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ABSTRACT
Background  Individuals with a history of tuberculosis 
(TB) disease are at higher risk of developing a 
subsequent episode than those without. Considering the 
role of social and environmental factors in tuberculosis, 
we assessed neighbourhood-level risk factors associated 
with recurrent tuberculosis in Cape Town, South Africa.
Methods  This cohort consisted of patients who 
completed treatment for their first drug-sensitive 
TB episode between 2003 and 2015. Addresses 
were geocoded at neighbourhood level. Data on 
neighbourhood-level factors were obtained from the 
Census 2011 (household size, population density) 
and the City of Cape Town (Socio-Economic Index). 
Neighbourhood-level TB burden was calculated annually 
by dividing the number of notified TB episodes by the 
population in that neighbourhood. Multilevel survival 
analysis was performed with the outcome recurrent TB, 
defined as a second episode of TB, and controlling for 
individual-level risk factors (age, gender and time since 
first episode in years). Follow-up ended at the second 
episode, or on 31 December 2015, whichever came first.
Results  The study included 173 421 patients from 
700 neighbourhoods. Higher Socio-Economic Index was 
associated with a lower risk of recurrence compared 
with average Socio-Economic Index. An increased risk 
was found for higher household size and TB burden, 
with an increase of 20% for every additional person in 
mean household size and 10% for every additional TB 
episode/100 inhabitants. No association was found with 
population density.
Conclusion  Recurrent TB was associated with increased 
household size and TB burden at neighbourhood level. 
These findings could be used to target TB screening 
activities.

BACKGROUND
Recurrent episodes of tuberculosis (TB) play an 
important role in the yearly incidence of TB in Cape 
Town, South Africa, accounting for one quarter of 
TB notifications.1 2 Individuals with a prior episode 
of TB disease are at higher risk of developing 
another episode than those without.3

The conceptual framework from Lönnroth et al 
identifies upstream determinants and proximate 
risk factors of TB disease.4 The association between 
the higher risk of TB and the upstream determi-
nants, low socioeconomic status and poverty, is 
largely effectuated by proximate risk factors, which 
can be categorised in two groups: factors directly 

increasing exposure (such as crowding and poor 
ventilation) and factors impairing host defence 
(such as smoking, HIV, malnutrition, lung diseases, 
diabetes, alcoholism, age and gender).4 Studies 
exploring risk factors for recurrent TB have mainly 
focused on biomedical risk factors.5–8

Neighbourhood socioeconomic status is an 
upstream determinant for TB. Mean household size 
and population density are measures of the prox-
imate risk factor crowding. The evidence on the 
association between different measures of neigh-
bourhood socioeconomic status and TB is mixed; 
studies found no association in South Africa,9 10 a 
positive association in Zambia11 and a negative asso-
ciation in Zambia and South Africa.12 No studies 
have examined neighbourhood factors and recur-
rent TB, leaving the path from upstream determi-
nants to proximate risk factors for TB recurrence 
understudied.

Recurrent TB disease is either due to relapse or 
to reinfection. A systematic review showed that 
settings with higher background TB incidence have 
a higher proportion of reinfections and the predom-
inance of relapse over reinfection decreases.13 DNA 
fingerprinting in a small cohort in South Africa 
showed that relapse occurs most often shortly after 
treatment completion, while reinfection is more 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Research on recurrent tuberculosis (TB) has 
largely focused on biomedical factors, while the 
association between neighbourhood factors 
and TB in general has mixed findings.

WHAT THIS STUDY ADDS
	⇒ This study shows that neighbourhood TB burden 
and mean household size play an important 
role in the risk of recurrent TB. Living in a 
neighbourhood with very good or good Socio-
Economic Index is associated with a decreased 
risk of recurrent TB.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study shows the importance of 
neighbourhood factors in recurrent TB and 
can provide a good starting point for targeted 
screening.
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common after 12 months and is responsible for two-thirds of 
recurrences.14

Drawing from the literature on recurrent TB and on neigh-
bourhood risk factors for TB, we developed a conceptual frame-
work, adapted from Lönnroth et al,4 with the information 
available to us(figure  1).The primary objective was to study 
the association between neighbourhood risk factors and recur-
rent TB in Cape Town, South Africa. We also performed two 
secondary analyses. We compared the association with neigh-
bourhood factors and recurrence within 12 months of treatment 
completion versus after 12 months, as a proxy for the underlying 
mechanism of relapse vs reinfection. As HIV status of patients 
with TB was poorly registered prior to 2009,15 we performed a 
secondary analysis in the time period 2009–2015, including HIV 
status as an individual factor.

