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Abstract

Spatial patterns of extensively drug-resistant tuberculosis and associations with
sociodemographic factors in Durban, South Africa

By Meaghan Peterson

Background: Extensively drugesistant tuberculosis (XBDRB) poses profound

challenges to tuberculosis control because of few remaining treatment options, leading to
poor outcomes and ongoing transmission. Recent data saddgesst 69% of XDR'B

cases are due to transmission of resistant strains in Kw&aihl, South Africa. To

further clarify factors driving transmission, we aimed to describe where-KBR

occurring in the urban district of eThekwini, in KwaZtMatal govince, and

characterize sociodemographic factors of communities with high-XBRase burden.

Methods: We enrolled XDRTB patients diagnosed from 202014 in KwaZuluNatal.

GPS coordinates for participant homes were recorded and those with homen lmcatio

eThekwini (Durban) were included for analysis. ArcGIS was used for spatial data

analysis and hotspot evaluation (based on populatijusted incidence) of XDRB
patients’ home | ocations at the main place
communites identified as hotspots through spatial analysis were examined using data

from the 2011 census. For a subset of participants, we geocoded and mappechaon
congregate locations to compare overall spatial distribution to the distribution of homes

alone.

Results: Among 132 enrolled participants, 75 (57%) were female and 87 (66%) lived in
urban or suburban locations. Fifteen main places were identified as hotspots farB<DR
patient homes witk 95% confidence. Four spatial mapping methods supported@adi

of one large cluster northwest of Durban. Communities identified as- KBRotspots

had lower educational attainment, higher percentage of selgedl children not

attending school, higher unemployment, and higher percentage of homes without flush
toilet. We geocoded nemome congregate locations (e.g. workplaces, schools, churches)
for 43 (33%) participants. Mapping of these congregate settings showed a shift in case
density towards the Durban metro area, largely driven by locations of workplaces.

Conclusions: Distribution of XDRTB case homes is clustered in our study area and
hotspots have more indicators of poverty than-hotspots. Prevention efforts targeting
these communities may be effective in reducing XCBRincidence. Additionally,
identifying shared congregate settings of XIDB cases may be useful in identifying
areas to target for efforts to halt community transmission.
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CHAPTER I: LITERATURE REVIEW

Global Tuberculosis Epidemic

Tuberculosis (TB) is an ancient disease believed to have killed more people than
any other infectious agent in the history of mankRjd Despite the discovery of medicines
to cure TB in the mi®0" century, it has persisted as the leading infectious killer
worldwide and in 2016 was responsible for over 4,000 deaths ea¢h]ddy is caused
by Mycobacterium tuberculosisvhich most commonly affecthe lungs and is spread via
airborne transmissiof3]. In 2016, the World Health Organization (WHO) estimated that
10.4 million peopldecame ill with TB. In the same year, approximately 1.3 million deaths
were attributed to TB with an additional 0.4 million among persons with TB and HIV
coinfection[1]. It is estimated that one third tiie global population is has latent
tuberculosis infection (LTBI), but only-50% will develop active disease in their lifetime
[4]. The burden of TB is disproportionately high in amd middleincome countries, and
five countries (e.g., India, Indonesia, China, the Philippines, and Pakistan) account for over
50% of new cases. The highest populati@sed incidence rates of TBeagstimated in

Africa and Southeast Asia, as shown by the WHO map in Figjire 1
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TB remains a public health threat because of shortcomings in detection, poor
initiation of treatment, and difficulty in adhering to long treatment regimens. The WHO

estimates that only 61% of the estimated incident TB cases were detected in 20b6eOf t



detected, not all initiated treatment (data from 2015 cohort suggest that 7% of diagnosed
TB cases did not initiate treatmefit). Once treatment is initiated, standard course therapy
requires 6 monthgf daily medication that is often associated with adverse drug effects and
significant financial burdenfb]. These challenges lead to poor adherence or failure to
complete treatment for many patientsdaontribute to a global success rate of §3%o

Studies have suggested treatment burdens lead to disproportionately higher rates of failure
in low income individuals and those with low educational attaminwhich contributes to

the continuation of TB as a disease of pov{t§].



Figure 3. Trends in estimated TB incidence in the 30 Higinden countries, 2062016. TB incidence rates
are shown in green and incidence rates of Hbgitive TB are shown in red. Shaded areas represent

uncertaintyintervals. The black lines show notifications of new and relapse cases for comparison with

estimates of the totahcidence rate.
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TB epidemics around the world are exacerbated by concurrent HIV epidemics in
many countries, especially in the African region which accounts for 75% of TB/HIV cases
as suggested in Figure 4 from the WHO17 Global Tuberculosis Repdi]. Data
suggests HIVpositive patients are at least ten times more likely to develop active
tuberculosis diseas®] and have worse treatment outcomes when compared te HIV
negative individual$10]. As a result, TB incidence and mortality rates are intensified in
areas with high HY burden. Global TB mortality data indicate roughly 22% of TB deaths
are HIV/TB coinfected cases, and it is estimated that 43% of TB deaths in Africa-are co

infected with HIV[1].
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Drug Resistant Tuberculosis

To prevent the emergence of drug resistance, preferred treatment for TB is
comprised of complex multirug regimend2]. Treatment regimens differ for drug
resistant cases compared to dsugceptible (DS) cases, leading to separate classifications
based onhe degree of resistance. The most commonly detected-dragaesistance is

to isoniazid, one of the most widelssed TB drugs. Resistance to isoniandrifampicin,



the two most potent drugs used against dusceptible TB, is referred to as multidrug
resistant (MDR) TB. Extensively drugsistant (XDR) TB denotes resistance to these two
drugs plus one fluoroquinolone and at least one of three sdioenidjectable drugs, the

most effective seconlihe drug classed 1].

The increased challengepablic health associated with drogsistant TB includes
substantially longer, more expensive treatment plans combined with low treatment success
[12]. In contrast to six months for drsyisceptible TB treatment, MDR TB and XOmB
usually require treatment lasting at least 24 months (shorter course therapies for MDR are
becoming accepted as good alternatives). A review of MR DSTB treatment costs
worldwide found that the average cost to treat MDR is greater than 20 tiessrghan
that of DSTB [13]. Treatment success also falls from 83% to an average of 54% for MDR
and 30% for XDR TB[1]. In addition, possible adverse events associated with drug
resistant treatment are more eay and include hearing loss and renal fai[ddd. The
complex management of drugsistant TB is resulting in enormous drains on resources for
low- and middleincome countries and catastrophic costs for individuals affected, and the

burden of disease is stilldreasing.

Prevalence and Detection

Though drug resistance has been reported in all countries with TB, many cases are
not detected due to limited laboratory capacity and use ofsirsceptibility testing. Only
33% of new TB cases were tesfed resistance to rifampicin in 2014]. It is estimated

that 5.8% of all TB cases are resistant to at least rifamdifiibata from 2016 estimated



490,000new cases of MDR, with an additional 110,000 new cases resistant to rifampin

alone. These estimates represent an increase from the previous year.

Advances in diagnostic techniques such as the expanded use of the rapid test Xpert
MTB/RIF have helped clay the extent of the drugesistant (DR) epidemic by detecting
resistance during initial diagnogis5]. Xpert MTB/RIF tests for resistance to rifampicin,
and aids in identifying cases that may require additional drug susceptibility testing (DST).

