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Comparing different technologies 
for active TB case-finding among 
the homeless: a transmission-
dynamic modelling study
Tendai Mugwagwa 1,2, Helen R. Stagg  3, Ibrahim Abubakar 3,4 & Peter J. White  1,2

Homeless persons have elevated risk of tuberculosis (TB) and are under-served by conventional health 
services. Approaches to active case-finding (ACF) and treatment tailored to their needs are required. A 
transmission-dynamic model was developed to assess the effectiveness and efficiency of screening with 
mobile Chest X-ray, GeneXpert, or both. Effectiveness of ACF depends upon the prevalence of infection 
in the population (which determines screening ‘yield’), patient willingness to wait for GeneXpert 
results, and treatment adherence. ACF is efficient when TB prevalence exceeds 78/100,000 and 46% of 
drug sensitive TB cases and 33% of multi-drug resistant TB cases complete treatment. This threshold 
increases to 92/100,000 if additional post-ACF enhanced case management (ECM) increases treatment 
completion to 85%. Generally, the most efficient option is one-step screening of all patients with 
GeneXpert, but if too many patients (>27% without ECM, >19% with ECM) are unwilling to wait the 
90 minutes required then two-step screening using chest X-ray (which is rapid) followed by GeneXpert 
for confirmation of TB is the most efficient option. Targeted ACF and support services benefit health 
through early successful treatment and averting TB transmission and disease. The optimal strategy is 
setting-specific, requiring careful consideration of patients’ needs regarding testing and treatment.

In England in 2015, 5,758 TB cases were notified1, of which 4.4% had a history of homelessness1. In that year, 
the prevalence of resistance to at least rifampicin (RIF) or both RIF and isoniazid (hereafter referred to as MDR 
TB) was 3.6% in the TB disease of the homeless, compared to England’s national average of 1.6%1. Recently, the 
Collaborative Tuberculosis Strategy for England highlighted the need to improve access to health services, ensure 
early TB diagnosis, and tackle MDR TB in under-served groups2. In low TB burden countries, appropriately 
targeted interventions such as active case finding (ACF) can be effective in controlling TB3,4. The use of a mobile 
X-ray unit (MXU) successfully reduced TB transmission in Paris5 and Rotterdam6.

Approaches to TB control need to be effective and efficient. There are several possible approaches to screening 
using different technologies in a mobile unit: chest X-ray (CXR) followed by referral to hospital for diagnosis and 
treatment if appropriate; GeneXpert (GX) MTB/RIF, which diagnoses TB in the mobile unit followed by referral 
to hospital for TB treatment; or CXR followed by GX on the mobile unit followed by referral to hospital for TB 
treatment for those with abnormal CXR and positive GX results. GeneXpert can detect Mycobacterium tubercu-
losis (MTB) and RIF resistance, a marker for MDR TB (since RIF resistance is typically associated with resistance 
to isoniazid), with high sensitivity in about 90 minutes7, and has been shown to be beneficial in TB control8–10. 
Adherence to TB treatment is often difficult for homeless persons; treatment completion in the absence of assis-
tance has been recorded as 46% for drug sensitive (DS) TB cases among the homeless in London11.

Using an integrated transmission-dynamic and health-economic mathematical model we evaluated different 
screening approaches, considering the resource requirements and benefits relating not only to the individuals 
who are screened and (where appropriate) treated but also to the population through averting TB transmission. 
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We considered different strategies for case-finding and diagnosis and examined how the prevalence of infection 
and MDR TB affects effectiveness and efficiency.

Methods
Model description. We developed a mathematical model describing pulmonary TB transmission and 
disease progression in a population of homeless persons (Fig. 1a), parameterised from the literature1,7,11–31. 
Individuals enter the population through becoming homeless and exit from the population through ceasing to 
be homeless or death (natural or TB associated). Individuals entering the homeless population are assumed to 
be uninfected, as prevalence in the general population is extremely low. Individuals who cease to be homeless 
re-enter the general population, with those who acquired TB infection whilst homeless still being at risk of 
progressing to active disease and requiring treatment. This enables us to capture the benefits of reducing TB 
transmission in the homeless population in averting illness in people who cease to be homeless. We vary the 
prevalence of active TB from 10 to 2000 per 100,000, and the proportion of infections that are MDR TB from 
3% to 15%.

The model’s representation of the natural history of TB and effects of treatment are shown in Fig. 1. Uninfected 
individuals who acquire either DS TB or MDR TB infection develop either fast-progressing or slow-progressing 
latent infection; the latter can be subject to exogenous re-infection, leading to fast-progressing latent infection. 
They progress to active disease which is either sputum smear-negative or smear-positive, with the latter being 
more infectious32. Smear-negative disease can progress to become smear-positive. In the absence of treatment 
individuals can revert to latent infection due to natural immune processes.

Following diagnosis (Fig. 1), patients begin treatment, with a proportion being adherent and completing treat-
ment and the remainder not doing so. The duration of completed treatment is longer for MDR TB. Successfully 
treated patients are rendered non-infectious whilst on treatment33, and upon completion enter a recovered state 
in which they have partial immune protection against subsequent infection. Non-adherent patients remain infec-
tious whilst on treatment and upon loss to follow up return to their previous disease state. Inappropriately treated 
adherent patients can have their treatment corrected after obtaining drug sensitivity test results (DST).

For simplicity, we consider two TB strains in circulation, drug sensitive (DS) TB and MDR TB. The resource 
requirements and duration of MDR TB treatment is significantly higher than drug sensitive and mono-resistant 
TB. In the model MDR TB arises in DS TB infected patients who are non-adherent to treatment (acquired resist-
ance) at a rate of 0.035 per year. MDR TB is also transmitted by patients who are already infected by MDR TB 
(primary resistance)34. The MDR TB transmission rate is fitted for each scenario to produce the required % MDR 
TB at baseline.

