. This
suggests a steady state where the number of cases neither worsens nor improves significantly
according to this model. The Linear Regression model predicts a further decline in DR-TB cases,
starting from around 35 cases in 2022 and decreasing to zero by 2026. This model suggests a
continuing downward trend, potentially leading to the elimination of DR-TB cases by 2026 if current
trends continue.
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Figure 7. Predicted future DR-TB trends in hot spot areas.

4. Discussion

Our investigation is particularly timely given the increasing global focus on eliminating TB as a
public health threat. DR-TB is a major challenge to national TB control programmes in developing
countries and a leading cause of death in South Africa [26,27]. As South Africa strives to achieve its
TB control goals, understanding the spatial dynamics of DR-TB in high-burden areas like O.R. Tambo
District Municipality is essential for working on solutions that can effectively address the unique
challenges posed by DR-TB strains.

The study highlights that DR-TB disproportionately affects individuals aged 20-59 years, with
those under 20 and over 60 years being less affected. This disproportionate impact of DR-TB on
individuals aged 20-59 is due to a combination of higher exposure risk, social and economic
challenges, potential immune system compromise, and barriers to consistent healthcare and
treatment adherence [28,29]. This age group is an economically active age group and more
socializing, resulting in a high exposure to each other and, consequently, to TB. Studies have shown
that overcrowding is associated with a prevalence of TB transmission, highlighting its role in
facilitating the spread of the disease [30,31] and they often faces social and economic challenges, such
as overcrowded living conditions, poor nutrition, and limited access to healthcare, which can
exacerbate the risk of contracting and spreading TB [32]. These factors also contribute to delayed
diagnosis and treatment, which can lead to the development of drug resistance. Patients in socio-
economically deprived areas often face challenges in seeking timely medical help, which can lead to
delayed diagnosis and treatment [33].

The immune system of individuals in this age group may be compromised due to factors like
HIV co-infection, making them more susceptible to DR-TB [34]. Additionally, the working-age
population is often exposed to stress, poor diet, stigma, and other lifestyle factors that can weaken
the immune system [35]. This age group may have irregular access to healthcare due to work
commitments or lack of resources, leading to incomplete or incorrect taking of TB treatment. Poor
adherence to TB treatment regimens is a significant factor in the development of drug-resistant TB
[36]. This situation may be compounded by factors such as stigma, lack of social protection, and
financial constraints, which discourage individuals from accessing necessary healthcare services [33].
There is a need to focus more on this age group to manage transmission of DR-TB and avoiding
negative impact on the economy. Our study reveals low risk in younger and older populations. The
individuals under 20 years are less exposed to environments where TB is commonly transmitted and
often benefit from vaccinations and regular healthcare, reducing their risk of TB. In contrast, those
over 60 years, despite their age-related vulnerability to infections, typically have less contact with
high-risk environments, which lowers their TB exposure, though they face higher risks of
complications if infected.

Our study reveals that traditionally gender roles can influence who is most exposed to TB.
Females constituted 44.04% of the total. In contrast, the general population of the O.R. Tambo District,
which has a total population of 1,514,306, shows a higher female representation at 53.3%. This
indicates that the proportion of females among DR-TB patients is lower than that of the general
population by approximately 9.26%. The 95% confidence interval (CI) of -9.30 to -9.21 suggests that
the observed difference in gender distribution is statistically significant as well as the p-value of
0.000035. Males are significantly overrepresented in the DR-TB population, while females are
underrepresented. It is well recognized in the literature that the greater rates of TB are in males than
in females [37,38]. Males are often more exposed to environments where TB transmission is more
likely, such as workplaces, public transportation, and social settings like bars or community
gatherings. The dynamics of TB transmission suggest that community settings, where males often
congregate, can be significant contributors to the spread of the disease. The risk is compounded in
environments with poor ventilation and high occupancy [39,40]. These settings often have higher TB
transmission rates, especially in densely populated or high-prevalence areas [41-43].
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Men are more likely to work in occupations that involve physical labor, mining, or construction,
where TB transmission is more common due to close working conditions, poor ventilation, and
exposure to dust and other lung irritants that can weaken the respiratory system [44,45]. Men tend to
delay seeking medical care compared to women, which can result in later diagnoses of TB. This delay
can lead to the development of drug resistance as the disease progresses untreated or is inadequately
treated [42]. Males generally have higher rates of smoking and substance abuse, both of which are
risk factors for TB. Smoking damages the lungs, making them more susceptible to TB infection, and
substance use can weaken the immune system, increasing the risk of both infection and progression
to DR-TB [46,47]. Men may have lower adherence to TB treatment regimens compared to females due
to factors like work responsibilities, stigma, or lack of support, which can lead to incomplete
treatment and the development of drug-resistant strains. In contrast, women may have better
adherence to treatment protocols, possibly due to more frequent interactions with healthcare services
related to reproductive health or childcare. [48-50]. In many cultures, gender roles and expectations
may lead men to engage in behaviors that increase their risk of TB exposure or hinder their access to
timely medical care. For example, men might prioritize work over health or avoid seeking help due
to stigma or perceived weakness [9,51].