METHODS
Study setting
Cape Town had 3.7 million inhabitants according to the 2011 
census.16 The city health department delivered healthcare in 129 
facilities.17

TB care is free of charge, is predominantly provided by the 
public health sector and mainly in community clinics; patients 
diagnosed in the private sector are referred to a public clinic for 
treatment, since insurance schemes do not cover TB treatment.18

Sputum smear microscopy was used for diagnosis before 
2013, Xpert MTB/RIF afterwards.19

Study design and population
Our cohort consisted of all patients who completed treatment 
for their first notified drug-sensitive TB episode between 1 
January 2003 and 31 December 2015 in Cape Town, South 
Africa. As the Electronic TB Register does not contain personal 
identifiers, episodes of the same person were identified using 
probabilistic linkage previously.2 Patients who did not have their 

first episode during this period, or who did not complete their 
treatment were excluded.

We included both individual and neighbourhood risk factors 
in our analysis. The neighbourhood factor Socio-Economic 
Index (SEI) is an upstream determinant in the model of Lönn-
roth et al4 while mean household size and population density 
are proximate risk factors that affect the exposure to infectious 
droplets.4 The individual factors age, gender and HIV status are 
proximate risk factors that can impair host defence.4

Data sources
Individual characteristics, addresses and information on the 
TB episode were retrieved from the Electronic TB Register for 
Metropolitan Cape Town.

Information on neighbourhood characteristics was retrieved 
from the 2011 South African National Census, except for the 
variable SEI, which was retrieved from the City of Cape Town 
report on the Socio-Economic Index.20 Neighbourhoods with 
less than 20 households were excluded (87 out of 922 neighbour-
hoods). Neighbourhoods were categorised as very low (4.7% of 
all neighbourhoods), low (4.4%), average (7.4%), high (43.4%) 
and very high (40.1%) SEI, resulting in 6.7% of the population 
living in neighbourhoods categorised as very low, and 18.8% in 
neighbourhoods categorised as low20

Study definitions
TB recurrence was defined as having a second episode of TB 
disease during the follow-up time.

The individual-level characteristic age was included as a time-
varying variable, categorised in six age categories. Gender had 
two categories: male and female. HIV status at TB diagnosis 
was positive, negative or unknown. Follow-up time was defined 
as years since end of treatment, categorised in 13 one-year 
categories.

Figure 1  This model, adapted from Lönnroth et al and based on available information, identifies upstream determinants and proximate risk factors 
of TB disease.4 The association between the higher risk of TB and the upstream determinants, low socioeconomic status and poverty, is largely 
effectuated by proximate risk factors, which can be categorised in two groups: factors directly increasing exposure (such as crowding and poor 
ventilation) and factors impairing host defence (such as smoking, HIV, malnutrition, lung diseases, diabetes, alcoholism, age and gender).4 The factors 
in the dotted boxes cannot be measured. TB, tuberculosis.
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The neighbourhood-level factor population density was 
calculated as the number of inhabitants in the neighbourhood 
per square kilometre, divided by 1000. Mean household size, a 
discrete variable, was calculated from the information on house-
hold size in the census. The census included categorical informa-
tion on how many households have a specific size, ranging from 
1 to 10+. To calculate the mean neighbourhood household size, 
we multiplied the number of households with the given category, 
where we used 10 for the 10+ category, and divided the total by 
the total number of households.

The Socio-Economic Index was calculated by the City of Cape 
Town using variables on housing, education, household services 
and economics from the census; it consisted of five categories 
ranging from very low to very high.20

To calculate the annual neighbourhood TB burden, we 
divided the total number of notified TB episodes in a calendar 
year (therefore including any number of recurrences, patients 
who had their first episode before our study period started and 
patients who did not complete treatment for their first episode) 
by the neighbourhood population size in 2011 and multiplied 
by 100, to estimate the notification rate per 100 inhabitants. 
Because some neighbourhoods had a small number of inhabi-
tants and because of potential misclassifications in geocoding 
(see below), some neighbourhoods had unrealistic numbers of 
TB burden, even after the corrections made in the geocoding 
described below. Therefore, we excluded neighbourhoods for 
which the TB burden was greater than 3 standard deviations 
from the mean TB burden in any of the included years. This 
resulted in the exclusion of an additional 21 neighbourhoods, 11 
of which also did not have a SEI. The TB burden of the year in 
which the patient completed treatment for the first episode was 
used and was time-varying in the analysis.