The average duration of symptoms prior to presenting to healthcare is 121 days and the diagnostic delay 
until starting treatment is 16 days for smear negatives and 1 day for smear positives11. Patients who are sputum 
smear-positive are presumptively started on DS TB treatment prior to receiving culture analysis and DST results. 
MDR TB cases switch to appropriate treatment once the TB culture and DST results are obtained. Smear-negative 
cases face a delay of up to 8 weeks35, for culture-based TB confirmation and DST results before starting treatment, 
during which time they may be lost to follow up before treatment initiation. Treatment of drug-sensitive TB takes 
6 months and MDR TB treatment takes 20 months13. Patients on inappropriate treatment remain fully infectious 
regardless of adherence and are not cured36. In scenarios where GeneXpert is used, false positive results could 
lead to unnecessary treatment for TB or treatment for MDR TB when the infection is drug sensitive, which will 
be rectified as part of clinical management following culture and DST results.

Patients who self-present to health services (“passive case-finding”) are screened using chest X-ray (Fig. 1b), 
and patients with abnormal radiology are offered sputum smear microscopy and culture testing. Smear-positive 
patients are treated for TB (which is presumed to be DS, with the regimen changed if drug resistance is detected 
by culture); smear-negative patients are treated if they receive a positive culture result.

In the model we compare intervention strategies, starting each time with a steady-state population (with 
passive case-finding) prior to the intervention (parameter values summarised in Supplementary Table S1). The 
mobile screening unit implements each of the following ACF strategies (summarised in Table 1 and Fig. 1b,c): 
CXR: screening by chest X-ray, with cases of abnormal radiology referred to hospital for diagnosis; GX: screening 
by GeneXpert, with TB (and MDR TB) diagnosed on the mobile unit, and if TB is diagnosed then patients are 
referred to hospital for treatment; CXR + GX: initial screening by chest X-ray, with cases of abnormal radiology 
tested by GeneXpert on the mobile unit, and diagnosed cases of TB referred to hospital for treatment. In all cases 
patients referred to hospital are given assistance, which requires staff time. Rates of mobile screening were based 
on Jit et al.11 and adjusted for the performance of different testing technologies. For the GX option, in which all 
patients are screened by GeneXpert, a 16-channel GeneXpert machine is required, whilst for the CXR + GX 
option a 4-channel machine is sufficient. As homeless patients often require assistance in adherence to treatment, 
we calculated a threshold resource requirements for enhanced case management (ECM) which increases the 
proportion of diagnosed patients successfully completing treatment to the WHO target level of 85%37, for both 
DS TB and MDR TB: if ECM can be provided for less resource per patient than this threshold then it would be 
considered favourable.

Unit costs and health utility values (measured in QALYs) are given Supplementary Table  S2 and 
Supplementary Table 3. Prices were adjusted to 2015–16 values using the hospital & community health services 
(HCHS) index25. Future resource requirements and health benefits were discounted at a rate of 3.5% per annum 
as recommended for the UK by the National Institute for Health and Care Excellence (NICE)14. Cumulative 
discounted resource requirements and health outcomes were calculated for the lifetime of the initial cohort (100 
model simulation years). The incremental net benefit (INB) of an intervention is calculated as follows. The incre-
mental health benefit (compared with baseline) is multiplied by the monetary value of a unit of health. In the UK, 
health is measured in QALYs. In the UK a QALY is typically valued at £20,000 – £30,000 and it is usual practice to 
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use both values. The incremental resource requirement of an intervention is subtracted from the monetary value 
of the incremental health benefit to derive the INB. If the INB is positive then the intervention is more favourable 
than the comparator.

Figure 1. Flow diagram showing health states, treatment outcomes and the passive and active case-finding 
care pathways followed by patients in the compartmental model of tuberculosis. (a) Compartments labelled 
in red denote infectious health states. Dashed lines represent the process of diagnosis and treatment initiation, 
following pathways represented in (b) and (c). Panel (b) shows the radiology based case finding pathway and  
(c) the radiology followed by GeneXpert case finding pathway. MDR TB* disease presumptively treated with DS 
TB drugs switched to MDR TB treatment after DST results.
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There is a lack of information on the resource requirements of providing effective ECM, so we calculated 
the maximum daily requirement for providing ECM to a patient on treatment below which the whole interven-
tion package would be considered efficient, considering the benefits of ECM in terms of its effects on other net 
resource requirements and health (QALYs), with a QALY valued at £20,000 or £30,000. We calculated the net 
health benefit and net resource saving accruing from increasing the treatment completion rate from 46% for DS 
TB cases and 33% of MDR TB cases to the target of 85%, and then calculated the corresponding monetary value 
if a QALY were valued at £20,000 or £30,000.

A potential difficulty in using GeneXpert in the mobile unit is loss to follow-up of patients awaiting their test 
result, which takes around 90 minutes. A study of patients seeking testing for sexually-transmitted infections 
found that most would not even wait 30 minutes for the results of a test that they had sought and travelled to 
obtain38, whereas the TB screening service approaches individuals and invites them to be tested for an infection 
that they probably do not have. This will be particularly challenging if GeneXpert were used to screen all patients, 
meaning that a large number of patients would have to have long waits. Patients lost to follow up whilst awaiting 
the GeneXpert result cause testing resources to be used for no health benefit (to the patient or the population, 
from averted transmission) or resource savings (from averted transmission). We examine how varying the pro-
portion of patients lost to follow-up during GX screening affects the relative efficiency of the screening options 
without ECM and with ECM.

Parameter estimation and model fitting. Demographic parameter values for the modelled homeless 
population were based on the Combined Homelessness and Information Network (CHAIN) database12. We con-
sidered a range of DS and MDR TB prevalence that encompasses values reported elsewhere15,39. TB transmission 
model parameter values were either obtained from literature11,16,17, or estimated by model fitting. TB case-finding 
rates by mobile radiology screening were based on Jit et al.11. The model was implemented in Python version 2.7 
using the Forward Euler method and fitted to prevalence on treatment and proportion MDR TB using Python’s 
‘leastsq’ algorithm. Homeless settings with varying TB burden and demography were considered. Details of 
model parameter values are shown in Supplementary Table S1.