A strong link is observed between poverty and DR-TB, this makes poverty one of the risk factors
associated with the development of DR-TB. People living in poverty often reside in overcrowded and
poorly ventilated environments, which are ideal conditions for TB transmission. When individuals
with TB live in close quarters with others, the likelihood of spreading TB, including drug-resistant
strains, is much higher [52-54]. Poverty often limits access to quality healthcare services. People in
impoverished communities may not have the financial resources to seek timely medical care, leading
to delayed diagnosis and treatment of TB. This delay can allow the disease to progress, increasing the
chances of developing drug resistance [55-57]. Malnutrition weakens the immune system, making
individuals more susceptible to TB and less capable of fighting off the disease. Patients with
malnutrition exhibit a higher risk of developing active TB due to their weakened immune systems as
a result are approximately three times more likely to develop TB compared to their well-nourished
counterparts [58]. Poor nutrition also hampers recovery, leading to incomplete or interrupted
treatment, which can result in DR-TB. Malnourished patients often experience more severe side
effects from anti-TB medications, which can further discourage adherence [59]. Additionally,
malnutrition can prolong the duration of treatment and increase the risk of treatment failure, thereby
contributing to the emergence of drug-resistant strains of DR-TB. A study by [60] highlighted that
malnourished patients with TB had a significantly higher incidence of DR-TB compared to those with
adequate nutritional status. Poverty exacerbates this by creating barriers to treatment adherence,
such as the inability to afford medication or transportation, and the need to prioritize work over
health [61]. Additionally, impoverished populations often face coexisting health challenges like HIV,
which further complicates TB treatment and increases the risk of developing DR-TB. The
immunosuppressive nature of HIV leads to a decline in CD4+ T-cell counts, which are essential for
mounting an effective immune response against Mycobacterium tuberculosis [62,63]. According to the
World Health Organization (WHO), individuals with HIV are 20 to 30 times more likely to develop
TB than those without HIV [6]. Studies have shown that co-infected individuals are at a higher risk
of developing DR-TB due to the challenges associated with managing both infections simultaneously
[10].

Patients with no income in this study were significantly more affected, whereas individuals with
stable or casual incomes were underrepresented. Women, who often have lower incomes and less
financial independence, may find it harder to afford the full course of treatment, leading to
incomplete treatment and the development of DR-TB. This economic disparity makes it challenging
for women to afford the necessary TB treatment [64]. Men may also face barriers, but these often
manifest differently, such as through loss of income if they seek treatment. One significant challenge
is the potential loss of income associated with taking time off work to seek medical care. Many men
in low-income settings are the primary breadwinners for their families, and the prospect of losing
wages can discourage them from pursuing necessary treatment. This economic pressure can lead to
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delays in diagnosis and treatment, increasing the risk of disease progression and the development of
DR-TB [59]. The cost of going to the healthcare facility for TB treatment, particularly for DR-TB, can
be prohibitively expensive for low-income patients (Tanimura et al., 2014). The interaction between
gender and socioeconomic factors creates complex challenges in addressing DR-TB [33].