The immediacy of this test, which returrssults in about four hours, has allowed for
progress in tailored treatment and detection and reporting of drug resistance. However,
additional DST testing beyond just rifampicin is needed to diagnose XDR TB and is often
complicated due to the dearth of ¢mbtories with testing capacity in resoutirited

settings. Many physicians report long wait times for DST test results, which can contribute

to delays in treatment initiation, worseni

transmission of TBn families and communities.

Etiology of Drug Resistance

Drug resistance can arise in an infected individual due to improper treatment
execution, whether from incorrect choice of drugs, treatment duration, or dosage. Improper
treatment can also be the result of other scenarios including provider error, patient n
adherence, and unavailability of drufisl, 16] These situations introduce selective
pressure leading to the survival of bacteria that have developed resistaheedrugs
employed. These resistant bacteria strains arise through spontaneous mutations, but only

emerge as the dominant strain through selective pressure introduced in treatment. Drug



resistance in TB is therefore regarded as-made problenjl7]. Resistance resulting
fromthe process described is referred ta@wuired drug resistanc&hese resistant strains
can then be transmitted, resulting in dregistant cases that have not been previously
exposed to TB drugs. Cases arising in this way are referredpton@ary or transmitted

drug-resistant TBcaseg16].

TB in South Africa

The TB epidemic is especially prasgiin the African Region (as defined by the
WHO) where HIV is most prevalent, and rates of drug resistance are incr¢hking
Outcomes for THnfected individuals are poor and annual mortality rates for ptisitive
as well as HIV negative patients are higher in this region than any other region in the world
[1]. In Africa and overall globally, the country with the highest incidence rate of TB is
South Africawith an estimated 781 cases per 100,000 people as of ZOIthis estimate
translates to 438,000 incident cases in the same year. Although global TB incidence has
been steadily decreasing since 2000, imcad in South Africa has risen over the same
period. Treatment coverage remains relatively low, and the WHO estimates that only 54%
of TB cases are detected and treated. For new and relapse cases started on treatment in
2015, the success rate was 81%.yCB%o of TB patients did not know their HIV status in
2015, and 57% of patients with known status were-pidgitive[1]. 85% of this cohort

was on antiretroviral therapy and success was only slightly I@0é6)[1].

TB case rates are not uniform across the country, and a disproportionately high

disease burden is born by the east and southeast regions. South Africa is divided into nine



provinces (Figure 5). The highest absolute number of cases are reported in the province of
KwaZulu-Natal, with the next highest burden province of Eastern Cape reporting close to
half the number of cases (approximately 90,000 cases vs 50,000 cases if18014)
KwaZulu-Natal has historically also reported the highest incidence rates of TB, but cases
have been decreasing since 2011 and the less populated province of Eastern Cape now has
the highest incidence rate as of 2015 (692 cases per 100,000 in EasterorGaqed to

685 per 100,000 in KwaZuidatal in 2015)19]. Despite this, KwaZuhNatal still has a

higher proportion of deaths due to TB than any other province, with 11.2% of all provincial
deaths attributable to TB. Treatment success rate in Kw&Mdatal is 73.8% and the rate

of treatmentefault was 4% as of 20149].
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Drug-Resistant TB inSouth Africa

South Africa also has one of the highest country incidence rates forahistant
TB, and accounts for almost 20% of all dmggistant TB cases in Africa despite

comprising only about 5.4% of the continental populafi@h]. In 2016, the WHO
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estimated that 3.4% of new cases and 7.1% of retreatment cases were resistant to at least

rifampicin [1].

The seriousness of drugsistant TB came to attention in South Africa and around
the world following a 2005 outbreak of XDR TB among HIV infected individuals in
KwaZulu-Natal with almost 100% case ntality [12]. Further epidemiologic research
conducted in the wake of this incident suggested the strain of TB responsible for the
outbreak had caused transmitted cases of MDR TB in the region over a decade prior to this
outbre. It was found that some isolates of this strain had acquired resistance to up to
seven TB drugs in the same period, resulting in strains of XDR2ZB This and other
similar findings supported the formulation of drug regiments involving more drugs taken
concurrently to avoid succasely acquired resistances, and daugceptibility testing in

each patient was advocated for.

Since this time, laboratory capacity for detection of drug resistance has been
improving in South Africa. However, 12% of diagnosed TB cases are still ned ties
resistance to rifampicin. Additionally, almost 40% of detected MDR/RR TB cases are not
further tested for resistance to secdéiné drugs. This signifies many undetected cases of
drug resistant TB in the country that may be treated with ineffecégenens that
encourage further development of resistance to drugs. Treatment success rates for the MDR
and XDR cohorts in 2014 were 54% and 27%, respectidglyThese shortcomings in
addressing drug regant cases via detection and treatment result in many individuals that

continue to transmit disease in their communities and fuel the epidemic.
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Drug-Resistant TB in KwaZuluNatal

KwaZulu-Natal bears a high burden of drug resistance and i@ #@ province
reported the highest number of MDR and the second highest number of XDR TB cases in
the country (2,032 and 201, respectivg¢hg]. A survey of drug resistance in South Africa
from20122 014 undertaken by the country’s Natio
showed that @% of retreatment and 1.8% of new cases have MDR TB in this province
[23]. This estimate for MDR TB rate among new cases is the santhe WHO estimate
for South Africa in 2014, and slightly lower than the WHO estimated retreatment rate of
6.7% among retreatment cases in the coyairyThe highest rates of MDR TB found by
the nationhsurvey were 4.2% in new cases and 7.6% in retreatment cases, both in the
province of Mpumalangd23]. Though these rates are hégh the population in
Mpumalanga is less than half that of KwaZiatal, where higher absolute case numbers

persist.

In addition to high numbers of case, KwaZNatal also continued to receive
attention for XDR TB due to the international notorietytef 2005 outbreak and the studies
that followed in the province. By the end of 2007, 38% of MDR and 50% of XDR TB
reported cases in South Africa were coming from this provigég One retrospective
study showed a greater thanfbld increase in MDR TB cases and a greater thafol
increasen XDR TB cases from 2002007, and also showed that increasing numbers of
reported cases may have partially been due simply to improved detection (as opposed to
rising incidence) because testing for drug resistance tripled in the province over the same
peiiod [24]. Though some findings suggest tthacreased incidence of XDR TB in

KwaZulu-Natal may be partially misleading, estimates for overall -gasistant TB have
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continued to increase. Additionally, the Drug Resistance Survey found that KwidZial

only screened and confirmed 58.6% of thegeesistant cases expected in that province;

the next lowest province of Free State screened and confirmed 70.3% of what was expected
[23]. This figure suggests that many cases of drug resistance are missed here, and current
trends of XDR TB in KwaZultNatal need to be specifically addressed if the country is to

make progress in TB control.

In addition to evidence that many casesrartediagnosed, data also suggests many
who are diagnosed are not started on treatment. One 2011 study in Kvefaldound
that only 34% of all MDR TB cases, including XDR TB, were started on treatment
following diagnosig25]. Countrywide data shows higher rates of treatment initiation for
detected MDR and XDR TB cas, with 59% and 65% starting treatment following
diagnosis[1]. These findings suggest that the gap between diagnosis and treatment
initiation is substantial in South Africa, but may be a larger problekmaZulu-Natal
than in other provinces. This shortcoming results in a higher number of active cases
transmitting drugresistant TB in KwaZukNatal and may be responsible for continually

high rates of provincial drugesistance.