Sensitivity analysis. We performed one-way sensitivity analyses varying screening and diagnostic accu-
racy parameters ± 20% around their posterior means for the baseline population. The rest of the model parame-
ters were fixed (values given in Supplementary Table S1, Supplementary Table S2 and Supplementary Table S3). 
Incremental net benefit was evaluated for each strategy in Table 1 and a ranking assigned relative to the rest of the 
strategy grouping with or without ECM.

Results
Impact of ACF over time. All ACF strategies reduced the burden of active TB (Fig. 2a) by identifying and 
treating cases earlier than passive case-finding alone and therefore reducing the prevalence of untreated active TB, 
which also averts onward transmission, thus reducing incidence (Supplementary Figure S1 and Supplementary 
Figure S2). Figure 2a shows how the ACF with CXR, GX, and CXR + GX affects TB dynamics in settings with three 
different TB burdens that are “higher” (initial prevalence 2,000 per 100,000), “medium” (1,000 per 100,000) and 
“lower” (100 per 100,000) for homeless populations. As would be expected, the greatest impact in reducing trans-
mission and disease was in the higher TB burden setting and the least impact in the lower-burden setting (Fig. 2a).

The GX and CXR + GX options result in fewer referrals to hospital than CXR option. This reduces resource 
requirements of assistance in referral. However, the GX option requires that all patients have a long waiting time 
(GeneXpert takes about 90 minutes), whereas with the CXR and CXR + GX options patients receive their X-ray 
result quickly. Those with normal radiography therefore have no further wait, whilst those with abnormal radiog-
raphy are assumed to have a motivation to wait for the GeneXpert result to discover if the abnormality is due to TB.

Over time the prevalence of active TB declines due to a reduction in the average duration of illness prior to 
diagnosis and treatment, and due to a reduction in the incidence of infection resulting from the reduction in prev-
alence. Health, measured in Quality-Adjusted Life-Years (QALYs), is gained in the population through averting 
death due to TB, and averting morbidity due to TB and improved health associated with TB treatment (Fig. 2b). 
The resource needs of the programme are highest in the first year (Fig. 2c), partly due to setting-up and partly 
because the highest rates of treatment occur in the first year due to the prevalence of active TB being highest; 
subsequently the need for treatment declines due to incidence decreasing.

Screening strategy

Tests performed by mobile unit TB diagnosis 
location

Tests performed in clinic Enhanced case management 
for treatmentX-ray GeneXpert Sputum smear Culture

CXR Yes Clinic Yes Yes

CXR + ECM Yes Clinic Yes Yes Yes

GX Yes Mobile unit Yes

GX + ECM Yes Mobile unit Yes Yes

CXR + GX Yes Yes Mobile unit Yes

CXR + GX + ECM Yes Yes Mobile unit Yes Yes

Table 1. Summary of screening, diagnosis and treatment management strategies considered. Note that the table 
indicates the tests (except for the smear test which occurs at the hospital) performed on the mobile unit before 
referral of appropriate patients to hospital for diagnosis/treatment.
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The changing patterns over time in the health benefits and resource requirements of the programme mean that 
the incremental net benefit (INB; calculated for the lifetime of the initial cohort, 100 model simulation years, by 
expressing incremental health benefits in monetary terms and subtracting resource requirements, as explained in 
the Methods section) is lowest in the first year and then increases over time (Fig. 2d). Where the INB is negative 
the programme would be considered unfavourable and where it is positive the programme would be considered 
favourable. This means that the time period considered in the analysis is important: the annual INB only becomes 
positive in the higher-burden setting in year 2 or 3 (depending on the strategy) and in the medium-burden setting 
in years 2–5; the longer the time-period that is considered the more favourable the programme because the health 
benefits are greater in later years whilst the resource requirements are lower. Importantly, in the lower burden 
setting, the annual INB only becomes positive in year 11 (not shown).

Efficiency of ACF strategies in settings with different prevalences of TB and MDR TB. We exam-
ined how the prevalence of TB and specifically MDR TB affects the efficiency of interventions by varying those 
prevalences (Fig. 3a–d). For each intervention option there is a minimum prevalence below which screening is 
not favourable even if a QALY were valued at £30,000; there is a range of prevalence in which screening would be 
favourable if a QALY were valued at £30,000 but not £20,000; finally, there is a prevalence above which screening 
would be favourable if a QALY were valued at £20,000.

When TB prevalence is high, screening is more likely to be efficient (Fig. 3a–d) due to the greater yield of 
screening and averting more TB transmission and consequent active TB disease (Supplementary Figure S1). At 
a low TB prevalence (below 78 per 100,000), the number of TB cases averted was low and reductions in future 
resource requirements were lower than intervention resource requirements, and the positive predictive value 
(PPV) of screening was low, resulting in a high proportion of false positives which incur resource requirements 
of referral, and potentially treatment, without a health benefit. As TB burden increases, PPV increases, as do the 
resource savings and health benefits of averting more TB disease relative to intervention resource requirements.

Across the ranges of TB burden and MDR TB proportions, where screening was favourable the most efficient 
strategy was the GX option – if patients are willing to wait the 90 minutes required for the test (Fig. 4a). This is 
examined further, below.

