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Abstract

Background—Extensively drug-resistant (XDR) tuberculosis has spread among hospitalized
patients in South Africa, but the epidemic-level impact of hospital-based infection control
strategies remains unknown.

Methods—We investigated the effect of administrative, environmental, and personal infection
control measures on the epidemic trajectory of XDR tuberculosis in a rural South African
community. Assessments were performed with a mathematical model, which incorporated
inpatient airborne tuberculosis transmission and community tuberculosis and HIV transmission.

Results—If no new interventions are introduced, 1,300 cases of XDR tuberculosis are predicted
to occur in the area of Tugela Ferry by the end of 2012. Over half of these cases are likely to be
nosocomially transmitted. Mask use would avert less than 10% of overall cases, due to long
inpatient exposure times and real-world face-seal leakage rates, but could reduce a significant
proportion of hospital staff XDR tuberculosis cases. Combining mask use with reduced
hospitalization time and a shift to outpatient therapy, however, could prevent nearly one-third of
XDR tuberculosis cases. Supplementing this approach with improved ventilation, rapid drug
resistance testing, HIV treatment, and tuberculosis isolation facilities could avert 48% of XDR
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tuberculosis cases (range 34-50%) by the end of 2012. Involuntary detention, however, could
result in an unexpected rise in incidence, given limited isolation capacity.

Conclusions—In the face of rising XDR tuberculosis incidence, prevalence and burden on the
health care system, a synergistic combination of available nosocomial infection control strategies
may prevent nearly half of XDR tuberculosis cases, even in a resource-limited setting. XDR
tuberculosis transmission will continue in the community in spite of such efforts, however,
indicating the need to develop parallel community-based programs.
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Introduction

Multidrug-resistant (MDR) tuberculosis—tuberculosis resistant to at least isoniazid and
rifampin—is an increasingly important public health and clinical problem, particularly in
countries with a high burden of HIV.1 Recent reports of MDR tuberculosis isolates resistant
to second-line drugs have amplified these concerns. In March 2006, the first data were
published on the worldwide occurrence of tuberculosis with resistance to second-line drugs,
termed “extensively” drug-resistant (XDR) tuberculosis.? Of 17,690 isolates, 20% were
MDR and 2% were XDR tuberculosis. XDR tuberculosis has since been redefined as
resistance to isoniazid, rifampin, any fluoroquinolone, and at least one of three injectable
second-line drugs (i.e., amikacin, kanamycin, or capreomycin).3 Thirty-seven countries have
reported XDR tuberculosis cases as of May 2007,% and isolates have been identified from all
regions of the world.®

South Africa has been a focus of attention regarding XDR tuberculosis, as the largest cluster
of cases to date has been reported there.5 XDR tuberculosis has been diagnosed in every
province of the country,” with over 200 cases reported from 40 independent sites in the
KwaZulu-Natal province alone as of November 2006.8 The first 53 cases were reported
from the rural town of Tugela Ferry, where infected patients had a median survival time of
only 16 days from sputum collection, and experienced a 98% mortality rate.6 All of those
tested were HIV-positive. The majority of XDR tuberculosis patients had not been
previously treated for tuberculosis, and none had been exposed to the second-line drugs to
which they were resistant. However, 67% had been recently hospitalized, and two of the
patients were healthcare workers, suggesting that nosocomial transmission of XDR
tuberculosis may be a driver of this epidemic.

Nosocomial MDR tuberculosis outbreaks have occurred in both poor and wealthy nations,
typically among HIV-infected patients.®-12 Transmission has been reduced in industrialized
countries through a combination of infection control strategies, including comprehensive
treatment protocols and staff training programs (administrative measures); ventilation,
isolation, air filtration, and ultraviolet germicidal irradiation (environmental controls); and
the use of respiratory masks (personal protection).12-14 Similar strategies have been
proposed to reduce nosocomial transmission of tuberculosis in low-income settings,14-16 but
the optimal implementation of such measures in the context of resource-constrained
facilities with crowded multi-person wards, little or no isolation capacity, and limited
budgets for technologic interventions is unknown. Thus, little data have been available to
guide policymakers, clinicians and administrators in selecting interventions to address the
potential nosocomial transmission of XDR tuberculosis.

Lancet. Author manuscript; available in PMC 2013 July 15.
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We estimated the epidemic trajectory of XDR tuberculosis in a rural South African setting,
and examined the likely proportion of cases due to nosocomial transmission. We then
modeled the impact of various hospital-based infection control strategies on the future
burden of XDR tuberculosis.

We constructed a mathematical model to simulate tuberculosis transmission in a high HIV
prevalence, rural area of South Africa. Data for the construction, calibration and validation
of the model were derived from Tugela Ferry, KwaZulu-Natal and the Church of Scotland
Hospital, which serves a community of ~150,000 people of the Msinga district. Similar to
other rural district hospitals in South Africa, this hospital has congregate 30-40 bed
tuberculosis wards. Forty percent of hospital beds are occupied by HIV-infected patients and
25% of women presenting for antenatal care are HIV-infected.® An outpatient tuberculosis
treatment program, utilizing community-based directly observed therapy, has existed since
1993 and an HIV antiretroviral therapy (ARV) program since 2004.17

The model describes two environments: the hospital's tuberculosis ward and its catchment
community population. Individuals in either of the two environments experience different
risks of tuberculosis transmission. An airborne tuberculosis transmission model—
incorporating the rate of ventilation, duration of exposure, and risk of inhaling infectious
particles—simulates the risk of infection on the hospital ward. The rate of community-based
transmission is proportional to the prevalence of tuberculosis in the community. The model
uses a “compartmental” approach--describing the transitions made by infected persons as
they move between disease states and environments (Figure 1). The model equations are
detailed in the Appendix, which also provides details of the model calibration and validation
process.

The model includes individuals who are HIV-infected, including those receiving ARV
therapy, accounting for the impact of these factors on tuberculosis pathogenesis. Drug-
susceptible, MDR and XDR tuberculosis strains are modeled, including acquired and
amplified resistance during therapy, the transmission of resistant strains, self-cure, strain
fitness, and exogenous re-infection.

Local parameter values were obtained from a case control study of 170 patients, including
57 non-MDR, 52 MDR and 61 XDR tuberculosis patients.18 The contact rate, strain fitness,
case detection rate, and acquired and amplified resistance rates in the model were fitted to
longitudinal inpatient and community-based surveillance data (Appendix Figures A1-A4),
and the model predictions were subsequently compared to multiple HIV and tuberculosis
studies in Tugela Ferry to assess the model's predictive accuracy (Appendix Table
A3).617-20 Tg account for how uncertainties in parameter values generate uncertainties in
the model outcomes, Latin Hypercube Sampling was used to perform uncertainty and
sensitivity analysis.?1

Infection control strategies

We compared administrative, environmental and personal strategies to reduce nosocomial
airborne tuberculosis transmission.14

Administrative interventions—Administrative measures included reduced

hospitalization time to 5 days among admitted tuberculosis patients (the current average is
21 days). A 5-day duration of stay was considered acceptable to allow patients to become
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stable before initiating community-based therapy.22:23 We also simulated deferral of
admission for 25% of patients, who underwent community-based therapy; such a strategy
may be difficult for some patients due to the severity of their illness.?2

Other administrative measures included implementation of rapid drug-susceptibility assays.
Four diagnostic technologies were modeled: phage-based assays,24 the line probe assay,2°
the GenoType Mycobacteria Direct (GTMD) assay,2® and the microscopic-observation
drug-susceptibility (MODS) assay.2’ Rifampicin-resistant patients were switched to second-
line tuberculosis therapy, which may decrease infectiousness.28:2? The rapid tests were
compared to conventional culture and drug-susceptibility testing using Middlebrook agar
and the proportional method, which takes 4-8 weeks to produce results. The model
simulated the impact of the sensitivity, specificity, and turnaround time of these assays, and
included the potential amplification of resistance caused by diagnostic delay.