A pivotal study aimed to edirm the role of transmitted resistance (vs acquired
resistance) in perpetuating the XDR TB epidemic in KwaA\gdal by detecting links
between cases using genetic comparison of TB strains and social network analysis. XDR
TB patients diagnosed betweenl20and 2014 were enrolled and the study found that at
least 69% of participants had transmitted XDR [IB]. This estimate was conservative
and likely underepresents the proportion of all XDR TB cases that are due to

transmission. Other studies of DR TB in similar settings have supported this important
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finding, which has been instrumental in guiding subsegresearch in the region. These
conclusions suggest that prevention efforts focused at curbing transmission in the
community may have more substantial effects in decreasingrdsigjant cases than

efforts focusing on improvements to treatment qualitsgdirerence.

KwaZulu-Natal is further divided into ten district municipalities and one
metropolitan municipality. The largest city in the province is Durban, located within the
metropolitan municipality of eThekwini. As of 2016, eThekwini had a population o
3,702,231 persons and harbored a disproportionately high number of TB cases, though rate
of disease was higher in the less populated district of Umzinjsghi Drug resistant
incidence in eThekwini is especially high, and roughly 40% of XDR TB cases in the
province are found herf26]. Durban is an international city within this higkirden
province and represents a threat of more widespread transmission beyond the country of

South Africa.

TB Prevention and Risk Factors

Given the difficulty in treatment initiation and completion, effective methods for
the prevention of TB cases are crucial. Vaccines are one option that may benefit high
burden settings and those at higgk. Thowgh there are more than a dozen TB vaccines in
clinical trials, only one is currently approved for use in humans and has not demonstrated
promising potential for population protection due to variable effectiveness in fitlts
Isoniazid Preventive Therapy (IPT) given as chemoprophylaxis is an option for prevention

therapy and requires medication daily fe® énonthsIPT has demonstrated considerable
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efficacy, and is currently recommended for hrggk groups such as people living with
HIV, children in contact with TB patients, and people recently infected with TB but without

signs of active disea$28].

Beyond vaccination campaigns, addressing social determinants of disease has also
been suggested as an alternative programmatic approach that could benefit ki@simun
with high TB burderj29]. Understanding these determinants can enable programs to
address modifiable factors and can also help identify specific populations where targeted

approaches would be most effective.

Whenconsidering risk factors for TB disease, many intrinsic and extrinsic factors
identified in previous research are associated with poverty. Intrinsic or biological risk
factors include malnutrition, infection, and immunodeficiency, all of which can increase
risk for progression from latent infection to active TB disda9¢ Extrinsic risk factors
comprise environmental issues like overcrowding, indoor air pollution, smoking, and poor
ventilation [30]. In one analysis of 22 highurden countries, population attributable
fractions (PAFs) were calculated for common risk factorss Bmalysis suggested the
highest percentage of cases could be attributed to malnutrition (34.1%), active smoking
(22.7%), and indoor pollution (26.2931]. These results suggest that taken together, these
three factors alone account for many cases of TB and targeting them may be puibble
health approach for TB prevention. These estimates highlight the importance of modifiable
risk factors, though the authors also emphasize that the mix and relative importance of
these risk factors will likely vary depending on geography. Exposiméeitied individuals
is also a necessary component in acquiring disease, and transmission is therefore driven by

TB prevalence in addition to individual and environmental risks factors.
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Factors associated with higher risk of developing dasistant TBas opposed to
drugsusceptible TB have also been examined. A number of studies found that positive
HIV status was an independent risk factor for XDR TB compared to MDR and D&TB
33]. A review of 27 articles on risk factors for XDR TB also reported findings of
associations between XDR TB and younger age, previous imprisonment, history of prior
treatment, ad migrant statug33]. Literature on risk factors specific to drtgsistant TB
is somewhat limited and no papers reviewed attempt to measure poverty in this cohort,
though it has been inferred that some characteristics like prior imprisonment and migrant

status may be indicativd bwer socioeconomic status.

In general, high levels of poverty and social deprivation were common factors in
study areas with high burdens of TB and global data shows over 95% of TB deaths occur
in low- and middleincome countrie§l]. A strong association between low income level
and high burden of TB is supported by numerous studies withinifégime countries as
well, enforcing the notion that poverty affects risk at the indiMidna country level]34,

35].

Measurement of Sociodemographic Factors

It has been well estabhed that TB disproportionately affects lomnd middle
income countries, but less is known about the spatial and sociodemographic distribution of
disease within these countries. Several studies iAnoame settings have examined the
association betweesociodemographic status and TB incidence with varying methods

applied to measurement and data collecf@#40]. At an individual leve(opposed to
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population level), associations between TB and sociodemographic status have been studied
using data from TB surveillance programs, death certificates, andspedific research
data[38-40]. Studies at the individual level employ comparisons of TB cases antiBion
infected controls, highlighting individual characteristics that may contribute to higher risk
for TB. Sociodemographic associations are also commonly studied at a population level
using data from censuses and national or community suf86y87] These studies use
pre-determined geographic areas such as census units as the unit of analysis and can
suggest neighborhood characteristics that increase risk for TB by using aggregate data for
these units and aking comparisons between units to examine sociodemographic

differences.

Studies also differ in their approach to defining sociodemographic status. Many
researchers have moved beyond the traditional indmased measure of extreme poverty,
which the WorldBank defines as living on less than $1.90 USD per{dialy The United
Nations (UN) and other global health leaders have endorsed this shift as a way of capturing
a more holistic view of deprivation and standards of living that can affect human health
[42]. For studiesising preexisting data, indicators used are limited by the data previously
collected. Common variables measured in TB research usirgxjaténg data include
basic demographics (age, gender, race), educational level, population density, and a variety
of household deprivation indicators such as access to water, electricity, sanitation, and asset
ownership. Wellchosen indicators are especially important in studying poverty, since
signs of deprivation often differ depending on place. When possible, stdiesuse of
various indices composed of sets of indicators that have been developed as measures for

sociodemographic status and poverty.
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Poverty Indices

Different measures used to account for the various factors that play a role in poverty
include the Sociddemographic Index, Poverty Gap Index, Human Poverty Index, and the
Multidimensional Poverty Index (MPJ%3]. The MPI is the index currently favored by the
UN for holistic measurements of deprivations facing the poor. It was created in 2010 by
the Oxford Poverty and Human Development Initiative (OPHI) and the UN to be used in
conjunction with incomdased measures for a more comprehensive view of poverty that
can be disagggated into individual indicatoffg2]. Ten individual indicators across three
categories contribute to the index. The MPI is calculated using the A&ster method,
taking the proportion of households that aeprived in 33.3% of the predictors and
multiplying the result by the average intensity of deprivation among those below the 33.3%
line [43]. The OPHI graphic in Figure 6 details thadicators and weights used in

calculating the index.