Figure 2. Impact of different active case-finding strategies on TB prevalence, resource requirements, QALYs 
and overall efficiency over time in settings with different TB burden. (a) Untreated active TB prevalence,  
(b) annual incremental resource requirement, (c) annual incremental QALYs, (d) annual incremental net 
benefit in settings with a TB burden that was lower (initial prevalence 100 per 100,000), medium (1,000 per 
100,000) and higher (2,000 per 100,000) settings. The proportion of untreated active MDR TB was fixed at 
7.5%, the mid-point of the range considered in this paper. The treatment completion rate is set at 46% for 
drug-sensitive TB cases and 33% of MDR TB cases. Time zero indicates the starting conditions, before ACF is 
introduced. For GeneXpert, the bars represent the scenario with no loss to follow-up whilst awaiting the test 
result; the effect of 50% loss to follow-up is shown by the dots.
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How much is it worth spending on enhanced case management? Providing enhanced case man-
agement (ECM) to patients to increase treatment completion has benefits for the health of the average treated 
individual (increasing the health benefit obtained per person diagnosed) and reduces onward transmission 
(Supplementary Figure S1 and Supplementary Figure S2), both of which increase overall efficiency – provided 
that ECM is not too resource-intensive (Fig. 5a–d). There is a maximum cost of providing ECM per patient per 
day above which ECM would not be considered favourable. This maximum cost depends upon the cost savings 
(in £) occurring as a result of ECM, the health benefits (in QALYs) resulting from ECM, and the monetary value 
of a QALY (which allows health gains in QALYs to be converted to a value in £). If the resource requirements 
of ECM per patient per day were more than this threshold then it would not be considered favourable, whilst if 
ECM required less than this threshold then it would be considered favourable (Fig. 5a–d). The particular value of 
the threshold for ECM to be considered favourable depends upon the setting. In settings with higher rates of TB 
transmission and higher proportions of TB that is MDR there is a greater benefit of successful treatment because a 
greater amount of transmission is then averted, producing greater health benefits, as well as greater resource sav-
ings from averting future cases of illness that would require treatment. GX with ECM – provided patients waited 
for their test results – was the most efficient strategy for ACF (Fig. 4b).

Loss to follow-up whilst awaiting GeneXpert results. Considering the potential problem of loss to 
follow-up of patients awaiting their GeneXpert test result, we examine how varying the proportion of patients lost 

Figure 3. Efficiency of different active case finding (ACF) strategies without enhanced case management 
(ECM) in different settings. Different ACF strategies were compared with current practice in different settings 
in which the prevalence of untreated active TB prior to intervention was varied, along with (a–d) the percentage 
of multi-drug/rifampicin resistant (MDR) TB among the untreated active TB cases, (e–g) the proportion of 
individuals lost to follow-up whilst awaiting GeneXpert results or (h–k) the homeless population size. The 
incremental net benefit of each strategy without ECM was calculated over the lifetime of the initial cohort. 
Panels (a–c) and (h–j) represent scenarios in which all individuals screened with GeneXpert wait for their 
results (no loss to follow-up (LTFU)); panels (d) and (k) represent scenarios with 50% LTFU.
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Figure 4. The most efficient active case finding (ACF) strategy in different settings. A summary of the most 
efficient ACF strategy based on (a,c,e) incremental net benefit of each strategies without treatment management 
and (b,d,f) maximum threshold resource requirements for enhanced case management for strategies in different 
population setting. Different ACF strategies were compared with current practice in different settings in which 
the prevalence of untreated active TB prior to intervention was varied, along with (a,b) the percentage of multi-
drug/rifampicin resistant (MDR) TB among the untreated active TB cases, (c,d) the proportion of individuals 
lost to follow-up (LTFU) whilst awaiting GeneXpert results or (e,f) the homeless population size. Default 
parameter values in Supplementary Table S1, Supplementary Table S2 and Supplementary Table S3 were used. 
The “INB < 0” result indicates that no option had a positive INB with a QALY valued at £20,000. Panels  
(a,b) and (e,f) represent scenarios in which all individuals screened with GeneXpert wait for test results (no LTFU).
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to follow-up during GX screening affects the relative efficiency of the screening options without ECM (Fig. 3e–g)  
and with ECM (Fig. 5e–g). If patients are lost to follow-up whilst awaiting GeneXpert results for GX and 
CXR + GX options then the GX option is the most efficient. However, it is likely that patients with an abnormal 
chest X-ray will wait for the GeneXpert result to determine the cause of the abnormality, and since only a small 
number of patients require the second step they can be accommodated on the van whilst waiting. If there is no 
loss to follow-up with the CXR + GX option, then it is more efficient than the GX option if the GX option’s loss to 
follow-up rate is > 27%, in the absence of ECM for those treated for TB (Fig. 4c,d). If ECM for treatment is pro-
vided then if the untreated TB burden is > 640 per 100,000 and the proportion of patients lost to follow-up in GX 
screening is < 19% then the GX + ECM option may be more efficient than CXR + GX + ECM (Fig. 4d); but note 
that in this region of the graph there is a trade-off of untreated TB prevalence vs proportion lost to follow-up); 
otherwise CXR + GX + ECM is more efficient than GX + ECM.

Figure 5. A summary of the maximum cost for enhanced case management (ECM) that would be considered 
favourable in different settings. Different ACF strategies were compared with current practice in different 
settings in which the prevalence of untreated active TB prior to intervention is varied, along with (a–d) the 
percentage of multi-drug/rifampicin resistant (MDR) TB among the untreated active TB cases, (e–g) the 
proportion of individuals lost to follow-up whilst awaiting GeneXpert results or (h–k) the homeless population 
size. The cost for enhanced case management per individual per day on treatment is calculated for each strategy 
with ECM with a QALY valued at £20,000. Above this threshold, the ACF strategy would not be unfavourable. 
Red indicates that ACF is not favourable even if treatment completion of 85% occurred without ECM being 
required. Panels (a–c) and (h–j) represent scenarios in which all individuals screened with GeneXpert wait for 
test results (no loss to follow-up (LTFU)); panels (d) and (k) represent scenarios with 50% LTFU.
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The effect of population size on efficiency. The effectiveness and efficiency of different strategies in dif-
ferent settings is also influenced by population size. With the mobile unit capable of a fixed number of screening 
events per year, the larger the population the lower the per-capita rate of screening per year. If the population 
size and TB burden are low then the absolute number of cases averted is too small for any resource savings to 
outweigh the intervention resource requirements, making all strategies unfavourable regardless of whether ECM 
is used (Fig. 5h–k) or not (Fig. 3h–k). Efficiency increases with both increasing population size and TB burden 
in all the ACF strategies.