Lack of education is also a major risk factor, with a significantly higher proportion of individuals
with no education in the DR-TB population, while primary education appears to offer some
protection [52]. Public health efforts should prioritize middle-aged populations (20-59 years), where
DR-TB is most prevalent by implementing educational campaigns that raise awareness about the
risks of drug-resistant TB across all age groups [66]. Additionally, maintaining preventative strategies
for younger populations under 20 years is essential to ensure early prevention and education are not
overlooked, supporting long-term TB control. Social determinants of health, such as low education,
limited health literacy, and marginalization, contribute to the spread of DR-TB by impeding
knowledge and access to proper TB prevention and treatment. Lower education levels are associated
with poorer health literacy, which can affect one’s understanding of TB symptoms and the
importance of seeking timely treatment. Research indicates that individuals with no formal education
are less likely to recognize the signs of TB and may not understand the necessity of adhering to
treatment regimens [67]. Women with lower education levels may be less likely to recognize the
symptoms of TB or understand the importance of completing treatment, leading to higher rates of
untreated or poorly treated TB, which can progress to DR-TB [68,69]. [68,70] also noted that women
from lower socioeconomic backgrounds are more likely to experience anxiety and depression, which
can negatively impact their health-seeking behaviors and adherence to TB treatment.

Educated individuals are generally more aware of available health services and more likely to
seek care. Gender disparities in education, particularly in regions where girls have less access to
education, can result in women being less informed about TB prevention and treatment options.
Marginalized women often face additional barriers to accessing healthcare, including socioeconomic
challenges and stigma associated with TB. These barriers can further hinder their ability to seek
timely treatment and adhere to prescribed regimens [64]. Socioeconomic barriers such as distance to
healthcare facilities, lack of transportation, and cost of services disproportionately affect women,
especially in rural or underserved areas [60].

RR-TB presents a significant public health challenge, with a notable distribution of cases across
various treatment histories. The largest proportion of RR-TB cases is classified as “new,” indicating
that these individuals have not previously undergone treatment for TB [71]. This trend is mirrored in
MDR-TB, where a significant number of cases also fall under the “new” category, followed by those
with a history of treatment (PT1) [72]. The presence of PT2 cases, although smaller, highlights the
complexity of treatment histories in RR-TB and MDR-TB populations, suggesting that previous
treatment failures may contribute to the development of drug resistance [71]. In the context of Pre-
XDR-TB, the distribution remains similar, with a predominance of cases classified as “new” and a
significant representation of PT1 cases [72]. The notable presence of PT2 cases in this group indicates
that individuals with multiple previous treatments are at an increased risk for developing more
complex forms of drug resistance [71]. This pattern underscores the importance of thorough patient
histories and effective treatment strategies to mitigate the risk of developing further resistance. XDR-
TB presents a slightly different distribution, with a higher proportion of cases classified as PT1 and
PT2 compared to RR-TB and MDR-TB [72]. This suggests that XDR-TB is more likely to occur in
individuals with a history of inadequate treatment, reinforcing the need for careful monitoring and
management of TB treatment regimens to prevent the emergence of such resistant strains [73]. The
smaller proportion of “new” cases in the XDR category further indicates that prior treatment
experiences significantly influence the likelihood of developing this severe form of drug resistance
[72]. INHR-TB exhibits a simpler distribution, with the majority of cases classified as “new” and a
significant portion in the PT1 category, while PT2 and unknown histories are less prevalent [74]. This
suggests that INHR-TB may not be as heavily influenced by previous treatment failures as other
forms of DR-TB, although the risk of developing multidrug resistance remains a concern [75]. The
implications of these distributions are critical for public health strategies, as they highlight the
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necessity for targeted interventions based on treatment history and resistance patterns to effectively
combat the TB epidemic.