Figure 6. Multi-dimensional Poverty Index (MPI), indicators and weights
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Though useful, indices like these are at times difficult to calculate using aggregated data
as the scores are a product of many factors in an individual household, for which a
complete set of variables may not be available. Some general components may also be
less relevant in certain areas of the world, contributing to the lack of data. As a result,
some studies examining TB associations with poverty use locally developed poverty
indices tailored either to specific conditions in the area or to reflect information that has
been historically collected in the area. This is useful in examining more nuanced country
conditions and for the sake of comparisons over time, though it limits comparisons
between countries. The MPI has been used as a model to inform which indicators are
used in some country-specific indices like the Mexican Social Deprivation Index (SDI) and

the South African Multi-Dimensional Poverty Index (SAMPI) [40, 44].

Findings of Sociodemographic Studies

Sociodemographic factors associated with TB risk vary depending on geographic
location. Work done in the United States found that low social capital and higher poverty
levels were associated with higher fid@es in a statkevel analysi$35]. Studies conducted
in high-burden countries have similar overall findings, however there is some variation in
findings among different settings. Data support the general conclusion that residing in an
urban area and having low socioeconomic status ateibdépendently associated with
higher risk for TB diseasg6]. However, studies in developing countries make use of
different indicators for socioeconomic status, and some findings may challenge common

assumptions. For example, one recent study in rural Malawi hgested some predictors
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that are generally associated with higher socioeconomic statich as working in the

cash economy rather than the subsistence economy and having better -hausing
associated with higher odds of TB dise@&]. Economic progress may lead to jobs
performedindoors and homes that may be more crowded and closed off than traditional
homes with open ventilation. These changes would represent a shift to more shared
airspace without proper ventilation, thereby increasing the risk for TB transmission and
initial infection[45]. Environmentheffects may also have unknown implications for risk

of progression from latent to active infection. Another study in Cameroon examined 14
indicators of poverty and found level of education, use of modern toilet, and possession of
a gas cooker to be bettpredictors of TB incidence than economic status g®#fjeThese
conflicting findings suggest that TB distribution in lemcome settings may follow more
complex trends. Unexpected finds regarding various indicators and their association
with TB highlight the need to examine predictors apart from income level in studying

disease distribution in I;amncome settings.

Gaps in Knowledge

While some work has been done to characterize MDR and DS TB cases by their
sociodemographic and neighborhood level characteristics, this type of research on XDR
has not been welocumented in the literature reviewed. Possible clinical factors
increasing isk for XDR TB at the individual level have been assessed, however
communitylevel characteristics have not been examined and these have the potential to
influence transmission, which is known to be responsible for a high percentage of XDR

TB cases. Addibnally, studies conducted in higlurden countries have been able to point
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to associations but have not gone much further in assessing the mechanisms for these

associations.

Spatial Analysis in Public Health and TB

The use of Geographic Infmation Systems (GIS) in public health research has
been steadily increasing since the early
models in the study of disease and sasonomic disparities has more than doubled since
2005[46]. GIS systems are used to store, analyze, and display geographical data and can
inform public healthdecisions for both communicable and rammmunicable diseases
[47]. Geographic data in public health is primarily available in point or polygon form.
Point data represents a single set of geographic coordinates and can represent things like
patient home or hospital. Polygon data represents an area contairefthbgl boundaries
and is usually tied to aggregate data of the area contained within these boundaries. Census
data is commonly associated with polygon data and is often used in spatial studies due to
its abundance and ease of accessib[i§]. In public health, spatial data is most
commonly used for distance measurement, spatial aggregation, cluster analysis, spatial
smoothing for prediction or interpolation, and spatial regresgBis The table below
summarizes details of methods that appear regularly in pugdithhinfectious disease

literature.
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Method Data type Spatial Software Purpose
Resolution
Spatial scan Casecontrol, | Point or R, SatScan, Locationof
statistic caseevent, polygon ClusterSeer | Clusters
and continuoug
Kernel intensity| Casecontrol, | Point R Smoothed
function caseevent Visualization
Mor an’ s | Continuous Point or GeoDa, Assessing Spatia
polygon ArcGIS, Autocorrelation
SpaceStat, R
Generalized Continuous Point R, SPSS, S Assessing Spatia
additive model PLUS Autocorrelation
Kernel density | Caseevent Point Crimestat, Smoothed
estimation and case ArcGIS Visualization
control
GetisOrd Gi* | Caseevent Point or ArcGIS Location of
and case| polygon Clusters
control
Local Indicators| Continuous Point or GeoDa, Location of
of Spatial polygon ArcGIS, R Cluster
Association
(LISA)

Spatial Considerations in Infectious Disease Epidemiology

The use of spatial techniques in infectious disease often focus not only on where
the atrisk population is, but where transmission and infection may be occurring.
Transmission within communities can be extremely difficult to study and the likely hubs
for transmission are different depending on the disease of interest. For example, societal
structures may lead to varying time spent at home, in social gathering places, or with other
people[49]. Home locations were first examined indigs as a logical representation of

an individual’'s sphere of movement. Ho me

of the world, and it was often assumed that individuals spend a large portion of their time
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around their place of residenf0]. However, many meaningful contacts occur outside

of the home and may be maedevant to study. One study of TB in Tokyo attempted to
address this issue by asking study participants to list multiple locations and the amount of
waking time spent in each, then using the location where the participant spent the most
time as their loation for analysis. This study suggested transmission may be occurring in
areas surrounding railway station stigd§. Another approach taken by researchers in
Atlanta, Georgia (USA) also collected multiple locations for each participant, and factored
all reported locations equally build polygon areas representative of transmission spheres
[52]. This allowed researchers to perform analyses of overlapping area and infer more

about whereases may be coming into contact with one another.

Public transportation was also considered in one 2013 study in South Africa.
Findings here supported the notion that the majority of transmission is occurring outside
the home and use of public transjptiin may be associated with &% annual risk for
TB, representing an elevated risk in the study fg8h Similarly, another study analyzing
DNA fingerprints of TB in the Cape Town area of South Africa found that only 19% of

cases were related to household transmigSidh

Transmission has been studied in a variety of ways including modeling based on
measured exhaled carbon dioxide as a tracer gas to mggehtory infections. The 2014
study employing this method found that transmission was occurring outside the home in
84% (and within the home in 16%) of caf&s]. While these results suggest that the home
itself may not always capture information the place where transmissiocuigiog, there

studies also found significant amounts of transmission do still occur in the home. Though
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transmission area may not fully be captured, this does not diminish the utility of studying

household location as a way to study populations with eddwisk for TB.

Cluster Detection

In public health studies, GIS is commonly used to describe clusters or hotspots of
di sease. Clusters have been defl56]jaeddnoras *“ f o
specifically are areas with values that are statistically significantly different enough from
expected values to be considered nonrandom (not occurring by chédice}lusters of
high incidence are typically of primary interest, however clusters of low rates can also be
meaningful when sidying diseasg7]. Many different methods have been developed for
the quantification of disease clustering. Detectedteks often depend heavily on the scale
of measurement used. For example, large areas with dissimilar distribution of qualities
within may mask clustering, whereas analysis of small homogenous areas will easily show

clusters of interegb7].