Geocoding
The addresses were geocoded and then mapped to their neigh-
bourhood. For this we used subplace, the second-lowest admin-
istrative area in the census, as it is the most homogeneous in 
population groups. A subplace was defined as ‘suburb, section 
or zone of a township, smallholdings, village, sub-village, ward 
or informal settlement’.21 In this paper, we use the term neigh-
bourhood for this level. The lowest level in the census was 
the enumeration area (100–250 households), and was created 
for survey purposes, making it less constant over time,22 and 
therefore, not suited for this analysis. Cape Town had a total 
of 922 neighbourhoods in the 2011 census. Since the addresses 
were collected as part of routine TB register data and were not 
intended for research purposes, they were not noted in a stan-
dardised manner. This affected their quality and our ability to 
geocode them.

We used complementary methods to geocode the addresses. 
We used Stata 16.1 (StataCorp) and ArcGIS (ESRI, Redlands, 
California, USA) to geocode the addresses with HERE maps 
(HERE technologies, Eindhoven, the Netherlands) as reference. 
We then used Google maps to perform a manual check of the 
neighbourhood location of a random sample geocoded by both 
methods and found Stata geocoding to be more correct. In case 
both methods were able to geocode the address to a neighbour-
hood, we therefore used the one geocoded by Stata. A subsequent 
check revealed some neighbourhoods with an unrealistically 

Table 1  Individual and neighbourhood-level characteristics of 
patients (n=173 421)

N %

Individual level

Age at first episode, in years  �   �

 � 0–14 31 130 18.0

 � 15–24 33 131 19.1

 � 25–34 48 145 27.8

 � 35–44 32 963 19.0

 � 45–54 17 593 10.2

 � 55–64 7334 4.2

 � ≥65 3105 1.8

 � Gender, male 91,113 52.5

HIV status  �   �

 � Negative 74 091 42.7

 � Positive 52 497 30.3

 � Missing 46 833 27.0

Follow-up time, in years  �   �

 � 1st 173 421 16.11

 � 2nd 157 049 14.59

 � 3rd 140 945 13.10

 � 4th 125 130 11.63

 � 5th 110 897 10.30

 � 6th 94 786 8.81

 � 7th 79 001 7.34

 � 8th 64 487 5.99

 � 9th 50 382 4.68

 � 10th 37 502 3.48

 � 11th 24 845 2.31

 � 12th 13 920 1.29

 � 13th 3783 0.35

Neighbourhood-level

Socio-Economic Index  �   �

 � Very high 7147 4.1

 � High 45 473 26.2

 � Average 44 375 25.6

 � Low 58 340 33.6

 � Very low 18 066 10.4

Population density, inhabitants/ km2  �   �

 � Median (IQR) 15 058 (7734–18 604)

Mean household size  �   �

 � Median (IQR) 3.4 (2.9–4.0)

Annual TB burden at end of treatment, per 100 inhabitants  �   �

 � Median (IQR) 1.5 (0.6–1.7)

IQR, Interquartile range; TB, tuberculosis.

Table 2  Characteristics of the included neighbourhoods (n=700)

N %

Socio-Economic Index

 � Very high 252 36.0

 � High 330 47.1

 � Average 57 8.1

 � Low 33 4.7

 � Very low 28 4.0

Population density, inhabitants/ km2

 � Median (IQR) 3530.0 (1888.3–6757.5)

Mean household size

 � Median (IQR) 3.0 (2.3–3.7)

Annual TB burden, per 100 inhabitants

 � Median (IQR) 0.2 (0.1–0.5)

IQR, Interquartile range; TB, tuberculosis.
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high annual TB burden given their population size, as a result of 
non-informative addresses. For these instances, we made system-
atic corrections using informative parts in the address. Online 
supplemental figure E1 shows the geocoding flow diagram.

After geocoding, the patients were assigned the neighbour-
hood in which the address was located. We then merged the 
census data and SEI data with the TB register data based on the 
neighbourhood.

We used the neighbourhood characteristics of the first TB 
episode, because we had this information both for patients with 
and without a recurrence.

Statistical methods
We used a multilevel survival model with individual and 
neighbourhood-level risk factors and the outcome recurrent 
TB, where neighbourhood was included as a random intercept. 
Follow-up time ended at the second episode, or on 31 December 
2015, whichever came first.

We performed two subanalyses. The first was stratified by 
the timing of recurrence: within the first 12 months or after 12 
months. In the second subanalysis, we restricted the time period 
to 2009–2015 and included individual HIV status as a covariate. 
We also performed the primary model without HIV for the time 
period 2009–2015 to allow for comparison.