The median age across all DR-TB types is consistently around 40 years, indicating that DR-TB
primarily affects middle-aged individuals regardless of resistance type. However, MDR, Pre-XDR,
and RR types show wider age ranges and outliers, suggesting these forms can impact a broader age
spectrum. The majority of DR-TB cases occur in individuals aged 30 to 50, with a notable peak around
the median age of 40 years [7]. Middle-aged individuals face higher risks of DR-TB due to their active
participation in the workforce and social environments, which increases their exposure to TB. This
age group often has various social and economic responsibilities, which may influence their health-
seeking behaviors and adherence to treatment. Additionally, the intersection of comorbidities, such
as diabetes and HIV, is more prevalent in this demographic, complicating treatment and
management strategies [68]. Over time, they may accumulate more exposure to TB, especially if
previously treated with incomplete or incorrect regimens, raising the likelihood of developing drug
resistance. Chronic health conditions, like diabetes or HIV, further heighten their vulnerability due
to due to their compromised immune systems. HIV infection is a well-recognized risk factor for TB
acquisition, treatment failure, and relapse [62]. Furthermore, diabetes can impair immune responses,
making individuals more susceptible to infections, including TB [66]. Low-income individuals with
chronic health conditions face compounded vulnerabilities, which can lead to poorer health outcomes
and increased risk of developing DR-TB [66].

MDR, Pre-XDR, and RR TB types affect a broader age range due to varied transmission patterns
and diverse risk factors, allowing these forms of DR-TB to impact individuals across different age
groups. MDR-TB, Pre-XDR-TB, and RR-TB exhibit varied transmission patterns that allow them to
affect individuals across different age groups. For instance, studies have shown that MDR-TB can be
transmitted in both community and healthcare settings, leading to infections among younger
populations and older adults alike [67]. The WHO reports that the incidence of MDR-TB is rising
among younger individuals, particularly in regions with high TB prevalence [6,68]. INH and XDR
cases were more concentrated around the median age. Conversely, INHR-TB and XDR-TB cases
being more concentrated around the median age might indicate that these forms of resistance are
more likely to develop in middle-aged individuals due to the specific treatment histories and
exposure risks associated with this age group. This may lead to the development of drug resistance
and inadequate treatment adherence, incomplete courses of therapy, and exposure to suboptimal
treatment regimens can contribute to the emergence of INHR-TB and XDR-TB [68]. Additionally, this
age group may have higher exposure risks due to occupational factors, living conditions, and
comorbidities that exacerbate their vulnerability to TB [64]. According to [67] the majority of patients
with XDR-TB were aged between 30 and 50 years, highlighting the need to have focused interventions
in this demographic. The concentration around the median suggests less variability in the ages
affected, potentially due to more consistent risk factors associated with DR-TB among middle
patients. This trend may reflect the presence of consistent risk factors that are more pronounced in
middle-aged individuals. The majority of DR-TB cases occurred in individuals aged 30 to 50,
suggesting that this age group is particularly susceptible due to shared risk factors such as
socioeconomic status, comorbidities, and treatment histories [67].

The predominance of new cases across all DR-TB types indicates that many DR-TB cases occur
in patients without prior TB treatment, highlighting the importance of strong initial treatment and
prevention strategies to prevent resistance. Some studies indicate that a substantial proportion of DR-
TB cases are classified as new cases, suggesting that resistance can develop in patients who have not
previously received TB treatment. According to the WHO, approximately 40% of DR-TB cases
reported globally are among patients with no prior history of TB treatment [67]. This trend
emphasizes the need for effective initial treatment protocols to prevent the development of drug
resistance. The higher proportions of previous PT1 and PT2 in severe DR-TB forms, such as Pre-XDR
and XDR, suggest a link between multiple treatments and the development of more resistant strains.
Incomplete or inadequate treatment during PT1 and PT2 can leave some TB bacteria alive, allowing
them to develop drug resistance. These treatment histories are associated with the development of
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drug resistance, as inadequate or incomplete treatment can lead to the selection of resistant strains
[67]. Patients with a history of multiple treatments were more likely to develop severe forms of DR-
TB, highlighting the need for careful management of treatment regimens [68]. With each treatment,
the accumulation of drug-resistant mutations increases, eventually resulting in severe forms like pre-
XDR and XDR TB. Gaps or interruptions in treatment and the use of inappropriate drug regimens
further contribute to the emergence of these highly resistant strains. A study by [68], found that
patients with incomplete treatment courses were more likely to develop MDR-TB due to the survival
of resistant strains during periods of inadequate drug exposure. Inadequate treatment can lead to
suboptimal drug exposure, allowing resistant strains to proliferate [64]. A systematic review by [59]
highlighted that the use of ineffective medications, while incorrect combinations can significantly
contribute to the emergence of DR-TB [62]. Gaps or interruptions in TB treatment and the use of
inappropriate drug regimens significantly contribute to the emergence of highly resistant strains of
TB. In O R Tambo a focused public health intervention on the spread of DR-TB to effectively control
and improve health outcomes for affected populations.