Spatial analysis has been used sparsely in TB research, though the last decade has
shown an increase in publications that make ugbasfe methods in local areas. Clusters
of individual cases or clusters of high incidence areas are commonly tested for and detected
[30, 36, 37, 39, 40, 581]. The most common statistical tools used in cluster mapping
within this body of research are SatScan, G@td Gi*, and LISA. Once clusters are
detected, several studies have gone on to characterize them by sogoajdnt features
based on census data or survi®gs 36, 37, 40, 58, 62[These methods have mostly been
applied to aggregate TB data, with a few focused on MDR and no reviewed papers focusing

on XDR TB. Low socieemnomic status was found to be associated with clusters of high
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TB incidence in Madagascar, Malawi and South Africa, however the variables used to
characterize socteconomic status were inconsistg®®, 45, 59] A 2003 study in South

Africa used unemployment as an economic measure and found this to be the strongest
predictor of TB[59]. In Madagascar, household ownership of tap water was used as the
indicator measuremefR0]. In Malawi, ownership of household assets such as a television
and radio were used to assess this me§dbfeVariability in measurement is based mainly

on the availability of data collected in censuses and nationwide surveys. Though this may
limit the comparability between studies, it may also get atgreeific factors that should

be considered when defining poverty and deprivation.

Practical Limitations in GIS

GIS research is associated with some challenges such as technical difficulties with
technology, privacy concerns, and discrepantietween area recorded and the desired
study area. Human movement studies have highlighted some of the limitations associated
with producing spatial data associated with one individg@]. Though people have
regul ar patterns of travel, capturing the
unrealistic for research. These issues are complicated becausehetdrageneity that
exists among different settings. For example, one study demonstrated people in South
Africa spent more time outside of the home and had over twice as many close indoor
contacts per day compared to residents in European sfd8ies3, 63] For this reason,
models of movementra often not generalizable to all populations and cultural tendencies

should be taken into consideration.
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Spatial Findings in TB

Most studies that have tested for the presence of statistically significant clustering
of TB in highburden countas have found evidence to support a clustered distribution
pattern for DS TB and MDR TEBO, 36, 39, 61, 64]Some studies havdentified central
locations common to a high percentage of the study participants and inferred transmission
here. Two examples are a TB treatment clinic in Peru and a local bar in South[28rica
64].

TB work attempting to show “activity sp
for each study participant has produced nuanced results on transmission spaceguggest
this may be a fruitful direction for future studies. In the Atlaméged study mentioned
above, 50 of the 198 subjects reported three or more addresses and were therefore included
in the activity space analysis. From the resulting activity spacesegsbarchers were able
to make statistically significant conclusions that there was more overlap in activity spaces
for isoniazid (INH}resistant TB cases and for homeless TB cases tharsliséeptible
and norhomeless TB cas§S2]. They were also able to create kernel density maps based
on single location and multiple location data for cases (Figure 5) and found that the larger
areas of high TB case density guzed by the multiple location data captured more
homeless shelters that were believed to be hotspots for transniis8jormhe more
comprehensive maps of cassovement have the potential to better inform contact

investigations and targeting of public health programs.
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Figure 6: “Difference in density of tuberculosis (
multiple address for each case, Fulton County, Georgia;-2008. (A) Density map (cases/square

mile) of TB cases using a single address versus (B) multiple repodeskaés; (C) enlarged area

of highest TB case density map overlaid with local homeless shelters when using, for each TB case,
single address verg82s (D) multiple addresses”
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SourceWorrell, M.C., et al., Use of Activity Space in a Tuberculosis Outbreak: Bringing Homeless
Persons Into Spatial Analys@pen Forum Infectious Diseases, 2017. 4(1): p. ofw280 [52].

Gaps in Knowledge

Mapping projects have been undertaken in TB, however there are very few
examining MDR TB and none examining XDR TB in thterature reviewed. The
distributions of XDR, MDR, and DS TB have also not been mapped separately in one
setting, and it is therefore

unknown if high incidence areas overlap or if each type of TB clusters in distinct settings.


https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=5414060_ofw28001.jpg
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It is also unknown whethéhe overall spatial distribution (clustered, uniform, random) of
the different types of TB differ. Further knowledge about hot spots of XDR disease and
whether they coincide with MDR and DS TB could help incentivize synergistic TB
programs targeting all pes of TB at once and further clarify factors influencing

transmission of disease within communities.

Conclusion

In conclusion, the literature is lacking descriptive and spatially analytic information
on the XDR TB epidemic. Sociodemographiskrfactors for this disease are not well
described at the individual or community levels. Spatial behavior of XDR TB has also not
been well characterized. There is no evidence to conclude whether XDR TB is clustering
in the same places as MDR and DS TBwhether areas of high burden for these three
occupy distinct geographical areas with possibly differing attributes. Though transmission
has been identified as a major driver of the XDR TB epidemic in South Africa, more
information is needed on where thransmission is occurring to inform possible ways
public health programs can intervene.

This study was undertaken to further characterize the XDR TB epidemic in a subset
of cases from 2012014 in eThekwini, KwaZuhNatal, South Africa. Increased XDR
incidence and poor treatment outcomes in this region have been well documented.
However, spatial data on where these cases are occurring has not been thoroughly analyzed.
This study aims to assess the distribution of XDR for clustering, and to describe the
saciodemographic characteristics of higbrden areas in eThekwini to shed light on

possible associations with risk for XDR TB.
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Introduction

Tuberculosis (TB) is the leading cause of infectious disease deaths worldwide and is
responsible for over 4,000 deaths each[dayDrugresistant tuberdasis is an

increasing concern, with an estimated 600,000 cases in[2DMultidrug-resistant

(MDR) TB is defined as resistance to rifampin and isoniazid, the two most powerful
drugs used against TB5]. The most severe category of resistance is extensively drug
resistant (XDR) TB, which is MDR TB with further resistance to a fluoroquinolone and
at least one secoshe injectable drugll]. Treatment of XDR TB requires long and
costly treatment regiens that are difficult to complete, and global success falls from
83% for drugsusceptible TB patients to 30% for XDR TB patigits66]. Efforts to
prevent XDR TB from occurring are therefore critical for patients and public health

programs.

Drug resistance has been known to adlige to improper or incomplete treatment of
dugsusceptible TB, referred to as “acquired

increasingly recognized that a majority of individuals with dregjstant TB developed it
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from persoro-person direct transmissiaf an already resistant strain, referred to as
“primary” or “tr ar6d]nmhis duggests preventiog effores maydd a n c e
best targeted towards factors that Widoalt transmission, leading to an increased need to

further characterize disease patterns in communities and factors driving transmission at

an individual and population level.

In countries with a high burden of TB, factors such as smoking, malnartnal indoor

air pollution have been shown to increase individual risk for active dif&HBisevhile
overcrowding and poor ventilation increase risk of transmi48ioj These factors are

often associated with poverty, and 95% of TB deaths occur indod/ middleincome
countrieg1]. Studies in highncome countries also support a strong asdimei between

TB disease and lowocioeconomic status, enforcing the notion that poverty increases

risk at the individual and country levi@4, 35] Addressing these factors may improve

TB outcomes; one study suggests 80% of TB cases are attributable to modifiable-poverty

associated factof81].