The final administrative measure considered was that of involuntary detention for confirmed
XDR tuberculosis cases who refuse or default from therapy.3° These patients were not
discharged from the facility until death or successful treatment completion. Various
combinations of rapid resistance testing and isolation were combined with this intervention,
to determine their aggregate impact.

Environmental interventions—We simulated improved natural ventilation through fans
and open windows,3! modeled the use of a mechanical ventilation system and the impact of
high-efficiency particulate air (HEPA) filters and ultraviolet germicidal irradiation
(UVGI).32

Isolation facilities could provide additional infection control. While 40 patients are typically
hospitalized together on the ward, other hospital areas or trailer park homes could provide
new space for isolation. We modeled individual isolation as well as 5- and 10-patient
isolation clusters. We also modeled the combination of isolation with rapid drug-
susceptibility testing to more quickly identify and isolate MDR tuberculosis cases.

Personal interventions—~Personally-protective measures included N95 respirators for
staff and surgical masks for patients. We incorporated the mask efficiency, face-seal leakage
rate, and adherence to this intervention.33 We also simulated the use of a dedicated nurse
who enforces adherence to mask use.

Personal protective measures also included HIV voluntary counseling and testing for
admitted patients, with ARV therapy for those who qualify. The proportion of patients
accepting an HIV test and being eligible for ARV therapy was varied, and therapy was
initiated at the completion of the intensive phase of tuberculosis treatment. We did not
model the impact of immune reconstitution syndrome, given uncertainties about its
incidence and impact in this context.34

The final personal protective measure simulated was the effect of encouraging HIV testing
among healthcare staff, with redeployment of HIV-infected staff to to lower their risk of
tuberculosis infection.

We modeled plausible combinations of the above interventions.

Lancet. Author manuscript; available in PMC 2013 July 15.
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Epidemic projections

After calibration to two years of longitudinal data concerning the epidemic trajectory of
XDR tuberculosis in this area (Appendix Figures A1-A4), the model was found to reliably
predict epidemic data from multiple subsequent studies in Tugela Ferry (Appendix Table
A3). The model predicted that in the absence of new interventions, the annual number of
XDR tuberculosis cases arising in Tugela Ferry would increase from 194 in 2007 to 234 in
2012, generating 1,302 cases by the end of 2012. The annual number of all MDR
tuberculosis cases would grow from 352 in 2007 to 425 in 2012 (Figure 2a). We estimate
that 72-96% of new XDR tuberculosis cases would be among HIV-infected persons.

Our calibration of the model to longitudinal community-based and inpatient data allowed the
model to infer the transmission dynamics of XDR tuberculosis in both the hospital and
community setting, which includes the likely proportion of cases that have arisen in the
hospital and community. This process suggested that almost nine out of every ten XDR
tuberculosis infections occur in the hospital at present, but this proportion would decline to
four out of ten in 2012, with an increase in community-based transmission. We simulated
the case in which all nosocomial transmission was completely eliminated starting from
2007. The long-term steady-state was 42 incident cases of XDR tuberculosis per year (range
26 to 58; i.e., transmission was sustained in the community when the model was repeatedly
run across the uncertainty ranges of the parameter values).

Our model suggested that the burden of XDR tuberculosis on the health system would
increase if no new interventions are introduced. Fifty-one percent of inpatients with
tuberculosis in 2007 have some form of MDR tuberculosis in the model, with 29% having
XDR tuberculosis. By the end of 2012, these proportions rose to 78% and 48%, respectively
(Figure 2b).

The model's projections corresponded closely to current events at the Church of Scotland
Hospital and Tugela Ferry (see Appendix Table A3 for validation details). A complete
sensitivity analysis is also provided in the Appendix (Table A4). The model's results were
most sensitive to natural history parameters: the proportion of patients who rapidly advance
to active disease and the fraction who become infectious.

Interventions

Administrative measures—When implemented alone, administrative measures would
prevent less than 10% of future XDR tuberculosis cases over the next 5 years (Figure 3a).
Discharging patients after 5 days of admission would avert 6% of XDR tuberculosis cases
on average (78 cases; range 3-9%, or 39 to 117 cases). The benefit of removing patients
from the risk of nosocomial transmission was partially offset not only by increased
community risk, but also by the rapid entry of new patients to fill the emptied beds. If 25%
of currently admitted patients were deferred from admission, 7% of XDR tuberculosis cases
(91 cases; range 4-10%, or 52 to 130 cases) would be averted. The rapid drug-susceptibility
assays did not differ significantly from each other in efficacy when implemented alone,
indirectly preventing between 2 and 4% of XDR tuberculosis cases (26 to 52 cases).

Involuntary detention in the congregate tuberculosis ward would increase XDR tuberculosis
by 3% between 2007 and the end of 2012 (39 cases; range 2-4%, or 26 to 52 cases) if the
intervention was implemented alone in the absence of individual patient isolation facilities.
The risk of nosocomial transmission outweighs the reduced community risk from removing
XDR tuberculosis patients from the community. When combined with both rapid resistance
testing and individual isolation for those confirmed to have XDR tuberculosis (see below),
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involuntary detention would avert less than 1% of cases (1.7 cases; range: 0-2%, or 0 to 26
cases) beyond those already averted by individual isolation and rapid testing.

Environmental measures—Improvements in ventilation would be among the most
effective measures if implemented alone (Figure 3b). Improvements to natural ventilation
would prevent 33% of XDR tuberculosis cases (430 cases) on average, but could vary
widely in efficacy (from 8-35%, or 104 to 456 cases), given the variability of wind patterns.
Mechanical ventilation would prevent 12% of cases alone (156 cases; range 10-25%, or 130
to 326 cases), with a high upper bound given the improved efficacy of some ventilation
systems.3! Supplementation of mechanical ventilation with HEPA filters could effect a
further 10% reduction in incidence (a total of 286 cases; range 20-35%, or 260 to 456 cases).
With UVGI supplementation, mechanical ventilation would avert 32% of cases (417 cases;
range 30-45%, or 391 to 586 cases).

Greater partitioning of the inpatient ward into smaller units would also be an effective
strategy, if the partitioned ward maintained the same ventilation rate as the full ward.
Individual isolation facilities could prevent 57% of future XDR tuberculosis cases (742
cases; range 51-63%, or 664 to 820 cases). Clustering patients into 5 patient units would
prevent 37% of cases (482 cases; range 32-41%, or 417 to 534 cases). Increasing this
number to 10 patients per cluster would still effect a 30% drop in cases (391 cases; range
27-35%, or 352 to 456 cases). A perverse increase in XDR tuberculosis incidence by 26%
(339 cases; range: 21-33%, or 273 to 430 cases) would occur if the capacity of the
tuberculosis ward were increased from 40 to 100 beds without new isolation facilities or
other interventions.