In the absence of ECM, simultaneously varying the population size and untreated TB prevalence prior to 
intervention (all other parameters are fixed to baseline values) shows that the GX option is the most efficient 
regardless of population size (Fig. 4e). However, in the presence of ECM, if untreated TB prevalence prior to 
intervention is below 622 per 100,000, then the CXR + GX option replaces the GX option as the most efficient 
intervention regardless of population size (Fig. 4f). The CXR + GX option is also the most efficient in small pop-
ulation size settings above this TB burden.

Sensitivity analysis. We tested the importance of uncertainty in parameter values. The efficiency of the dif-
ferent options is affected by variation in screening and diagnostic accuracy, and this can also affect the efficiency 
rank order of the options. A decrease in specificity, or sensitivity, lowers the performance and ranking of any 
ACF strategy using the affected technology due to an increase in false positives, and a reduction true positives, 
respectively (Fig. 6). An increase in specificity, or sensitivity, has the opposite respective effects. Without ECM, 
GX is always the top-ranked intervention option regardless of any changes in specificity or sensitivity of the dif-
ferent technologies. In the presence of ECM, the CXR + GX option displaces the GX option as the most efficient 
intervention in the lower-bound case of GX specificity and in the lower-bound case of sensitivity of CXR. The 
efficiency rank order of the options remains robust with all other variations in screening and diagnostic accuracy.

Discussion
We evaluated the effectiveness of different technologies for screening homeless populations for TB, using a mobile 
unit: chest X-ray (CXR) followed by referral to hospital for diagnosis and treatment if appropriate; GeneXpert 
(GX) MTB/RIF, which diagnoses TB in those who test positive, in the mobile unit followed by referral to hospital 
for TB treatment; or CXR followed by GX on the mobile unit followed by referral to hospital for TB treatment for 
those with abnormal CXR and positive GX results. This study shows that ACF can play an important role in TB 
control among the homeless, and that it is important to use ECM to ensure high rates of treatment adherence and 
completion, since inadequate treatment can lead to transmission of TB to others and an increased risk of devel-
oping drug resistance in the individual patient.

Whilst other studies have evaluated similar ACF strategies in a general population (e.g. ref.40) this is the first 
study to assess the impact of ACF and ECM strategies targeted at high risk groups with varying TB burden to 
assess transmission-dynamic effects and efficiency in different settings, which is an important factor when faced 
with budget constraints. This and other studies in Rotterdam and Paris, showed that ACF in the homeless can 
reduce TB prevalence over time5,6. This was also attributed to a reduction in transmission, as shown by a drop 
in TB molecular clusters from 75% to 30% in the Paris study5, and from 82% to 45% in Rotterdam6. Our model 
accounts for individual-level ACF benefits such as early TB detection and early treatment initiation, as did oth-
ers11,40, but also the model accounts for population-level benefits, in reducing TB transmission.

The most efficient strategy for ACF was generally GX or CXR + GX, depending upon the proportion of patients 
who are willing to wait the 90 minutes required for GeneXpert testing when it is used as a single-step test. If the 
proportion lost to follow-up is too high (>27% without ECM or >19% with ECM) then CXR + GX is the most 
efficient strategy because it greatly reduces the number of patients required to wait for GeneXpert testing, and an 
abnormal X-ray gives patients an incentive to wait for a TB diagnosis. Empirical research is required to determine 
the willingness to wait of patients offered single-step GeneXpert screening, and to test our assumption that patients 
with an abnormal CXR would be willing to wait for their GeneXpert result. Wiliness to wait is likely, however, to 
be low as demonstrated by a recent UK study which showed that only 8.5% of individuals tested for chlamydia and 
gonorrhoea were willing to wait over 90 minutes for a point-of-care test result, despite their having sought testing41.

The benefit of using GeneXpert in the mobile unit is that it reduces the number of patients who are referred to 
hospital because only those with TB diagnosed by GeneXpert are referred (for treatment), rather than all patients 
with abnormal X-ray being referred (for diagnostic testing). It allows for prompt and appropriate treatment initi-
ation, reducing the amount of false positive TB cases. However, screening with GeneXpert excludes a significant 
number of smear-negative TB cases due to its low sensitivity for such patients, which means that they do not obtain 
the benefit of treatment, and they remain infectious, although they are less infectious than smear-positive cases32.

Sensitivity analysis found that the rank-order of efficiency of different ACF strategies was mainly affected by 
uncertainty in parameters associated with chest X-ray or GeneXpert diagnostic test sensitivity and/or specificity.

In the ‘lower’ and ‘medium’ TB burden scenarios, efficiency was largely determined by the overall TB burden 
rather than the ratio of DS TB to MDR TB in the population. High screening and confirmation specificity is 
particularly important in such settings to reduce false TB positives40. These would otherwise incur resource use 
for screening, hospital referral, and in some cases treatment, for no health benefit. Additional consequences of 
unnecessary treatment include patient anxiety, morbidity from additional testing possible delays in further diag-
nostic evaluation7. In the ‘higher’ TB burden scenario, high sensitivity for active TB disease is desirable as averted 
treatment and case management requirements determines efficiency. If the DS TB to MDR TB ratio in a high TB 
burden population is high then using GeneXpert for TB confirmation can lead to false MDR TB positive cases. 
Unnecessary treatment with MDR TB drugs is not only resource-intensive, but can also have negative health 
consequences due to side effects7.
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In conclusion, active case-finding and enhanced case management of treated patients can reduce TB trans-
mission among the homeless, by reducing the period for which individuals are infectious prior to diagnosis 
and promoting successful treatment, respectively. Both of these factors reduce the prevalence of active TB cases, 
which reduces TB transmission, reducing incidence, and thereby reducing future prevalence of disease and 
need for care. It is important to note that there is a minimum prevalence below which active case-finding is not 
favourable. Where intervention is favourable, the most efficient approach depends upon the particular setting and 
upon patient behaviour. A key determinant of whether the most efficient approach is single-step screening with 
GeneXpert or two-step screening with chest X-ray followed by GeneXpert is the willingness of patients to wait for 
GeneXpert results, so empirical study is required to assess the feasibility and effectiveness of the two approaches.