RESULTS
We included 173 421 patients, with 15 013 recurrences, from 
700 neighbourhoods (online supplemental material Figure E2).

Of the patients, 52% were male and the largest age category 
was 25–34 years (table 1). Neighbourhoods classified as low SEI 
housed 35% of patients, and the median neighbourhood density 
was 14 850 people/km2. The median household size was 3.4 and 
the median annual TB burden was 1.1 per 100 inhabitants. The 
characteristics of the included neighbourhoods are reported in 
table 2.

Multilevel survival analysis
We found an association with the neighbourhood-level charac-
teristics mean household size and annual TB burden, while we 
did not find an association with population density (figure 2 and 
online supplemental material). For every one person increase in 
mean household size, the hazard for recurrent TB increased by 
20% (hazard ratio (HR) 1.20, 95% confience interval (CI) 1.12 
to 1.28). For every increase in neighbourhood TB burden by 1 
per 100 inhabitants, the hazard increased by 10% (HR 1.10, 
95% CI 1.06 to 1.14). Patients who lived in a neighbourhood 
with a high and very high SEI had a lower hazard of recurrent 
TB than patients living in an average SEI neighbourhood. The 
individual factors that we controlled for showed the following 
associations: the hazard of recurrent TB was higher in all age 
groups compared with the reference group 0–14 years, with the 
highest hazard in the 35–44 years age group. Male gender was 
associated with increased hazard of recurrent TB, and longer 
time after the end of treatment are associated with a decreased 
hazard, compared with the first year.

Multilevel survival analysis, stratified by timing of the 
recurrence
The analysis was stratified by timing of recurrence within 12 
months of treatment completion, or after 12 months. We 
found associations similar to those found in the main analysis 
(figure 3 and online supplemental material), and the estimates 
did not differ between the two strata, with the exception of male 
gender. The association of annual TB burden with recurrence 
was present both in the stratum of recurrence within 12 months 
and after 12 months.

Multilevel survival analysis, including individual HIV status
The subset of this analysis included 93 751 patients from 635 
neighbourhoods. Of these, 54 276 (58%) patients were HIV 

Figure 2  Association (hazard ratio and 95% confidence interval) between recurrent TB and individual and neighbourhood-level factors (n=173 421). 
TB, tuberculosis.
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positive; 36 407 (39%) patients were HIV negative and 3068 
(3%) had missing HIV status. Demographics were similar to the 
entire cohort (online supplemental material).

There was a clear association between HIV status and the 
hazard of recurrent TB, with a HR of 1.75 (95% CI 1.64 to 
1.86) for HIV positive patients, compared with the reference 
group of HIV negative patients (Figure  4 and online supple-
mental material). The associations found were similar to those of 

the main analysis, with the following exception: the association 
with annual TB burden was less strong when we restricted the 
time period to 2009–2015 and became even weaker when we 
included HIV status as an individual risk factor.

Figure 4  Association (hazard ratio and 95% confidence interval) between recurrent TB and individual, including HIV, and neighbourhood-level 
factors in time period 2009–2015 (n=93 751).

Figure 3  Association (hazard ratio and 95% confidence interval) between recurrent TB, within (n=1 73 421) and after 12 months (n=1 57 049), and 
individual and neighbourhood-level factors.
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DISCUSSION
This study shows that the higher the mean household size and 
the annual TB burden in the neighbourhood, the higher the risk 
of recurrent TB, while a higher population density did not affect 
the risk of recurrent TB. Living in a neighbourhood with a very 
high or high SEI decreased the risk of recurrent TB compared 
to an average SEI neighbourhood, while we did not observe an 
association with living in a low or very low SEI neighbourhood. 
We also found no difference in neighbourhood factors that 
were associated with recurrence within or after 12 months after 
previous treatment. We found a strong association with positive 
HIV status, and a weaker association with annual TB burden 
compared with the main analysis. This indicates that the effect of 
annual TB burden is partly explained by individual HIV status.

In the context of the model of Lönnroth et al,4 we did find 
an effect of the upstream determinant, SEI, although not for all 
categories. The downstream risk factors mean household size 
and neighbourhood TB burden are also associated with the risk 
of recurrent TB.

As both annual TB burden in the neighbourhood and mean 
household size increase the likelihood of exposure to infectious 
droplets, this suggests that reinfection plays an important role. 
The lack of association with population density has two possible 
explanations. First, this does not consider inhabitable surface, so 
neighbourhoods with a low population density could still be very 
dense in some areas, if part of the surface is inhabitable. Second, 
the risk associated with population density is possibly mediated 
by annual TB burden and household size.