Recently, Geographic Information Systems (GIS) tools have been recognized for their
utility in merging socioeconomic, TB disease burden, and spatial data, allowing for more

detailed socioeconomic profiles of hitpnrden TB areas and identification of disea

“hotspots Some studies have also incorpo

1]

esti mate activity space” an[dl,52dTeesd i fy ar e

approaches have suggested significant heterogeneity in TB epidemics around the world
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and in underlying populatiekevel socioeconomic factors. Unanticipated findings of
associations between TB and measures not traditionally associatgubwetity such as

cash industry jobs (vs sustenance), developed housing, and gas cooker use have been
suggested in various locatiofb]. These findings suggest TB risk in lomcome

settings follow comiex trends that may vary depending on setting, highlighting the need

to tailor targeted efforts by location.

South Africa has among the highest XDR TB incidence in the world and accounts for
almost 20% of all drugesistant cases in Africa. Within SouMfrica, nearly half of all

XDR TB is found in the province of KwaZulNatal [18]. Recent data suggests that
approximately 69% of XDR TB in KwaZullatal province is caused by direct pergéon

person transmission of XDR TB straifi6]. Since transmission is driving the XDR TB
epidemic, there is a need to examine where cases are in the community. Further knowledge
aboudt s“phot s” of di sease and whether t hey
indicators could help target TB programs and further clarify factors influencing community
transmission. Therefore, we studied the spatial distribution of XDR TB in Kw&¥aial
andutilized census data to evaluate sociodemographic characteristics of areas designated

as “"hotspots?”.
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Methods

Study Population and Setting

We conducted a crosectional study of XDR TB patients diagnosed between 2011 and
2014 in the district of eThekwini, South Africa, and examined sociodemographic factors
of communities where they reside. eThekwini is in the province of KwaXatal,

which harbors roughly half of all XDR TB cases in South Africa despite the province
comprising less than 20% of the country populafi#]. Though eThekwini is the

smallest of 11 districts in KwaZuiNatal, it accounts for 33% of the provincial

population and approximately 41% of XDR TB cases in tiogipce are found hef@6].
eThekwini has a population of 3.4 million people and contains the city of Durban,
characterizing it as a uniquely urban setting in relation to other districts getterally

rural province of KwaZultNatal.

Study Variables and Data Sources

We wused daTramsmissiom oHIM-AssociatedXDR TB in South Africa

( TRAX)"” study but restricted our analysis
district to examine hotspots in this high burden urban area. Patients in Kwhdzialu

with newly diagnosed XDR TB between the years 2011 and 2014 werdeddnri

TRAX. Cases were identified from the provincial referral laboratory which conducted all

diagnostic testing for XDR TB.

Clinical and sociodemographic information was obtained through structured interviews

with participants. Information on congregagettings including work, school, and social
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settings was also obtained during participant interviews. GPS coordinates of home
location for each participant were recorded through home visits and plotted using ArcGIS
software. Geospatial data was also wiad for facilities diagnosing XDR TB. Detailed

methods for this study have been published elseWh6te

Theexposure of interest was sociodemographic status at the population level as measured
by indicators identified in South Africa’s
in assessing the presence and severity of poverty in the capetcific contextThese

included household indicators (flush toilet in home, type of dwelling, and fuel used for
cooking, heating, and lighting), educational indicators (highest level of education, school
attendance for schoalged children), a health indicator (undeefiwmortality), and an

economic indicator (unemployment). Basic demographic information such as sex, age,

and race were also examined at the main place level.

To obtain this populatiofevel information, we used data from the 2011 South Africa
census. Theensus was conducted by Statistics South Africa (Stats SA). eThekwini

district census data were exported by Stats SA and included detail to the census unit of

main place” and sub place”. From small es
Africa are subplace, main place, district, and province (Figure 1). eThekwini district
consists of 197 main places and 394 sub places. Shapefiles defining geographic borders

in ArcGIS were provided by Stats SA.
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Data Analysis

The primary outcome of tarest was home location of XDR TB cases and the number of

TRAX cases reporting their home residence within a particular census unit. Spatial data

was analyzed in ArcGIS version 10.5.1 and GeoDa. Raw incidence rates were calculated

in ArcGIS. Empiric andpatial Bayes Smoothir{§8] were applied in GeoDi@ correct

for inflated rate calculations in census units with small populations. Queen contiguity
weighting of neighbors was used for spatial smoothing methods. Raw and population
adjusted kernel density surfaces were created in ArcGIS to visualizenoeidnd
incidence rates across the district. GIloba
the presence and magnitude of spatial autocorrelation in the distribution of cases, and

Local Indicators of Spatial Autocorrelation (LISA) were used fohathis statistic

locally for cluster assessment. Gefisd Gi* statistics were also used to evaluate the
significance of case clustering. An a valu

hotspots for XDR TB disease.

Additional analyses were perfoed to estimate activity spafgl, 52]for a subset of
participants who reported ndrome locations in which they sper2 hours per week.
Reported locatins for work, school, and other congregate social settings were geocoded
using ArcGIS version 10.5.1. When necessary, addresses were located using Google
Earth and plotted in ArcGIS using latitude and longitude coordinates. Shapefiles were
projected to th& TM 32S projection for analyses. Kernel density surfaces were created
incorporating all locations to visualize potential areas of transmission and results were

compared to density surfaces generated using home locations alone. Among cases with
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available @ta, we also calculated distance from home to place of work and other

congregate locations.

We compared sociodemographic characteristics of XDR TB participants from TRAX and

the underlying general population using basic descriptive statistestst ad chisquare

tests. To evaluate sociodemographic associations at a population level, census data were
merged with shapefiles in ArcGIS version 10.5.1 and exported to SAS version 9.4. Rates

for disease incidence and socioeconomic indictors were calculd@tedopulation

estimates from the 2011 census. Indicators were examined within hotspot main places
identified through spatial analysis and compared tehwigapot main places using Mann
Whitney tests. An o value ofgnificanbeSorallas used

tests performed.

Ethical Considerations

Approval for the TRAX study was provided by the institutional review boards of Emory
University, Albert Einstein College of Medicine, and the University of KwaA\dwal
and by the Ceers for Disease Control and Prevention. All participants provided written

informed consent or assent, when appropriate.
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Results

Participants

Among 404 participants enrolled in the TRAX study, 132 (33%) resided in eThekwini and
were included in this analysis. Among these participants, 75 (57%) were female and 87
(66%) lived in urban or suburban locations (Table 1). Median age at diagnosis was 33 years
(interquartile range [IQR], 2914). The spatial distribution of enrolled paterdid not

differ significantly from the distribution of all XDR TB patients in eThekwini based on

facility of diagnosis.

Spatial Analysis

The highest number of XDR TB cases were observed in the eastern part of the district, near
the highly poplated Durbarcentral business distri¢t Fi gur e 2a) . Gl obal
XDR TB incidence rate at the main place level was 0.87, indicating strong positive spatial
autocorrelation at the main place level. Spatial distribution of XDR TB in eThekwini and
raw incidence rates as estimated by our study population suggest rates are highest in the
northeast part of the district (Figure 2a). Empiric and Spatial Bayes Smoothing produced
similar patterns but suggested main place incidence rates in the far nosthuamaf the

district may have been artificially inflated by small population sizes. Kernel density
surfaces based on point locations of cases show high case density to the northwest of
Durban (Figure 2b). Populatieadjusted kernel density smoothing (Fig2c) found that
western eThekwini appeared to have a high incidence of cases, though population is sparse

in this area.