References
 1. Davidson, J. A. et al. Tuberculosis in England: annual report. https://www.gov.uk/government/publications/tuberculosis-in-

england-annual-report. (Accessed: 26th January 2017). (2016).
 2. Abubakar, I. et al. Collaborative tuberculosis strategy for England. https://www.gov.uk/government/publications/collaborative-

tuberculosis-strategy-for-england. (Accessed: 29th January 2015) (2015).

Figure 6. One way sensitivity analysis. Individual parameters were varied by ± 20% from their posterior mean 
and the rest of the model parameters remained fixed to values in Supplementary Table S1. Model simulations were 
run with initial untreated active TB prevalence of 1000 per 100,000, of which 7.5% was MDR TB, and each strategy 
ranked relative to the rest according to efficiency. All individuals screened with GeneXpert wait for their results (no 
loss to follow-up). (a) Shows results from strategies without ECM and (b) shows results from strategies with ECM.

https://www.gov.uk/government/publications/tuberculosis-in-england-annual-report
https://www.gov.uk/government/publications/tuberculosis-in-england-annual-report
https://www.gov.uk/government/publications/collaborative-tuberculosis-strategy-for-england
https://www.gov.uk/government/publications/collaborative-tuberculosis-strategy-for-england


www.nature.com/scientificreports/

1 1SCIENTIFIC RepoRts |  (2018) 8:1433  | DOI:10.1038/s41598-018-19757-5

 3. White, P. J. & Abubakar, I. Improving Control of Tuberculosis in Low-Burden Countries: Insights from Mathematical Modeling. 
Front. Microbiol. 7, 394, https://doi.org/10.3389/fmicb.2016.00394 (2016).

 4. Paquette, K. et al. Chest radiography for active tuberculosis case finding in the homeless: a systematic review and meta-analysis. Int. 
J. Tuberc. Lung Dis. 18, 1231–6, https://doi.org/10.5588/ijtld.14.0105 (2014).

 5. Bernard, C. et al. Impact of a 14-year screening programme on tuberculosis transmission among the homeless in Paris. Int. J. Tuberc. 
Lung Dis. 16, 649–55, https://doi.org/10.5588/ijtld.11.0241 (2012).

 6. de Vries, G., van Hest, R. A. H. & Richardus, J. H. Impact of mobile radiographic screening on tuberculosis among drug users and 
homeless persons. Am. J. Respir. Crit. Care Med. 176, 201–207, https://doi.org/10.1164/rccm.200612-1877OC (2007).

 7. Steingart, K. R. et al. Xpert® MTB/RIF assay for pulmonary tuberculosis and rifampicin resistance in adults. Cochrane Database 
Syst. Rev. 1, CD009593, https://doi.org/10.1002/14651858.CD009593.pub3 (2014).

 8. Theron, G. et al. Feasibility, accuracy, and clinical effect of point-of-care Xpert MTB/RIF testing for tuberculosis in primary-care 
settings in Africa: a multicentre, randomised, controlled trial. Lancet 383, 424–435, https://doi.org/10.1016/S0140-6736(13)62073-
5 (2014).

 9. Vassall, A. et al. Rapid diagnosis of tuberculosis with the Xpert MTB/RIF assay in high burden countries: a cost-effectiveness 
analysis. PLoS Med. 8, e1001120, https://doi.org/10.1371/journal.pmed.1001120 (2011).

 10. Dowdy, D. W. et al. Population-Level Impact of Same-Day Microscopy and Xpert MTB/RIF for Tuberculosis Diagnosis in Africa. 
PLoS One 8, e70485, https://doi.org/10.1371/journal.pone.0070485 (2013).

 11. Jit, M. et al. Dedicated outreach service for hard to reach patients with tuberculosis in London: observational study and economic 
evaluation. Br. Med. J. 343, d5376, https://doi.org/10.1136/bmj.d5376 (2011).

 12. Combined Homelessness and Information Network. http://data.london.gov.uk/dataset/chain-reports. (Accessed: 7th March 2016) 
(2016).

 13. Drobniewski, F. et al. Systematic review, meta-analysis and economic modelling of molecular diagnostic tests for antibiotic 
resistance in tuberculosis. Health Technol. Assess. 19, 1–188, vii–viii, https://doi.org/10.3310/hta19340 (2015).

 14. National Institute for Health and Care Excellence. Methods for Development of NICE Public Health Guidelines. http://www.
nicedsu.org.uk/NICE-Methods-Guide-updates(1985333).htm. (Accessed: 28th August 2014) (2013).

 15. Cudahy, P. & Shenoi, S. V. Diagnostics for pulmonary tuberculosis. Postgrad. Med. J. 92, 187–93, https://doi.org/10.1136/
postgradmedj-2015-133278 (2016).

 16. Salomon, J. A. et al. Prospects for advancing tuberculosis control efforts through novel therapies. PLoS Med. 3, e273, https://doi.
org/10.1371/journal.pmed.0030273 (2006).

 17. Abu-Raddad, L. J. et al. Epidemiological benefits of more-effective tuberculosis vaccines, drugs, and diagnostics. Proc Natl Acad Sci 
USA 106, 13980–13985, https://doi.org/10.1073/pnas.0901720106 (2009).

 18. Department for Communities and Local Government. Annual report on rough sleeping. http://webarchive.nationalarchives.gov.
uk/20120919132719/http:/www.communities.gov.uk/documents/housing/pdf/156723.pdf. (Accessed: 23rd May 2017) (1998).

 19. National Tuberculosis Institute. Tuberculosis in a rural population of South India: a five-year epidemiological study. Bull. World 
Health Organ. 51, 473–88 (1974).