Personal protective measures—On average, 3% of all XDR tuberculosis cases (39
cases; range 2-6%, or 26 to 78 cases) occur among hospital staff in this model. If
implemented in the absence of other interventions, respiratory mask use would prevent 2%
of total cases and nearly two-thirds of XDR tuberculosis cases among staff (26 cases; range:
1-3%, or 13 to 39 cases). Five percent of XDR tuberculosis infections (65 cases; range
2-10%, or 26 to 130 cases) would be averted if patients were additionally provided with
surgical masks. The impact of this intervention is limited by the long duration of exposure,
low effective filter efficiency (e.g., face-seal leakage), and varying levels of adherence to
mask use (Figure 3c). Enforcement of adherence would improve the number of averted
XDR tuberculosis cases by only 1% on average (range 0-2%), due to low effective filter
efficiency and prolonged exposure. However, mask use is far more effective when combined
with other strategies (see below).

VCT and the initiation of ARV therapy would prevent only 1% of XDR tuberculosis cases
when implemented exclusively to eligible patients admitted to the tuberculosis ward (13
cases; range: 1-2%, or 13 to 26 cases). The effectiveness of VCT and ARV therapy increases
dramatically if offered at the community level; 24% of XDR tuberculosis cases (312 cases;
range: 17-30% or 221 to 391 cases) would be averted (data not shown). One-third of staff
infections, representing 1% of all XDR tuberculosis cases (13 cases; range: 0-2%, or 0 to 26
cases), would be averted if staff were tested for HIV, and those testing positive were
redeployed to work away from the tuberculosis unit.

Available combinations—Several combinations of interventions that are immediately
available at district hospitals in South Africa were modeled in concert, to determine their
aggregate effects on nosocomial transmission. Some interventions that were minimally
effective when implemented alone were found to have large effects when implemented in
concert (Figure 3d). For example, reducing the length of inpatient stay or enforcing staff and
patient respiratory mask use would each avert less than 10% of all XDR tuberculosis cases.

Lancet. Author manuscript; available in PMC 2013 July 15.
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However, when implemented together, these strategies would avert 28% of XDR
tuberculosis cases (365 cases; range 21-33%, or 273 to 430 cases).

If these two interventions were combined with natural ventilation improvements, cases of
XDR tuberculosis would drop by an additional 9%, resulting in a cumulative reduction of
37% (482 cases; range 26-40%, or 339 to 521 cases). In total, the combination of enforced
mask use, reduced length of stay with outpatient continuation therapy, improved natural
ventilation, MODS testing, hospital-based VCT with ARV provision, and isolation of
patients in 5 bed units would prevent 48% of future XDR tuberculosis cases (625 cases;
range 34-50%, or 443 to 651 cases) (Figure 3d).

Discussion

Without new interventions, a total 1,302 cases of XDR tuberculosis may arise in Tugela
Ferry, KwaZulu-Natal by the end of 2012—most of which are due to nosocomial
transmission. Many individual infection control measures would have limited epidemic-
level impact if implemented alone. In concert, however, these strategies may have
significant synergy. A combination of infection control strategies that can be rapidly
implemented in South African district hospitals—improved natural ventilation, reduced
hospitalization with the provision of outpatient therapy, mask use, rapid drug-susceptibility
testing, hospital-based HIV testing with ARV therapy, and isolation of patients in 5-person
units—could avert half of XDR tuberculosis cases (651 cases) in Tugela Ferry over the next
5 years.

Limiting inpatient exposure to infectious tuberculosis droplet nuclei was found to be crucial
to affecting the epidemic trajectory of XDR tuberculosis. Creating individual isolation
facilities and installing UVGI-supplemented mechanical ventilation systems were among the
most successful strategies for preventing future XDR tuberculosis cases. Unfortunately,
these interventions are costly and not immediately available in most resource-limited district
hospitals in South Africa. However, additional simple strategies, when used in combination,
may produce effective results at an epidemic level. We observed synergy between
interventions that reduced the concentration of tuberculosis droplet nuclei in hospital wards,
the likelihood and duration of exposure for susceptible inpatients, and the population in
congregate tuberculosis wards.

In contrast, interventions that increase the number of XDR tuberculosis patients in
congregate hospital wards—through prolonged hospitalization or involuntary detention in
the absence of sufficient isolation facilities—could perversely increase the incidence of
XDR tuberculosis. The practical implementation of deferring hospitalization for community-
based therapy is therefore an important subject for further study.23

Of note, available strategies, including N95 respirator mask use and staff HIV testing and
work assignment redeployment, can significantly reduce the number of XDR tuberculosis
cases occurring among hospital staff. Although the total number of cases averted is small,
the critical nature of hospital staff availability and safety highlights important system-level
benefits from strategies that may not have immediate epidemic-level impact.

Our results are consistent with prior studies of airborne tuberculosis transmission,32:35-38
although this study is the first to estimate the epidemic-level impact of hospital-based
strategies. We recognize several limitations of this study. Given that this is a modeling
study, our conclusions are based on the model assumptions. Although our model was
validated against multiple data sources, other models may be constructed to effectively
simulate XDR tuberculosis transmission; therefore, our results should be viewed as a
starting point for further investigation, rather than as mathematical “proof” of any particular
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concept discussed here. Although we performed extensive uncertainty analysis, all
unknowns could not be incorporated. We varied the efficacy of different interventions over a
broad range of possible values.36:3%9 We did not include HIV as increasing the risk of
infection with MDR tuberculosis over non-MDR tuberculosis, as this remains uncertain.4°
Similarly, little is known about the future potency of treatment for XDR tuberculosis. We
projected a wide range of possible treatment efficacy, from totally ineffective to the 54%
successful treatment rate observed among Peruvian XDR tuberculosis patients, who were
largely HIV-negative.41 Furthermore, the airborne transmission model employed for these
projections is based on the even distribution of infectious particles in a room, and does not
account for how the probability of infection is modified by complexities such as the distance
between individual patients (a subject under active investigation).36.:42

Our study was based upon data largely collected from one site in rural South Africa and
thus, it may not be fully generalizable. Nevertheless, this setting is typical of those
throughout rural areas of South Africa and other resource-poor settings where tuberculosis
and HIV are highly prevalent. Additionally, recent data suggest that common strains of XDR
tuberculosis are widely distributed throughout this province, and perhaps all of South

Africa 4344

Our study also focused on hospital-based interventions, and did not systematically address
community-based interventions. Some programs, such as HIV testing and ARV therapy,
may have a greater impact at the community level than when implemented in the hospital
alone (24% versus 1% of XDR tuberculosis cases averted, respectively). Furthermore, we
did not simulate the impact of infection control strategies outside of the tuberculosis ward, in
locations such as HIV clinics, or how resource-strapped health districts may prioritize
interventions based upon their respective costs.