The scatter plot analysis of DR-TB cases in the O.R. Tambo region reveals significant spatial
clustering, as indicated by the yellow-colored points. The clustering of DR-TB cases is likely
influenced by high population density. High population density often correlates with increased
mobility and increased mobility patterns within and between communities further facilitates the
spread of drug-resistant DR-TB. High population density can facilitate the rapid transmission of TB,
including drug-resistant strains. In densely populated areas, close living conditions and increased
social interactions can contribute to higher rates of TB infection [67]. Urban areas with high
population density exhibited increased clustering of DR-TB cases, suggesting that these
environments create conditions conducive to the spread of the disease [68]. The stigma surrounding
TB remains a significant barrier to seeking medical help, particularly in high-density areas. Fear of
discrimination and social isolation can deter individuals from seeking diagnosis and treatment,
leading to untreated cases that contribute to the ongoing transmission of the disease [64,76]. A
qualitative study by highlighted that stigma not only affects individuals” willingness to seek care but
also influences community perceptions of TB, further exacerbating the problem [62]. Limited
healthcare access and quality also contribute, as delayed diagnosis and inadequate treatment are
more common. In many low-income settings, healthcare facilities may be scarce, poorly equipped, or
lacking in trained personnel, leading to delays in diagnosis and treatment initiation [67]. A study
found that individuals in areas with limited healthcare access were more likely to experience
prolonged illness and increased rates of drug resistance due to inadequate treatment [68].
Additionally, socioeconomic factors such as poverty, unemployment, and low education levels are
associated with higher DR-TB rates, leading to clustering in disadvantaged areas. Socioeconomic
factors play a crucial role in the clustering of DR-TB cases. Research indicates that poverty,
unemployment, and low education levels are associated with higher rates of DR-TB [64]. Individuals
living in poverty may face barriers to accessing healthcare, including financial constraints, lack of
transportation, and inadequate health literacy, which can hinder their ability to seek timely care [62].
Furthermore, low education levels are linked to reduced awareness of TB symptoms and the
importance of treatment adherence, contributing to the spread of the disease [66]. The plot effectively
identifies potential hot spots of DR-TB, which are critical for targeted interventions, resource
allocation, and further research. XDR-TB hotspots in Durban for extensively XDR-TB found that cases
were clustered in areas with higher poverty indicators, such as low educational attainment and
unemployment rates [24,77] mapped the spatial distribution of MDR-TB cases and specific
Mycobacterium tuberculosis genotypes highlighting areas with elevated risk and providing insights
into the etiology of transmission in these hotspots. These research results are emphasizes the need
for focused prevention efforts in these hotspot communities to reduce transmission rates which is
needed in the O.R. Tambo district municipality as well. In summary, the scatter plot visually
underscores the geographic concentration of DR-TB cases in O.R. Tambo, highlighting both areas of
high prevalence and notable outliers that can be useful in formulating DR-TB transmission
monitoring tools. This clustering suggests that certain areas within O.R. Tambo have a higher
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prevalence of DR-TB. Additionally, the presence of a dark purple point signifies an outlier,
representing a case that is geographically isolated or follows a distinct epidemiological pattern, which
may require further investigation.