 20. Cox, H. S. et al. Risk of acquired drug resistance during short-course directly observed treatment of tuberculosis in an area with high 
levels of drug resistance. Clin. Infect. Dis. 44, 1421–7, https://doi.org/10.1086/517536 (2007).

 21. Abubakar, I. et al. Evaluation of the find and treat service for the control of tuberculosis amongst hard to reach groups. http://www.
nice.org.uk/guidance/ph37/documents/economic-analysis-of-identifying-and-managing-tuberculosis-in-hard-to-reach-groups-
homeless-and-prison-populations-2. (Accessed: 21st January 2015) (2011).

 22. Boehme, C. C. et al. Rapid Molecular Detection of Tuberculosis and Rifampin Resistance. N. Engl. J. Med. 363, 1005–1015, https://
doi.org/10.1056/NEJMoa0907847 (2010).

 23. Taegtmeyer, M. et al. The clinical impact of nucleic acid amplification tests on the diagnosis and management of tuberculosis in a 
British hospital. Thorax 63, 317–21, https://doi.org/10.1136/thx.2007.083816 (2008).

 24. NHS. NHS England guide to the Enhanced Tariff Option for 2015/16. https://www.england.nhs.uk/resources/pay-syst/tariff-guide/ 
(Accessed: 10th March 2016) (2015).

 25. Curtis, L. & Burns, A. Unit Costs of Health and Social Care. www.pssru.ac.uk/pub/uc/uc2016/full.pdf. (Accessed: 16th November 
2017) (2016).

 26. FIND. Digital radiology solutions for TB diagnostics in low- to middle-income countries. http://www.finddiagnostics.org/resource-
centre/find_reports/digital-radiology-solutions-for-TB-dx.html. (Accessed: 14th March 2016) (2015).

 27. NICE. Xpert Carba-R to identify people carrying carbapenemase-producing organisms. https://www.nice.org.uk/advice/mib52/
chapter/Technology-overview#costs-and-use-of-the-technology. (Accessed: 13th November 2017).

 28. Stop TB Partnership. TB REACH Xpert Budget Estimation Tool. http://www.stoptb.org/global/awards/tbreach/bet.asp. (Accessed: 
13th November 2017).

 29. Kind, P., Dolan, P., Gudex, C. & Williams, A. Variations in population health status: results from a United Kingdom national 
questionnaire survey. 316, 736–741 (1998).

 30. Kruijshaar, M. E. et al. Health status of UK patients with active tuberculosis. Int. J. Tuberc. Lung Dis. Off. J. Int. Union Against Tuberc. 
Lung Dis. 14, 296–302 (2010).

 31. Kittikraisak, W. et al. Health related quality of life among patients with tuberculosis and HIV in Thailand. PLoS One 7, e29775, 
https://doi.org/10.1371/journal.pone.0029775 (2012).

 32. Behr, M. A. et al. Transmission of Mycobacterium tuberculosis from patients smear-negative for acid-fast bacilli. Lancet 353, 
444–449 (1999).

 33. Mitchison, D. A. Infectivity of patients with pulmonary tuberculosis during chemotherapy. Eur. Respir. J. 3, 385–386 (1990).
 34. Cohen, T., Dye, C., Colijn, C., Williams, B. & Murray, M. Mathematical models of the epidemiology and control of drug-resistant 

TB. Expert Rev. Respir. Med. 3, 67–79, https://doi.org/10.1586/17476348.3.1.67 (2009).
 35. Health Protection Agency. TB Reference Laboratories. http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/

Tuberculosis/LaboratoryInformation. (Accessed: 28th August 2014).
 36. Escombe, A. R. et al. The Infectiousness of Tuberculosis Patients Coinfected with HIV. PLoS Med 5, e188, https://doi.org/10.1371/

journal.pmed.0050188 (2008).
 37. WHO. Global tuberculosis report. http://www.who.int/tb/publications/global_report/en/. (Accessed: 2nd September 2014) (2014).
 38. Hislop, J. et al. Systematic review of the clinical effectiveness and cost-effectiveness of rapid point-of-care tests for the detection of 

genital chlamydia infection in women and men. Heal. Technol. Assess. 14, 1–97, iii–iv, https://doi.org/10.3310/hta14290 (2010).
 39. Story, A., Murad, S., Roberts, W., Verheyen, M. & Hayward, A. C. Tuberculosis in London: the importance of homelessness, problem 

drug use and prison. Thorax 62, 667–671, https://doi.org/10.1136/thx.2006.065409 (2007).
 40. Van’t Hoog, A. H., Onozaki, I. & Lonnroth, K. Choosing algorithms for TB screening: a modelling study to compare yield, predictive 

value and diagnostic burden. BMC Infect. Dis. 14, 532, https://doi.org/10.1186/1471-2334-14-532 (2014).
 41. Atkinson, L. M., Vijeratnam, D., Mani, R. & Patel, R. ‘The waiting game’: are current chlamydia and gonorrhoea near-patient/point-

of-care tests acceptable to service users and will they impact on treatment? Int. J. STD AIDS 27, 650–655, https://doi.
org/10.1177/0956462415591414 (2016).