36

GetisOrd-Gi* analysis classified 15 main places as hotspots wit®5% confidence
(Figure 2d). The largest identified cluster oihtingent main places was located in the
northeast part of the district, suggesting one large hotspot of XDR TB case homes in this
area. LISA analysis (Figure 2e) shows hlggh clustering (i.e., high case areas
surrounded by other high case areas) imthi¢heast region; these findings are consistent
with findings from the Geti©rd-Gi* analysis and kernel density visualization of risk.
Outliers of high incidence surrounded by low incidence were found in the west and
southwest regions of the district, g@gting these cases may be of interest due to their

isolation, though they often represent only a single case.

Activity Space Analysis

We were able to locate ndrome congregate locations given for 43 (33%) of the 132
patients in eThekwini. Leations geocoded included 40 places of work, two school settings,
and nine other congregate settings. The spatial distribution of homes did not differ among
this subset of 43 patients compared to all TRAX patients in eThekwini. Kernel density
surface cre@on suggested a higher case concentration is located in the central part of the
eastern coast of the district (which corresponds to the Durban downtown area) than was
suggested from analysis of home location alone (Figw®.3Bhis shift was driven by a

high concentration of work places in the downtown area. Median fwarieand home

facility distances were 10.4 and 10.3 kilometers, respectively.
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Sociodemographic Factors

At an individual and a populatielevel, sociodemographic factors assted with poverty

were found to be associated with higher burden or risk of XDR TB. Individual case
characteristics demonstrated that XDR TB cases enrolled in our study were statistically
significantly older, fewer had a flush toilet in the home, and annaome was lower than

the eThekwini population (Table 1). Conversely, a significantly higher proportion of study

participants had a university or higher education and a smaller household size.

At a population level, persons living in hotspots had staélly significantly lower
educational attainment and higher unemployment, ufinkemortality, and percentage of
schootaged children not attending school (Table 2). Hotspots also had homes that were
less likely to have a flush toilet, and a highercpatage of their population was employed

in domestic servant work (according to census 2011 data).

Discussion

KwaZulrNat a | province bears approximately 50%
[15], and despite substantial advances in diagnosis and treatment of TB over the past

decade, an ongoing cycle of transmission is perpetuating the epidemic [10]. We sought to
identify whether XDR TB cases are geographically clustered and what sociodemographic
factors may be influencing risk in the urban district of eThekwini, which accounts for

41% of KwaZuluNatal cases [14]. We found that XDR TB is not uniformly distributed;

clusters of XDR TB case residences were detected to the northeast part of eThekwini

district. Compared to other neighborhoods, those with geographic clustering had lower
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educational attainment, higher unemployment rates, and homes that were less likely to
have a flush toilet. Public health interventions to halt the XDR TB epidemic may be more
effective if high incidence neighborhoods are targeted and will require a multisectoral
response aimed at not only improving XDR TB diagnosis and treatment, but also

addessing underlying social determinants of health.

Homes of XDR TB cases demonstrated clustering within eThekwini. Detection of
clustered distribution is consistent with studies of TB and MDR TB using home location

in similarly high burden setting80, 36, 39, 61, 64] This finding suggests that
neighborhoodevel factors are influencing risk in certain areas. One strength of our
approach was that our conclusions about the spatial distribution of disease were
reinforced by performing analyses at npl#é levels of granularity, using raw and

spatially smoothed data. Though there was slight variation in detected clusters in more
rural geographic areas with small populations, the spatial clustering observed northeast of
the district was consistent regkass of the method applied. Spatial studies are often

limited by data aggregation, which can mask nuanced trends when areas with distinct
characteristics are aggregated togefbé}. Our study was able to examine trends at

varying levels of South African census units as data was available at the sub and main
place levels. For the purposes of data visualization and incidengearison, data were
aggregated to main place levels. However, availability of sub place data made it possible
to more closely examine areas of interest and to focus in on the highly populated areas of

the Durban metro.
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We examined neighborhodével sotcodemographic characteristics of XDR TB clustered
neighborhoods and found that residents in these areas had more indicators of poverty than
in noncluster neighborhoods. This is consistent with other research that has found
associations between povertydaDR TB[36, 37, 45] Previous studies examining risk
factors for XDR TB have suggested that positive HIV status and failure of previous TB
treatment may increase risk of XBBompared to MDRand drugsusceptible TB32].

In addition to examining individual characteristics of our patient population, our study

took a populatiodevel approach to assessing the communities XDR Tigrmiatare

living in. We found that on an individual level and on a neighborhood level, poverty is
associated with XDR TB or being in an XDR TB hotspot. These findings may aid in
targeting of neighborhoods for increased interventions such as educatienjrsgrand

clinic outreach. It is important to note that these analyses were based on home location
and clusters detected may not represent the actual locations where transmission occurred.
However, clustering of home locations may suggest several plnsddhanisms

including higher biologic susceptibility to active TB infection due to environmental

living conditions, variable access to quality diagnostic testing, or differing levels of

motivation to seek care among distinct neighborhlesdl group469, 70}

Though these data may aid in case finding and suggest neighbdelebthctors that
increase risk, the use of home location may overlook transmission hotspots. One study
analyzing DNA fingerprints of tuberculosis cases in Cape Town suggested that only 19%
of cases were due to transmission between household membeisd4khmine other

areas of movement for our participants, we performed an analysis including work and
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congregate settings on a subset of cases for whom data were available. We found strong
evidence of a shift in high density clustering towards the Dutdlbamtown area. This

shift was driven mostly by work place locations, as many eThekwini residents appear to
travel long distances from their homes in the direction of downtown Durban for work.
Though the subset for this analysis was small, the findingestutgge need for more
comprehensive spatial information in examining possible areas where transmission is
occurring. Previous studies attempting to use movement information to infer transmission
sphere in TB have been able to implicate community locasioals as local drinking

spots and homeless shelters [40, 52].

Our analysis of XDR TB clustering was limited to cases that were enrolled in the TRAX
study and may have provided more robust models if geographic and sociodemographic
information was known foall diagnosed XDR TB cases to eliminate the possibility of
selection bias. XDR TB cases may additionally be uneleorted countrywide due to
limited use of secontine drug susceptibility testing; estimates from 2016 suggest that
40% of MDR TB cases areot tested for further resistance [1]. These undetected cases
may contribute to differing cluster detection, especially if patients visiting certain
facilities are systematically untested and unreported. Though data were not available to
assess the repeagativeness of our sample in regards to home location and
sociodemographic characteristics, there was no statistically significant difference in
spatial distributiorfor enrolled vs norenrolled XDR TB patients based on facility of

diagnosis.
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Another limtation of this study was the scarcity of geographic movement information
available for TRAX participants outside the home. While we were able to geocode work
and congregate setting for a subset of participants, data was not collected with this
purpose imind and activity space could not be estimated for the majority of participants.
Recent data examining human movement have demonstrated that there are often
numerous hubs for infectious disease transmission outside of thd5@mé& more
comprehensive log of individual case movement would be useful in further assessing
where transmission is occurring in eThekwirtis information could help focus efforts

to break transmission chains, however there are difficulties associated with collecting
reliable human movement data such as cost, reluctance of participants, and technical
issues with GP$0]. Though missing movement data limits study of transmission, our
ability to draw conclusions based on place of residence was stioeagdt o our st udy
methodology of exact GPS coordinate collection for home locations as opposed to

alternative methods such as s@port or area level aggregation.