Although these limitations suggest the need for further research, our current projections
highlight the need for immediate action in addressing the XDR tuberculosis epidemic. The
burden of XDR tuberculosis on the health system is already high in this area, and is expected
to rise dramatically over the next few years. Effective hospital-based strategies to limit the
transmission of XDR tuberculosis are within reach, even in resource-limited settings.
Combined administrative, environmental and personal infection control measures to reduce
nosocomial transmission, could prevent nearly half of future XDR tuberculosis cases. Such
comprehensive programs must be rapidly implemented throughout KwaZulu-Natal and the
rest of South Africa. Additional community-based strategies should also be developed in
parallel, since hospital-based efforts alone may not fully curtail XDR tuberculosis
transmission.
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1 Model assumptions and equations

The model structure we employed is based upon prior simulations of tuberculosis
transmission in the context of multiple drug-resistant strains, HIV, airborne nosocomial
transmission and exogenous re-infection [1-13]. The ordinary differential equations detailed
below (Equations 1-21) describe transitions between multiple health states that the simulated
people can experience, from susceptibility to tuberculosis through treatment failure. People
in any of the health states can reside in each of the two environments in this model (the
community of Tugela Ferry and the inpatient TB unit of the Church of Scotland Hospital).
The two environments are connected by admission and discharge, as detailed later in this
Appendix. The two environments have different transmission dynamics, described by
Equations 22 and 23. Some of the treatment parameters will also differ between the two
environments, as inpatients may receive more extensive therapy than those in the
community (as detailed further below).

Within each environment, the same stages of TB pathogenesis occur. Susceptible persons
(S) can become infected with TB and move to periods of latent infection of either short (£)
or long (L) duration [14]. Latently-infected persons may then experience reactivation of
their disease to manifest active infectious (7;) or non-infectious (7,) TB, where the latter
may convert over time to an infectious state [6, 7]. Active TB may be detected and treated,
with some persons recovering (/) while others may fail therapy (F). A few active TB
patients also experience self-cure [5]. Patients who recover via therapy may relapse [5],
while those in treatment may experience acquired or amplified resistance [15]. Latently-
infected and recovered persons can be exogenously re-infected with any strain, contingent
upon their partial immunity and the time-dependent risk of infection with that strain (which
includes the fitness and prevalence of the strain; Equations 22 and 23) [16]. TB pathogenesis
will be described by new rates if a person is HIV-infected, and further modified by ARV
therapy (conditional upon patient adherence) [17, 18]. Tables Al and A2 (listed at the end of
this Appendix) describe the values used to parameterize the model.

Because people in both environments can experience the same health states, the same series
of ordinary differential equations (below) is repeated twice, once for each environment. The
two sets of equations differ in some parameters (listed in Tables Al and A2). In the model
equations below, superscript crefers to an individual's HIV status (0 signifies HIV-negative,
1 signifies HIV-positive but not on antiretroviral therapy, and 2 signifies HIV-positive and
receiving antiretroviral therapy), while subscript 7 refers to the TB type (non-MDR, non-
XDR MDR, or XDR).

Equations 1 through 3 describe susceptible persons. New susceptible HIVV-negative persons
enter the model via birth (6), which is equal to deaths at each time step in this closed
population model. Susceptible persons may be infected with any of the three TB types at a
time-specific risk of infection A,,(%). We simulated the three TB types which have been
found in Tugela Ferry: a drug-sensitive type; a MDR type resistant to isoniazid, rifampin
and streptomycin; and a 6-drug resistant XDR type (isoniazid, rifampin, ethambutol,
streptomycin, ciprofloxacin, and kanamycin) [19-21]. We included XDR-TB transmission to
both HIV-infected and HIV-uninfected persons, given reports of XDR-TB cases among
HIV-negative patients in KwaZulu-Natal [22]. Susceptible individuals may be infected with
HIV (at a rate A/V) or die from non-TB-related causes at background mortality rate . Some
HIV-infected susceptibles may receive ARV therapy (at rate arv). HIV and ARV therapy
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were modeled in this simple manner, similar to prior models [3, 5, 6, 17]. Access to
treatment for HIV is centralized through the facility we model here [23, 24]. A more
complex HIV model was judged to offer little insight for the purposes of simulating
nosocomial XDR transmission over a brief time period. It has been previously established
that HIV can affect the probability of progressive primary disease in those infected, the rate
at which latent infections become TB cases by endogenous reactivation, and the death rate
for infectious and non-infectious TB [17]. These factors are incorporated into the parameters
in Table Al. We follow the work of previous authors, who calculated the degree to which
ARV therapy modifies TB, producing the parameters for the ARV-treated HIV-infected
patients, also listed in Table A1 [18]. We assume that HIV infection does not occur during
an inpatient stay, so the A/v parameter equals zero for the hospital environment. To improve
the readability of the differential equations, the time-dependence indicator () is removed
from state variables (S, L, £, 7; T, £, R) and from the dynamic parameter A,

ds®
—=b- [ﬂ°+hiv+lemJ R

ds'!
7=hiv x 89— [yl-l-arv-l-Z/lm]Sl @)

2

ds
A xSt - [/12+Z/lm] 52 @3

A proportion of infected patients (1-p) who do not experience primary progressive disease
enter slow latency, described by Equations 4 through 6. This population can be affected by
exogenous re-infection, which is contingent upon a person's degree of susceptibility despite
prior infection () [7, 14]. A fitness “cost” parameter for drug-resistant strains is built-in to
the risk of infection (see Equations 22 and 23); following Cohen and Murray [7], we
describe infection and re-infection as conditional upon this parameter, rather than defining
all possible mixed latent states, from which regression and progression have not been well-
defined and are under active investigation [13, 25, 26]. People who naturally self-cure from
active TB states, at rate o per year, return to slow latent status, as in prior models [4, 6, 7,
16, 27]. Reactivation of disease occurs at rate v. HIV infection, ARV induction, and non-
TB-related death are experienced by latently-infected persons in the same manner as with
susceptible persons.

drd,

2= (1= ) A | SO420 ) (L) +Ep R ) | 40

m

(Tgm+T2,m+F9n)_(Vo+ﬂ0+hiv+x02/lm) L), @

dL 1

7 —hzvxL0 (1 - pl)/lm

sTex! Y (Lh+E+R),)

m

+o (Tl.l,m+T,Lm+F,1”)—(v‘ +p'+arv+x! Z/lm] L

LZ
d_tm:arVXL']"+ (1 -

Z (L2+E2+R2)
m
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Movement to and from the rapid latent state (Equations 7 through 9) are analogous to that to
and from the slow latent state, except that individuals (proportion p of those infected) enter
this state via primary progression, while no persons enter via self-cure from active TB [7].
Rapid latents experience reactivation of disease at the rate .

dEY,
o P

$0+20)" (L +EQ+R))
m

- (T0+/Jo+hiv+xOZ/lm] E° ()
m

1

d—t’":hivxE9n+pl/lm $tx Y (Ly+Ep+R),)

m

- (Tl +,u1 +arv+x! Z/lmJ E,ln )
m

E,

1 2 2,.2 2 2 2
7=arvx E, +p° A, |S°+x Z(Lm+Em+Rm)

m

— [72+;12+x22/lm) E,zn )

A proportion fof those persons who have reactivated from latent states to active TB are
infectious [14] (Equations 10 through 12), while non-infectious active TB patients may also
convert to infectious status at a rate w[5], and patients who have recovered due to
chemotherapy may relapse to active disease at rate & [7]. Patients move from active TB
status to that of failure or recovery at rate @, or experience self-cure (o). They may also die
of TB (at rate w7, in addition to facing the background non-TB mortality rate .

dr?
dltm =f° (VL) +7 B +0RD, ) +wTy,,, — (d+ o+ O+ hiv) TP, (10)