WHO, 2018 introduced revised treatment for TB. The decrease in DR-TB cases may be due to the
introduction of more effective and shorter treatment regimens in 2018, which improved outcomes
and reduced prevalence [78]. Improved treatment outcomes for TB have been achieved through the
introduction of shorter and more effective regimens, leading to better patient adherence, reduced TB
prevalence, and increased treatment coverage, as seen in South Africa where coverage rose from 57%
in 2021 to 77% in 2022 [78]. The introduction of new treatment regimens has also positively affected
the management of drug-resistant TB. In South Africa, for example, 66% of patients started on drug-
resistant TB treatment in 2022 were placed on WHO-recommended shorter regimens, which are
associated with better outcomes and lower rates of treatment failure [79]. The COVID-19 pandemic
has led to widespread changes in social behavior aimed at reducing virus transmission. These
changes have not only impacted the spread of COVID-19 but may also have influenced the
transmission dynamics of other respiratory infections, including TB. Social and behavioral changes
during the pandemic, such as reduced mobility, social distancing, and increased mask use, may have
also contributed to lower transmission of respiratory infections, including TB. The pandemic led to
widespread lockdowns and restrictions on movement, which limited opportunities for TB
transmission. Decreased mobility was found to correlate with lower rates of respiratory infections, as
individuals are less likely to come into contact with infectious agents [67]. There was a decline in TB
notifications during periods of strict lockdowns, suggesting that reduced mobility played a role in
limiting transmission [68]. The pandemic altered health-seeking behaviors, with many individuals
hesitant to seek care due to fears of COVID-19 exposure. This led to a decline in TB testing and
treatment adherence, which could have long-term implications for TB control efforts [80]. COVID-19
pandemic likely impacted TB case reporting and diagnosis, potentially leading to a decrease in
reported cases [81]. With fewer people interacting in crowded settings, the risk of airborne diseases
like TB decreased. Data from various studies show a consistent decline in both drug-sensitive and
drug-resistant TB cases in recent years. For instance, a study highlighted a sharp drop in DR-TB cases
during the COVID-19 pandemic, emphasizing the impact of less transmission due to protocols that
were put in place [81]. However, this also resulted in delays in diagnosis and treatment for many
existing TB patients [82].

Figure 5 reveals a model discrepancy where the two predictive models suggest different futures
for DR-TB cases. The Random Forest model anticipates stabilization in the number of cases, implying
that without continued or enhanced interventions, the reduction in DR-TB cases may plateau. The
model indicates that the current strategies are insufficient to continue the downward trend in DR-TB
cases and the model’s reliance on historical data suggests that while there has been progress, the lack
of ongoing efforts could lead to stagnation in case reduction, emphasizing the need for continued
public health initiatives and resources to combat TB effectively [83,84]. On the other hand, the Linear
Regression model predicts a continued decrease, reflecting cautious optimism that the ongoing
decline seen in the historical data could persist. This model typically assumes a linear relationship
and extrapolates past trends into the future, indicating that if current conditions remain stable, the
decline in cases may continue. This perspective suggests that existing interventions if maintained,
could lead to further improvements in TB management and outcomes [85,86]. The pandemic’s social
and behavioral changes likely contributed to a temporary reduction in TB transmission, while the
long-term effects on TB diagnosis and treatment requiring ongoing attention to ensure effective
control of the disease were affected. As the goal is to reduce DR-TB cases further in O.R. Tambo
District Municipality, ongoing public health efforts are crucial. The plateau predicted by the Random
Forest model suggests that simply maintaining the current level of intervention may not be enough,
therefore these predictions highlight the need for continued monitoring and potentially revising
strategies to achieve a consistent decline in DR-TB cases in O.R. Tambo District Municipality.
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5. Conclusions

This study underscores the complex socio-economic and demographic factors contributing to
the spread of DR-TB in the O.R. Tambo District Municipality. The findings highlight the
disproportionate impact of DR-TB on individuals aged 20-59 years, with a significant
overrepresentation of males in the DR-TB population. Key factors such as poverty, inadequate
healthcare access, and malnutrition exacerbate the risk of developing DR-TB, especially in high-
density, disadvantaged areas. Focused interventions, including improved healthcare access,
educational campaigns, and nutritional support, are essential for reducing the transmission of DR-
TB in these high-risk groups. Additionally, strategies to improve treatment adherence and address
gender-specific risks are critical to combatting the spread of DR-TB. As South Africa strives to meet
its TB control goals, these findings emphasize the need for holistic approaches that address the socio-
economic determinants of DR-TB to prevent the emergence of more severe drug-resistant strains.
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