Transmission is driving the XDR TB epidemic in KwaZdNatal, South Africa.

Knowledge oftransmission patterns, areas of high risk, and sociodemographic factors
associated with risk can help to target prevention efforts within hardest hit communities.
We have shown that XDR TB case homes demonstrate a clustered distribution and that
clusters ge associated with low education attainment and school attendance, high
unemployment, and lack of in home flutdilets at the neighborhood level in eThekwini,
South Africa. Our data also point to additional congregate areas where cases move, such

as workpaces outside the home in the downtown Durban area. Further work
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characterizing more complete range of movement among XDR TB cases is needed to

determine where transmission is occurring.
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TABLES

Table 1. Baseline characteristics of TRAX-enrolled XDR TB patients in eThekwini, South Africa, compared to
underlying population characteristics

Sociodemographic characteristics TRAX-enrolled XDR  eThekwini population
patients (n=132) (n=3,442,670)! p-value
Individual characteristics
Age?, median 33.0 26.0 =001
Female 56.8% 51.7% 0.24
Primary school or less 26.0% 30.0% 0.04
Secondary school or less 58.8% 61.0%
University or higher 15.3% 9.0%
Household characteristics
Flush toilet in home 36.4% 68.9% <001
Reside in free-standing home or apartment 87.0%, 83.6% 0.19
Electricity in home 88.6% 90.9% 0.37
Annual income <6,000 South African ZAR 31.1% 25.6% <001
Household size, median 2 3 <001

IPopulation data from 2011 South Africa census
2Age at XDR TB diagnosis shown for TRAX patients
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Table 2. Poverty measures within XDR TB hotspots and non-hotspots in eThekwini, South
Africa, based on general population census characteristics

eThekwini Population

Indicator Measures for Household Non-hotspot Hotspot! p-value
Education
Low educational attainment (>15 years old 83.7% 12.1% 0.01
with fewer than 5 years of schooling)
School-aged children not attending school 3.6% 9.9% <0.01
Health
Mortality under age 5 years 0.3% 0.7% 0.04
Living standards
Dirty fuel for cooking 27.7% 19.7% 0.82
Dirty fuel for lighting 15.7% 18.3% 0.21
Dirty fuel for heating 40.5% 32.4% 0.93
No source for clean drinking water 26.4% 24.2% 0.98
Informal dwellings (shack/traditional 16.4% 23.6% 0.31
dwelling/caravan/ tent/other)
Flush toilet in home 68.9% 36.4% <0.01
Low asset ownership 14.8% 17.0% 0.10
Economic Activity
Unemployment 20.4% 29.3% <0.01
Employed as servants 0.4% 0.5% 0.02

Hotspots identified at main place level with >95% confidence using ARCGIS Getis-ORD Gi*
Dirty fuel defined as paraffin, wood, coal, or animal dung
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Figure 3. Case density of TRAX-enrolled XDR-TB cases in eThekwini with
home, congregate, and facility of diagnosis
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Figure 3a. Kemel density surface of TRAX-enrolled XDR-TB case homes; 3b. Kemel density surface of TRAX-enrolled XOR-TB case homes
and congregate locations; 3c. Kemel density surface of TRAX-enrolled XDR-TB case homes, congregate seftings, and facilities of diagnosis
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CHAPTER I11: PUBLIC HEALTH IMPLICATIONS

This study indicatethat in Durban, South Africa, XDR TB disproportionately affects
individuals living in neighborhoods where poverty levels are high. With persistently high
levels of drug resistance in this region and minimal sugndssatment efforts, further

work to clarify the reasons behind increased risk in certain geographic areas may be

critical in identifying modifiable factors for targeted interventions in the areas indicated.

Through this analysis, we found significahta st er i ng or “hotspots”
cases’ homes in Durban, at the main place
neighborhoods identified in this study do not necessarily correspond to hotspots where
transmission is occurring, as previous wsuggests only a small fraction of TB

transmission may occur in or near the housef@®#§l Instead, these hotspots represent
neighborhoods where residential status appears to confer some additional risk for XDR

TB. This increase in risk may be viewed as two separtdteekated risks; one is the

potential increase in risk due to increased susceptibility for infection and progression to
active TB infection. This increased risk has been attributed to penadatyd factors

such as malnutrition, compromised immune staMposure to air pollutants through

smoking or indoor air pollution, and HIV infecti¢®9]. The other is increased risk of
transmission of disease, which may be associated with overcrowding and the use of mass

transport such as small buses commonly used in the Durban area.

The risk factors mentioned are not exclusive risk factors for XDR TB (compared to drug

susceptible [DS] TB) and it is possible that XDR TB hotspots are simply mirroring
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overall TB distribution trensl However, there is some reason to believe that these
neighborhoods have higher risk for XDR TB alone. In this study, unemployment was
higher in hotspots vs nemotspots, which may lead to many residents experiencing job
insecurity, more frequent movemeand fear of stigma. These factors may make XDR
TB treatment adherence and completion difficult to achieve, leading to higher treatment
failure; previous failure of TB treatment and migrant status are both known risk factors

for development of drug resasice[32, 33]

Based on current data, is it unclear which mechanism (increased risk of infection,
progresion or transmission) may be most responsible for increased incidence of XDR
TB disease in identified hotspots; it is also unclear whether these hotspots align with
hotspots of DS TB or MDR TB. Future studies examining detailed environmental and
sociodemogaphic characteristics of individuals with XDR TB may be appropriate to help
elucidate risk factors responsible for neighborhteet| trends. Additionally, future

studies should investigate the spatial distributions of DS TB and MDR TB alongside that
of XDR TB to determine whether different factors may be influencing development of

each.

Because analysis of home locations may not represent the site of transmission, we
attempted to identify other potenti al tran
activity spaceThis subanalysis indicated that many cases travel to the Durban central
business districtThis may suggest high rates of transmission are occurring here since the

activity space of some otherwise unrelaseg@ming cases appears to oyeraost
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heavily in this location. Identification of likely transmission areas through activity space
analyses can thus be useful in targeting prevention efforts aimed to halt transmission.
However, in the case of our study area, movement to the Durbaaldrrginess district

is likely not unique to our patient population as the general population also probably
follows similar movement patterns. Our finding that XDR TB cases tend to come from
similar communities (homes ctéthesvorlingefthe i n
previously mentionedeighborhooédevel factors that are increasing susceptibility among
these individuals. This may suggest that though transmission is driving the current XDR
TB epidemic, neighborhoelgvel factors like povertgreultimately driving risk for

transmissiorupstream.

These findings suppotiie need fomterventions targeting povergssociated risk factors

or furtherstudy of transmission areas in this regibature studies aiming identify
transmission hotspotsill need to collect more comprehensive data on human movement
using reliable methods of spatial data collection such as direct GPS measurements or
identification of named locations on a map (rather than providing business names or
descriptions of locatianthat are difficult to map)f programs are able to locate areas
where realistic interventions are possiltles may be a promising route in decreasing
XDR TB incidencen KwaZulu-Natal. However, until underlying sociodemographic risk
factors are addreed, certain groups and neighborhoods will likely still be at increased

risk.