1
Ti m

- =hiv X T +f' (vlL,1n+TlE,1,l+6R,1n) +wT,,, = (d+o+p'+u™ +arv) T (1)

dem

=arv X T+ (VLo+ T Ep+0RE ) +wT 7, — (d+o+pP+u"?) T, (12)

Individuals who have active non-infections forms of TB (Equations 13 through 15) follow
an analogous path to those with active infectious TB. A proportion of reactivating patients
(1- 5 enter the non-infectious state, and from this state they may also become infectious at
rate w.

dTy,, 070, 070, <p0 0,70, i\ 70
= (1 —fo) (v L, +1 Em+(5Rm) - (w+d+0'+,u +u' +hlv) T,, 13
dT,)
2 = hivX Tyt (1 - ") (vlL,ln+TlE,1n+6R,ln) - (w+d+o-+y1+,uT’1+arv) T, (14
dT?

dr;’m =arv X T,Lm+ (1 - fz) (sz,zn+7'2E,2n+5R,2n) - (W+d+0'+u2+uT’2) Tim (15)
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Treatment failure (Equations 16 through 18) occurs for a proportion of patients (1-4), some
of whom (proportion a, calibrated to longitudinal data as described later in this Appendix)
experience acquired or amplified resistance to the next higher category of resistant TB [7,
14]. Failures may still experience re-treatment, and therefore may continue to experience
further treatment failure episodes at the risk of acquiring (more) drug resistance [14]. Some
of these individuals may self-cure [7]. A proportion are also infectious [5], as discussed
further below. In the notation used in these equations, a;.; refers to the development of
resistance that leads to the next higher category of drug-resistant TB. Since there is no
further classification beyond XDR in this model, this term is ignored for XDR patients, who
continue to be classified as XDR cases if they amplify or acquire further resistance.
Similarly, a, refers to the proportion of patients who have developed resistance through
treatment for the lower-category type m-1. There is no lower category than drug-susceptible
TB, so this term is ignored for that group.

(16)

m

d(l—k&”(l—amﬂWT&ﬁJﬁm+ngH“&T&%ﬁﬂﬁm4+Fﬁ4ﬂ—0ﬁ+ymhﬂ+d+MﬂFﬂ

d—t’”zhivxF9n+d (1= ko) [ (1 = @ms) (T 4T 0+ F )+t (T 4Ty +F )| (i +1 " 4o dary) F), - (0D)

3

L

. =arvxF+d (1= 2) [ (1 = @per) (T2, 4T 4 F o) 4t (T2 4T+ p )|~ (P40 P 40 +d) F, - (18)

The proportion (&) of patients who recover from therapy (Equations 19 through 21) may still
experience re-infection (with any strain), according to the degree to which partial immunity
does not protect them (x). The parameter kis taken from local data when available, as cited.
For XDR TB patients, we adopted a range of possible values given the existing studies on
XDR TB treatment in other countries (see Table Al). The mode of the triangular distribution
of possible treatment success values is a factor lower for those infected with HIV than for
those who are HIV-negative. We applied the same factor decrease to HIVV-positive XDR
patients versus HIV-negative XDR patients, as to general HIV-positive MDR TB patients
compared to HIV-negative MDR patients. However, we also varied the possible treatment
efficacy for XDR TB over the entire range of values observed to date, in uncertainty and
sensitivity analyses. Patients who have recovered via chemotherapy may also relapse (&) to
active disease.

dR) 0 (70 0 0 0 a0 0
d_tm:dkm (Ti,m+Tn,m+Fm)_ H +o+hivtx Z/lm Rm (19)
m

dR), . 0 1 (7l 1 1 1 1 1
7:hzva,,,+dkm (Tl.’m+T,,’m+Fm) — |pu +o+arv+x ;/lm R,, (20)

2

dR;, 1, 2 (72 72 2 2 2 2
TzarvXRmﬂikm (Ti’m+Tn’m+Fm) — | +o+x ;/lm R, (1)

To define the risks of TB infection in each environment (1 ,(%)), we used two sets of
equations. In the community, the risk of infection with each type of TB is the product of the
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transmissibility coefficient (8, calibrated to local data as described below), the fitness “cost”
of resistance in terms of decreased virulence (fit,;, which is O for drug-susceptible TB), and
the number of infectious TB cases at time ¢ ( 7;(¢)+pF(t); where ¢ is the proportion of
treatment failures who are infectious) [14]:

B O =B = fit) ) (T, 0 +0F3, ) 39

The inpatient risk of infection is defined by a model of airborne contagion from Gammaitoni
and Nucci [8], which produces the following expression [12] (a validated modification of
the Wells-Riley model of airborne transmission [10, 11]), in which g is the number of
infectious quanta produced per hour by infectious persons (varied stochastically across a
triangular distribution with mode 1.3 and edges 0 to 60 [11, 12, 28, 29]); «is the pulmonary
ventilation rate of susceptible individuals (assumed uniform between 0.48 and 0.6 m3/h [12,
30]); w is the room volume (m3); and  is the ventilation rate (air changes/h). The latter two
values and their modifying factors are discussed in detail in the “environmental measures”
section of this Appendix (below).

(1 = fitn) £ [ T5,, (0 +9F5, (0] g
wy

7 (1= @)

The two environments are connected by admission and discharge rates. Particularly in the
context of rural South Africa, admission to the hospital is dependent upon the availability of
beds [31]. There is no waiting list at the Church of Scotland Hospital (rejected patients
remain in the community and can try to receive admission later), hence a transient triage
situation for each time step, rather than a permanent queueing state, can be used to simulate
this environment. If zequals the beds available, then ztimes the current service rate ((2)
will be the total possible flow into the inpatient TB ward. Following Kaplan et a/. [32], each
subpopulation Ay of patients who make up the total demanding population P will be admitted
at rate zy(1)Py/Pif the system is overburdened (admission proportionate to the relative
demand if z</A). Hence admission occurs at the rate (¢)Pmin(1,z/P) from each demanding
outpatient population A;into the corresponding inpatient compartment. The demanding
populations include a calibrated fraction of patients from each active disease compartment
(accounting for those receiving outpatient therapy or having no access to the hospital) and
0.05% of the non-diseased compartments. The latter constitute “wrong” admissions to the
TB ward (patients with TB symptoms who get admitted under the false premise of having
active TB, but who do not have the disease) [33]. The service rate is the time-specific
weighted average of discharge rates among inpatients, which is 22.82/yr for drug-susceptible
patients, 45.63/yr for uninfected patients, 13.04/yr for non-XDR MDR-TB patients, and
15.87/yr for XDR-TB patients [20, 23, 34].

Equations were confirmed by three of the authors, and by an automated algorithm which
checked for missing states and flows. Four of the authors also independently reviewed the
parameter values.

2 Calibration and validation

We calibrated the model to all available longitudinal data from Tugela Ferry (Figures Al to
A4; [33-35]), and validated it against all available cross-sectional data (Table A3). In all
cases, the most current XDR definition is used [36]. It is inappropriate to calibrate every
parameter of such a large model to limited data, as such calibration would violate principles
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of unique parameter identifiability, generating numerous spurious parameter values that
could “fit the curve” without necessarily having real-world validity [37]. We therefore
calibrated only the small set of parameters that could not be immediately or accurately
evaluated through empirical studies (listed with results in Table A1), and checked their
optimality as described below. The calibration procedure allowed us to determine the
transmission dynamics of this environment, and thereby estimate factors that are difficult to
manually determine (e.g., the effect of local socioeconomics on the dynamics of infectious
contact and subsequent TB transmission, or what proportion of XDR-TB cases were arising
from community-based transmission versus nosocomial transmission).