http://dx.doi.org/10.3389/fmicb.2016.00394
http://dx.doi.org/10.5588/ijtld.14.0105
http://dx.doi.org/10.5588/ijtld.11.0241
http://dx.doi.org/10.1164/rccm.200612-1877OC
http://dx.doi.org/10.1002/14651858.CD009593.pub3
http://dx.doi.org/10.1016/S0140-6736(13)62073-5
http://dx.doi.org/10.1016/S0140-6736(13)62073-5
http://dx.doi.org/10.1371/journal.pmed.1001120
http://dx.doi.org/10.1371/journal.pone.0070485
http://dx.doi.org/10.1136/bmj.d5376
http://data.london.gov.uk/dataset/chain-reports
http://dx.doi.org/10.3310/hta19340
http://www.nicedsu.org.uk/NICE-Methods-Guide-updates
http://www.nicedsu.org.uk/NICE-Methods-Guide-updates
http://dx.doi.org/10.1136/postgradmedj-2015-133278
http://dx.doi.org/10.1136/postgradmedj-2015-133278
http://dx.doi.org/10.1371/journal.pmed.0030273
http://dx.doi.org/10.1371/journal.pmed.0030273
http://dx.doi.org/10.1073/pnas.0901720106
http://webarchive.nationalarchives.gov.uk/20120919132719/http:/www.communities.gov.uk/documents/housing/pdf/156723.pdf
http://webarchive.nationalarchives.gov.uk/20120919132719/http:/www.communities.gov.uk/documents/housing/pdf/156723.pdf
http://dx.doi.org/10.1086/517536
http://www.nice.org.uk/guidance/ph37/documents/economic-analysis-of-identifying-and-managing-tuberculosis-in-hard-to-reach-groups-homeless-and-prison-populations-2
http://www.nice.org.uk/guidance/ph37/documents/economic-analysis-of-identifying-and-managing-tuberculosis-in-hard-to-reach-groups-homeless-and-prison-populations-2
http://www.nice.org.uk/guidance/ph37/documents/economic-analysis-of-identifying-and-managing-tuberculosis-in-hard-to-reach-groups-homeless-and-prison-populations-2
http://dx.doi.org/10.1056/NEJMoa0907847
http://dx.doi.org/10.1056/NEJMoa0907847
http://dx.doi.org/10.1136/thx.2007.083816
https://www.england.nhs.uk/resources/pay-syst/tariff-guide/
http://www.pssru.ac.uk/pub/uc/uc2016/full.pdf
http://www.finddiagnostics.org/resource-centre/find_reports/digital-radiology-solutions-for-TB-dx.html
http://www.finddiagnostics.org/resource-centre/find_reports/digital-radiology-solutions-for-TB-dx.html
https://www.nice.org.uk/advice/mib52/chapter/Technology-overview#costs-and-use-of-the-technology
https://www.nice.org.uk/advice/mib52/chapter/Technology-overview#costs-and-use-of-the-technology
http://www.stoptb.org/global/awards/tbreach/bet.asp
http://dx.doi.org/10.1371/journal.pone.0029775
http://dx.doi.org/10.1586/17476348.3.1.67
http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/Tuberculosis/LaboratoryInformation
http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/Tuberculosis/LaboratoryInformation
http://dx.doi.org/10.1371/journal.pmed.0050188
http://dx.doi.org/10.1371/journal.pmed.0050188
http://www.who.int/tb/publications/global_report/en/
http://dx.doi.org/10.3310/hta14290
http://dx.doi.org/10.1136/thx.2006.065409
http://dx.doi.org/10.1186/1471-2334-14-532
http://dx.doi.org/10.1177/0956462415591414
http://dx.doi.org/10.1177/0956462415591414


www.nature.com/scientificreports/

1 2SCIENTIFIC RepoRts |  (2018) 8:1433  | DOI:10.1038/s41598-018-19757-5

Acknowledgements
P.J.W. thanks the Medical Research Council (MRC) for Centre funding (MR/K010174/1). P.J.W. and T.M. 
thank the NIHR Health Protection Research Unit in Modelling Methodology at Imperial College London, in 
partnership with Public Health England, for funding (HPRU-2012-10080). I.A. was supported by NIHR, the 
Department of Health Policy Research Programme (015/0307), and the MRC. This report is independent 
research supported by the National Institute for Health Research (Post Doctoral Fellowship, Dr Helen Stagg, 
PDF-2014-07-008). The views expressed are those of the authors and not necessarily those of the Department of 
Health, MRC, NHS, NIHR or Public Health England. The funders of this study had no role in study design; data 
collection, analysis, or interpretation; or writing of the report. The corresponding author had full access to all the 
data in the study and the final responsibility to submit for publication.

Author Contributions
T.M., I.A., H.R.S. and P.J.W. jointly conceived the study. The model was designed by P.J.W. and T.M. and the code 
was written by T.M. with assistance from P.J.W. The model was analysed by T.M. and P.J.W. The first draft of the 
paper was written by T.M. and P.J.W. and revised by all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19757-5.
Competing Interests: H.R.S. and P.J.W. have received research funding from Otsuka SA for an audit of 
multidrug-resistant tuberculosis treatment in several eastern European countries. A study (ISRCTN04379941) 
on which H.R.S. is a co-applicant has received free drugs from Sanofi for a randomised controlled trial of the 
treatment of latent tuberculosis. H.R.S. has also previously received travel expenses from the World Health 
Organization to attend a meeting on latent tuberculosis.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-19757-5
http://creativecommons.org/licenses/by/4.0/

	Comparing different technologies for active TB case-finding among the homeless: a transmission-dynamic modelling study
	Methods
	Model description. 
	Parameter estimation and model fitting. 
	Sensitivity analysis. 

	Results
	Impact of ACF over time. 
	Efficiency of ACF strategies in settings with different prevalences of TB and MDR TB. 
	How much is it worth spending on enhanced case management? 
	Loss to follow-up whilst awaiting GeneXpert results. 
	The effect of population size on efficiency. 
	Sensitivity analysis. 

	Discussion
	Acknowledgements
	Figure 1 Flow diagram showing health states, treatment outcomes and the passive and active case-finding care pathways followed by patients in the compartmental model of tuberculosis.
	Figure 2 Impact of different active case-finding strategies on TB prevalence, resource requirements, QALYs and overall efficiency over time in settings with different TB burden.
	Figure 3 Efficiency of different active case finding (ACF) strategies without enhanced case management (ECM) in different settings.
	Figure 4 The most efficient active case finding (ACF) strategy in different settings.
	Figure 5 A summary of the maximum cost for enhanced case management (ECM) that would be considered favourable in different settings.
	Figure 6 One way sensitivity analysis.
	Table 1 Summary of screening, diagnosis and treatment management strategies considered.