The reported decreased hazard of recurrence in high and 
very high SEI neighbourhoods, is consistent with the finding in 
Zambia and in the Western Cape of South Africa.12 However, 
there are also studies that found no association in South Africa 
found.9 10 It is also in line with the study by Marx et al, which 
found that South African health districts with higher notification 
rates had higher proportions of recurrent TB.23

Although this study shows the value of combining register and 
census data, it also shows the shortcomings of geocoding in a 
context with limited resources. First, the register did not always 
record the addresses in a way they could be geocoded, as they 
were not collected for research purposes. Second, there is no 
national dataset of addresses to which the addresses could be 
compared. During the COVID-19 pandemic, researchers also 
raised attention to the difficulties of geocoding South African 
addresses.24 A recent systematic review showed that there are 
limited studies on spatially targeted interventions for TB, and 
highlighted the lack of municipal address systems in limited 
resource setting as a potential cause.25

Issues with geocoding have also been reported in other studies 
on TB in Viet Nam26 and India.27 Another study in Cape Town, 
focusing on neighbourhood characteristics of hospitalised child-
hood burn injury using hospital register data, reported that 
18.4% of addresses could not be geocoded,28 compared with 
11.1% in our study. We found that using health subdistricts or 
districts, as two other studies in South Africa did,23 29 instead of 
geocoding addresses, was not suitable in the Cape Town metro-
politan area, as health districts are very heterogeneous in terms 
of population and therefore neighbourhood factors.

The strengths of our study are that it is representative at 
population level and that we have a large cohort with a long 
follow-up time. However, there are a number of limitations. 
First, the difficulties in geocoding possibly caused misclassifica-
tion neighbourhoods. If we assume that people with lower SEI 
had a lower address quality, for example because they lived in an 

area without street names and house numbers, and if they had 
more recurrent TB, we would therefore have underestimated the 
association between SEI and recurrent TB. Second, the covari-
ates mean household size, SEI and population density were 
measured at only at the 2011 census. Third, since the register 
only included episodes of drug sensitive TB, if a patient had a 
second episode that was drug-resistant, it was not included. Our 
data are thus an underestimation of the total burden of recurrent 
TB. A fourth limitation is that we could not include neighbour-
hood HIV prevalence and ART coverage, due to a lack of data 
on this level. Fifthly, we assigned patients the neighbourhood 
characteristics of the address of their first TB episode, which 
resulted in an assumption that patients did not move over the 
follow-up time. As we expect most people who moved during 
follow-up would have moved to neighbourhoods with similar 
population and neighbourhood characteristics, we do not expect 
this to significantly bias our results

Seeing the large burden of recurrent TB in Cape Town, it is 
important to consider interventions to reduce this burden. Based 
on our study, it could be beneficial to put additional effort into 
TB screening in neighbourhoods with a large mean household 
size and a high annual TB burden. The association with house-
hold size is clear in all our analyses, and as this information is 
available in most settings, this could provide for a starting point 
for targeting neighbourhoods. The WHO recommends system-
atic TB screening in communities with a high TB prevalence, 
defined at 0.5% or higher.30 If we compare this with our study 
population, we see that more than 75% of our cohort lived in 
a neighbourhood that meets this criterion. Therefore, targeting 
those neighbourhoods with a high household size could help 
prioritise sparse resources.

A recent study showed the feasibility and usefulness of 
targeting neighbourhoods with a high TB burden for TB 
screening.31 The ‘Targeted Universal Testing for TB’ (TUTT) 
study and a modelling study showed the added value of targeting 
people with a previous episode of TB as one of the risk groups 
for TB screening.32 33 Our study and that of Marx et al23 
contribute to the evidence that living in a neighbourhood with 
a high TB burden increases the risk of recurrent TB, indicating 
that it should be targeted in screening. The best strategy for 
this, community-based as in the ‘Tuberculosis Neighbourhood 
Expanded Testing’31 or clinic-based approach as in the TUTT 
study, is unknown. Future research could focus on comparing 
these strategies. Another interesting direction for future research 
would be to investigate neighbourhood factors and TB burden of 
all episodes, instead of only recurrence.

In conclusion, neighbourhood factors were associated with 
recurrent TB in Cape Town. Mean household size and annual 
TB burden increased the risk of recurrent TB, while living in a 
neighbourhood with high or very high SEI decreased the risk, 
when controlling for the individual-level factors of age, gender 
and follow-up time. Our findings indicate that targeting certain 
neighbourhoods for screening may be important.
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