Simulated annealing was used for calibration [38, 39]. The term “annealing” is derived from
metallurgy, in which materials were observed to become malleable at high temperatures, but
conform to a hardened shape as they cool. Analogously, the simulated annealing algorithm
starts at a “high temperature”, meaning that the algorithm searches across the broad possible
values to attribute to the modeled system, then slowly “cools” as it finds optimal
explanations for the data, eventually settling into the global optimum after exploring the
search space. Hence, this optimization procedure is insensitive to initial parameter estimates,
which was further analyzed by varying initial estimates over the range displayed in Table
Al to confirm their ultimate convergence onto the optimized values. The procedure involves
finding the mean and range of the calibrated parameters while varying the estimates of the
non-calibrated parameters across their uncertainty ranges. The algorithm has been described
in great detail elsewhere [38, 39].

Initial population values were obtained by running the 150,000 person population in Tugela
Ferry to equilibrium in the absence of TB treatment or HIV. We then introduced case
detection and inpatient TB treatment on a linearly increasing schedule from 1966 and
outpatient therapy from 1993 [40]. HIV was introduced in 1983 [41] using incidence
estimates calculated with the procedure described on p. 4 of the Appendix to [17], fitting to
within 10% of the annual provincial HIV prevalence estimates since 1995 with a single
logistic curve [42]. ARVs were introduced in 2004 [23]. XDR TB was also introduced in an
HIV-infected inpatient in 2004 [35]. The least squares fit explained (R?) over 95% of the
variance in the data.

Of interest to modelers, the calibrated fitness “costs” of MDR strains in this area (the degree
to which the acquisition of drug-resistance confers a decrease in virulence) were small but
negative--indicating that the specific strains circulating in the area are possibly equally or
slightly more infectious than drug-susceptible TB, in the context of the model's assumptions.
This finding is consistent with prior laboratory studies and modeling experiments of
effectively-transmitted MDR strains [7, 43]. However, given the complexities of
compensatory evolution and heterogeneity in fitness as a function of the drug-resistance
mutation [43, 44], we would suggest further research on these strains to investigate our
finding, and have provided only short-term epidemic projections, given that longer-term
dynamics are subject to great uncertainties regarding strain evolution.

3 Intervention scenarios

Interventions were categorized into three groups: personally protective, environmental, and
administrative [45, 46].
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3.1. Personally protective measures

3.1.A

Respiratory protection: The efficiency of an N95 respirators is 95%, with a real-world
face-seal leakage rate of 0-39% [8, 47-50]. Adherence ranges between 44% and 97%
[51-53]. To simulate the use of these respirators, we calculated the effective filter efficiency
by sampling from a uniform distribution across the adherence range and a triangular
distribution across the leakage range (with mode 10% [8]), then calculating
adherence*(efficiency-efficiency*leakage) [8]. One minus this effective filter efficiency was
multiplied by the pulmonary ventilation rate within the calculation of inpatient risk
(Equation 23), to adjust the inpatient risk for the effective number of inhaled infectious
particles [8, 12]. To simulate the impact of staff respirator use, the new risk is applied to the
population of 5 susceptible staff members, who do not experience discharge unless infected
and reactivating with active TB, after which they move from staff to patient status. We
renewed the staff population by withdrawing from the community susceptible populations
when staff became ill (assuming HIV prevalence among staff parallels that of the
community population). We also compared the efficacy of staff respirators to the estimated
efficacy of additionally having patients use less effective barriers such as inexpensive
surgical masks and handkerchiefs. These barriers have a leakage rate sampled from a
triangular distribution from 0 to 100% with mode 20%, and an efficiency sampled from a
triangular distribution with mode 50% (range 0% to 75%) [8, 50, 54-57]. When an
enforcement nurse was added to the ward, we estimated adherence to shift to a uniform 70 to
100% distribution for both staff and patients [58].

3.1.B—Increased HIV voluntary counseling and testing, with subsequent antiretroviral
provision to qualified patients, was simulated by sampling from a uniform distribution of 50
to 95%, representing the estimated proportion of untreated HIV-positive inpatients willing to
get tested and who are eligible for and adherent to treatment [23]. ARV therapy for this
group then converted patients from ARV-untreated to ARV-treated status over a 2 month
timeframe, simulating the gradual benefits of therapy and the delay among patients who
complete the intensive phase of TB treatment before initiating ARV therapy [20, 23, 59].

3.2. Environmental measures

3.2.A—Ventilation improvements alter the denominator of the inpatient risk equation
(Equation 23). Air changes per hour are measured using a tracer gas concentration-decay
technique following carbon dioxide release [60]. The baseline absolute ventilation (room
volume times air changes per hour, wy) was estimated to be 121 m3/h (range 40-205), with
improvements in natural ventilation (e.g., opening windows, introducing fans) producing a
new ventilation rate of 2,477 m3/h (range 240-3,349) [61]. A mechanical ventilation system
in this ward was estimated to produce 402 m3/h (range 330-1,209), with high-efficiency
particulate air (HEPA) supplementation further increasing effective ventilation by a factor of
3.37 and ultraviolet germicidal irradiation (UVGI) supplementation increasing effective
ventilation by a factor of 10.31 above the unsupplemented system [8, 61-65]. Upper-room
UVGI in a waiting area alone was not simulated because of the absence of data that could be
extrapolated to the simulated hospital [66]. Triangular distributions were constructed for
sampling, according to the mean and range of the ventilation rate.

3.2.B

I solation: Currently, 40 patients are kept together in the ward. We simulated the case in
which park homes or trailers are purchased to partition patients into smaller units of
equivalent ventilation to the baseline ward. Individual isolation removes patients from the
numerator of Equation 23. To simulate the case in which patient load exceeds trailer
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capacity for individual isolation, we also simulated 5 patient or 10 patient clusters by
adjusting Equation 23 to one-eighth or one-fourth of its baseline value to create new
inpatient compartments with smaller populations, so that susceptible patients were exposed
to a smaller pool of infectors of each type. Since drug-susceptibility tests require 5 weeks on
average to return, profile-based cohorting of all MDR- or XDR-TB subjects to separate
these patients from susceptible patients prior to the drug-resistant patients’ death is unlikely
(death, on average, occurs in 22 and 14 days from admission, respectively, for non-XDR
MDR-TB and XDR-TB patients [34]). Therefore, the number of infectors of each type
(drug-susceptible TB, MDR-TB, XDR-TB) was distributed evenly among the various new
wards if this intervention is used alone. We also simulated the case in which one of the
clusters would be for rifampin-resistant cases only (if rapid rifampin testing was used, as
discussed below) by subtracting the inpatient population of these drug-resistance isolation
wards from Equation 23 when calculating the inpatient risk to others. The effect of this ward
partitioning measure was determined by sampling from a triangular distribution
corresponding to the mean and range of the ventilation rate (Section 3.2.A, above).

3.3. Administrative measures

3.3.A—Reducing the length of inpatient stay among TB patients was simulated by
decreasing the average stay among TB patients to 5 days [34], with continuation of SLD
based therapy for MDR patients at the cure rates listed in Table Al. Continuation therapy
was simulated by discharging patients to Equations 10 through 18. The patients represented
by these equations first experienced the lower cure rate corresponding to standard therapy
initiated during their inpatient admission (Table Al); they then decayed into a second set of
identical equations, where the therapeutic cure rate was replaced by the higher rate
corresponding to second-line therapy (also in Table Al). The decay rate was set equal to the
reciprocal length of time required for drug-resistance testing results to return (listed below).
We assumed 10-14% default or refusal [21, 67] from outpatient second-line therapy [68].

3.3.B—Involuntary detention was simulated by preventing XDR patients who refused or
defaulted from therapy (10-14% of the population, based on case-control and cohort studies
of the frequency of default in the area [21, 67]) from being discharged from the hospital.
These patients with XDR were put into separate compartments without discharge until cure
or death occurred, subject to the timing and sensitivity of the drug-resistance testing results
(see below). We also combined this intervention with isolation facilities and rapid resistance
tests to determine the impact of these interventions in concert.

3.3.C—Improvements in drug-susceptibility testing were simulated by modeling rapid
rifampin resistance testing assays that may be considered pragmatic in a high-prevalence
setting with some basic laboratory capacity but high volume and notable budget constraints.
Patients who test positive for rifampin resistance are presumed MDR [69], and are switched
to SLD-based therapy after the number of days corresponding to the estimated turnaround
time of the test at the Church of Scotland Hospital (see below). The different testing
methods were simulated by having MDR patients exposed to the value describing the
efficacy of standard therapy, & (in Table A1), during the period in which testing was taking
place. This was changed to the higher, second-line therapy efficacy value (also listed in
Table Al) after the results of testing returned, indicating the switch to second-line drugs. To
perform this simulation, the differential equations specified above were repeated twice. The
first set of equations used the standard treatment efficacy value, and the second set used the
SLD value. The population of inpatients started in the first set of equations, which decayed
into the second set at a rate equal to the reciprocal of the testing time (below). False-
negatives (one minus sensitivity, multiplied by the population tested) were subjected to the
standard therapy efficacy value. Furthermore, MDR-TB patients receiving second-line
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treatment reverted to non-infectious status over the course of 5.5 weeks, which is simulated
by inserting this rate of conversion into Equations 10 through 18 [70].

The baseline Middlebrook agar and proportional method of drug-susceptibility testing
requires 5 weeks, and has 84% sensitivity (range 82.5 to 89%) and 100% specificity (99.9 to
100%) for rifampin resistance [71]. For phage-based assays, we simulated a turnaround time
of 3 days [72-82], and 98% sensitivity (range 81 to 100%) and 93% specificity (range 73 to
100%) [79]. Line probe assays were simulated with a turnaround time of 3 days, and with
91% sensitivity (range 90% to 100%) and 96% specificity (range 91% to 100%) [83-85].
The GenoType Mycobacteria Direct (GTMD) assay was simulated with a turnaround time
of 2 days, and with 92% sensitivity (range 87% to 97%) and 100% specificity (range 95% to
100%) [86]. The microscopic-observation drug-susceptibility (MODS) assay was simulated
with a turnaround time of 11 days, and a 97.8% sensitivity (range 97.3 to 97.9%) and 99.6%
specificity (range 99.2 to 100%) for rifampin resistance detection [71]. Triangular
distributions are sampled from, corresponding to the range and mean of the listed sensitivity
and specificity values.

4 Uncertainty and sensitivity analysis

Latin Hypercube Sampling (LHS) was used to draw parameter estimates from the
probability distributions, which were used for simulation, uncertainty and sensitivity
analyses [87, 88]. The formulation described by Stein [88] was used to incorporate the co-
variation of the HIV-related parameters, by varying the underlying relative risk of TB
progression across its uncertainty range; this risk defines the impact of HIV on the natural
history parameters, as described on p.13 of the Appendix to [17]. The error bars in Figures
1-3 of the manuscript text reflect the limits of the outcome estimates obtained through this
sampling strategy. The output from sensitivity analysis is displayed in Table A4.

Table A1

Parameters used to describe TB/HIV epidemiology in rural KwaZulu-Natal. Values in
parentheses describe the ranges used in sensitivity and uncertainty analyses.

non-XDR MDR and XDR
B

Variable | Definition HIV- HIV+ (no ARV) HIV+ (ARV) Source
B transmissibility coefficient | 0.000051 (0.000045-0.000056) Calibration
fity, fit, fitness cost of resistance, -0.12,-0.16 (-0.2-0.7) Calibration; range

from [7]

patients who recover from
non-MDR TB

s background death rate 0.023 (0.022- 0.024) | 0.098(0.093-0.103) | 0.051(0.045-0.056) | [18, 89]
*
hiv HIV incidence dynamic N/A N/A [24]
arv ARV initiation rate N/A dynamic i N/A [23]
d rate of therapeutic 0.77 (0.69-0.85; outpt); Calibration; [90-93]
initiation and sterilization 9.45 (8.51-10.40; inpt non-MDR);
6.08 (5.47-6.69; inpt MDR)
k proportion of treated 0.73 (0.65-0.88) 0.58 (0.52-0.74) 0.67(0.6-0.85) [7, 20, 21, 34, 35,

67, 94-97]

proportion of treated
patients who recover from
non-XDR MDR TB;
(std Rx: standard therapy;
SLD: second-line therapy)

0.47 (0.18-0.58; std
RX);

0.67 (0.33-0.80;
SLD)

0.30 (0.16-0.36;
stdRX);

0.45 (0.25-0.51;
SLD)

0.40 (0.17-0.48;
std Rx);

0.60
(0.33-0.68;SLD)

[7, 20, 21, 34, 35,
67, 94-97]
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Variable

Definition

HIV-

HIV+ (no ARV)

HIV+ (ARV)

Source

proportion of treated
patients who recover from
XDR TB

0 (0-0; std Rx);
0.54 (0-0.54; SLD)

0 (0-0; std Rx);
0.36 (0-0.54; SLD)

0 (0-0; std Rx);
0.48 (0-0.54; SLD)

[17, 20, 59,96]

2 active TB death rate 0.30 (0.20-0.40); 1.0 (0.75-1.0) 0.76 (0.63-0.76) [5, 17, 18]
0.21 (0.18-0.25) if
non-infectious
am, ay proportion of treated 0.038 (0.025-0.050); 0.030 (0.025-0.050) Calibration; [7]

patients who acquire or
amplify resistance (non-
MDR to non-XDR MDR,
and non-XDR to XDR
MDR TB)

*
changes over time; see Appendix text.

Table A2

Natural history parameters. The parameters for the ARV category are given by the relative
risk calculation detailed on p.13 of the Appendix to ref. [17], using the data from [18].

Variable

Definition

HIV-

HIV+ (no ARV)

HIV+ (ARV)

Source

P

proportion of infected
people who develop
primary progressive
TB

0.14 (0.08-0.25)

0.67 (0.36-0.80)

0.61 (0.32-0.74)

[5,17]

degree of
susceptibility despite
prior infection

0.35 (0.10-0.60)

0.75 (0.50-1.00)

0.69 (0.45-1.00)

[5,17]

rate of natural self-
cure

0.020 (0.15-0.25)

[5]

rate at which slow
latent infecteds
progress to active TB

0.00011 (0.00010-0.00030)

0.17 (0.04-0.20)

0.13 (0.03-0.14)

[5,17]

rate at which fast
latent infecteds
progress to active TB

0.88 (0.76-0.99)

12.0 (10.4-13.5)

9.1 (8.7-9.4)

[5,6,17]

proportion of
reactivating TB cases
that become infectious

0.65 (0.50-0.65)

0.30 (0.19-0.40)

0.36 (0.22-0.49)

[5,17]

rate of conversion
from non-infectious to
infectious TB

0.015 (0.007-0.020)

[5]

rate of relapse from
chemotherapeutic cure

0.0010 (0-0.010)

[’

proportion of
treatment failures who
are infectious

0.50 (0.25-0.75)

[5, 14]

Table A3

Model validation. After calibration, the model's outputs were compared to the data shown

below, to assess the model's ability to estimate quantities considered relevant to this

simulation.
Statistic Model Data Source
Community TB prevalence, Jan 2007 0.0100 0.0100 [34]
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Statistic Model Data Source
Community MDR prevalence, 2001 0.00029 | 0.00028 | [98]
Community MDR prevalence, 2005 0.00172 | 0.00165 | [23]
MDR admissions (including XDR), 2005-2006 387 396 [33]
XDR admissions, 2005-2006 212 214 [33]
Av. monthly admitted XDR cases, 2005 8.22 9.67 [35]
Av. monthly admitted XDR cases, 2006 9.48 8.17 [35]
Av. monthly admitted non-XDR MDR cases, 2005 5.15 6.08 [35]
Av. monthly admitted non-XDR MDR cases, 2006 9.41 9.08 [35]
XDR/non-XDR MDR relative incidence rate, 2005-2006 1.22 1.18 [35]
ARV-treated population, 2005 1353 1300 [20]
Proportion of community cases that are MDR, 2005 15% 10% [35]
Proportion of community cases that are XDR, 2005 4% 6% [35]
MDR admissions that are XDR, Jan 2007 57% 55% [33]
Proportion of non-XDR MDR cases that are HIVV+, Aug 2006 | 86% T1% [34]
Proportion of XDR cases that are HIVV+, Aug 2006 96% 93% [34]

Page 19

Table A4
Sensitivity analysis displayed as partial rank correlation coefficients (PRCC) to TB
incidence.
Variable PRCC | Definition

fity, 0.00170 | fitness cost of resistance, non-XDR MDR

fit, 0.00512 | fitness cost of resistance, XDR TB

o -0.0197 | background death rate
hiv 0.505 | HIV infection rate
arv -0.0370 | ARV initiation rate

d -0.445 | rate of case detection/treatment

k -0.526 | proportion of treated patients who recover from non-MDR TB

-0.0144 | proportion of treated patients who recover from non-XDR MDR TB
-0.00153 | proportion of treated patients who recover from XDR TB

un’ -0.485 | active TB death rate
an 0.00148 | proportion of treated patients who acquire or amplify resistance: non-MDR to non-XDR MDR
a, 0.00107 | proportion of treated patients who acquire or amplify resistance: non-XDR to XDR MDR TB
p 0.937 | proportion of infected people who develop primary progressive TB

X 0.00129 | degree of susceptibility despite prior infection

a 0.00800 | rate of natural self-cure

v 0.00317 | rate at which slow latent infecteds progress to active TB

T 0.417 | rate at which fast latent infecteds progress to active TB

f 0.913 | proportion of reactivating TB cases that become infectious

w 0.00762 | rate of conversion from non-infectious to infectious TB
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Variable PRCC

Definition

8 0.00370 | rate of relapse from chemotherapeutic cure

¢ 0.0228 | proportion of treatment failures who are infectious

Community TB incidence Community TB prevalence
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Model calibration.
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Figure 1. Model of tuberculosis pathogenesis

Mortality is not depicted, but occurs from all compartments. HIV status and receipt of
antiretroviral therapy further modify the pathogenesis of tuberculosis; transitions between
tuberculosis strains due to amplified and acquired resistance or exogenous re-infection also
occur.
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Tuberculosis states are further characterised by the sub-states of infectious tuberculosis,
non-infectious tuberculosis, or treatment failure, as shown in figure 1. One inpatient setting

is simulated, representing the tuberculosis ward of the Ch

urch of Scotland Hospital in

Tugela Ferry. However, susceptible, latently-infected, and recovered patients could be

admitted to this ward as false positive tuberculosis cases,

and health-care workers also

constitute part of the susceptible inpatient population. Mortality is not depicted.
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Figure 3. Incident cases of drug-resistant tuberculosis

Number of XDR tuberculosis cases increased from 194 in 2007 (range 122-316) to 234 in
2012 (147-380), whereas the total number of MDR tuberculosis cases rises from 352 in
2007 (223-531) to 425 in 2012 (269-640). Incident cases of overall tuberculosis increased
from 1780 in 2007 (1287-2313) to 1890 in 2012 (1397-2423). Error bars in all figures
indicate maximum and minimum values obtained through uncertainty analysis, in which the
values of parameters were varied across the range of possible values (tables 1 and 2 in the
webappendix).
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Figure4. Burden of drug-resistant tuber culosis on the hospital

Without new interventions, the proportion of inpatients with any form of MDR tuberculosis
is predicted to increase from 51% in 2007 to 78% in 2012, whereas those with XDR
tuberculosis increased from 29% to 48%. XDR tuberculosis consisted of 57% of all MDR
tuberculosis inpatients in 2007, increasing to 62% in 2012.
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Figure 5. XDR tuber culosis cases averted through administrative measur es, 20072012
LOS=reducing the length of inpatient stay to 5 days (from the current average of 21 days);
use of rapid rifampicin resistance tests for the diagnosis of MDR tuberculosis.
GTMD=GenoType Mycobacteria Direct, HAIN Diagnostics. MODS=microscopic-
observation drug-susceptibility assay. Detention=enforcing involuntary detention of
confirmed XDR tuberculosis patients who refuse therapy, without the implementation of
new isolation facilities.
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Figure 6. XDR tuber culosis cases averted through environmental measures to reduce nosocomial
transmission, 2007-2012

Nat vent=improvements in natural ventilation. Mech=using a mechanical ventilation system.
HEPA=high-efficiency particulate air filters. UVGI=ultraviolet germicidal irradiation.
Individual=providing individual isolation facilities. Cluster=separation of patients into units
of five patients or ten patients (from the baseline 40-patient unit).
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Figure 7. XDR tuber culosis cases averted through personal protective measuresto reduce
nosocomial transmission, 2007-2012

Staff mask=provision of N95 masks to staff members. Staff+patient mask=additionally
providing patients with basic surgical masks; Enforce=maintaining a dedicated infection
control officer to enforce adherence to mask use. VCT+ARV=provision of voluntary
counselling and testing, with subsequent antiretroviral therapy to those admitted patients
who qualify.
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Figure 8. Efficacy of rapidly-available combinations of strategiesto reduce nosocomial
transmission

Mask=Dboth staff N95 respirators and patient masks with adherence enforcement.
LOS=reducing average length of stay to 5 days. Vent=improvements in natural ventilation.
MODS=microscopic observed drug susceptibility assay. VCT=voluntary counselling and
testing in admitted patients, with subsequent antiretroviral therapy to those who qualify. 5
pt=isolating patients in groups of five patients.
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