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Abstract

Background

The majority of tuberculosis in migrants to Canada occurs due to reactivation of latent TB

infection. Risk of tuberculosis in those with latent tuberculosis infection can be significantly

reduced with treatment. Presently, only 2.4% of new migrants are flagged for post-landing

surveillance, which may include latent tuberculosis infection screening; no other migrants

receive routine latent tuberculosis infection screening. To aid in reducing the tuberculosis

burden in new migrants to Canada, we determined the cost-effectiveness of using different

latent tuberculosis infection interventions in migrants under post-arrival surveillance and in

all new migrants.

Methods

A discrete event simulation model was developed that focused on a Canadian permanent

resident cohort after arrival in Canada, utilizing a ten-year time horizon, healthcare system

perspective, and 1.5% discount rate. Latent tuberculosis infection interventions were evalu-

ated in the population under surveillance (N = 6100) and the total cohort (N = 260,600). In all

evaluations, six different screening and treatment combinations were compared to the base

case of tuberculin skin test screening followed by isoniazid treatment only in the population

under surveillance. Quality adjusted life years, incident tuberculosis cases, and costs were

recorded for each intervention and incremental cost-effectiveness ratios were calculated in

relation to the base case.

Results

In the population under surveillance (N = 6100), using an interferon-gamma release assay

followed by rifampin was dominant compared to the base case, preventing 4.90 cases of

tuberculosis, a 4.9% reduction, adding 4.0 quality adjusted life years, and saving $353,013

over the ensuing ten-years. Latent tuberculosis infection screening in the total population

(N = 260,600) was not cost-effective when compared to the base case, however could

potentially prevent 21.8% of incident tuberculosis cases.
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Conclusions

Screening new migrants under surveillance with an interferon-gamma release assay and

treating with rifampin is cost saving, but will not significantly impact TB incidence. Universal

latent tuberculosis infection screening and treatment is cost-prohibitive. Research into using

risk factors to target screening post-landing may provide alternate solutions.

Background

In Canada, over two-thirds of all active tuberculosis (TB) cases occur in migrants [1–3]. Cur-

rent pre-immigration TB screening protocols are mandatory for permanent residents and

select temporary residents; screening consists of a medical history, chest x-ray (CXR) and spu-

tum tests to rule out active TB. Migrants diagnosed with active TB must complete an adequate

course of therapy before migrating to Canada. Meanwhile, those with a medical history or

CXR suggestive of prior TB are flagged for post-landing surveillance—approximately 2% [4].

The follow-up system is passive, with adherence to post-landing surveillance reported to be

between 60 to 70% [1,4].

The post-landing surveillance system is successful in identifying people at risk for active TB

after arrival; in Ontario one-third of all active TB in the first two years post-migration occurred

in those flagged for surveillance. However, genotypic studies estimate that approximately 85%

of all TB cases in migrants are due to reactivation of latent TB infection (LTBI) acquired prior

to migration [5–7]. In those with LTBI, approximately 5–10% will progress to active TB over

their lifetime, but effective treatment can reduce risk of progression by over 90% [8]. Despite

this, it is unknown how many migrants flagged for surveillance are screened for LTBI and for

the remaining 98% not flagged, there is no routine LTBI screening protocol, leaving a large

group of migrants at risk for active TB and a missed opportunity for TB prevention [4]. Imple-

mentation of a LTBI screening system, however, would have to overcome inefficiencies in the

LTBI cascade of care. In this context, the cascade of care consists of placing a screening test,

evaluating the result, performing a medical evaluation, initiating and completing treatment. At

the present, high rates of dropout during screening and treatment result in<20% of those who

may benefit from treatment actually completing it [9].

Evidence-based screening and treatment recommendations in new migrants need to sup-

port TB elimination efforts in Canada. Implementation of pre- or post-landing LTBI screening

protocols have been suggested [1,10–12], but no system or policy is in place to execute any of

these possible solutions. In this study we aim to provide evidence surrounding possible imple-

mentation of post-landing LTBI screening. We developed a model to determine the cost and

prevalence of LTBI and imported active TB in recent migrants. These estimates were then

applied to view the impact LTBI screening post-landing would have on TB incidence in sub-

groups of a cohort of new migrants to Canada.

Methods

Study population

The population studied in the model was the 2014 cohort of new permanent residents to Can-

ada, which consists of 260,600 new permanent residents, of which 6100 were flagged for post-

landing medical surveillance. The cohort was characterized by post-landing surveillance flag,

derived from Ontario data [4], age and TB incidence in country of origin, derived from
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Immigration, Refugees and Citizenship Canada [13], and Bacillus Calmette-Guérin (BCG)

vaccination status, based on countries with a current national vaccination policy for all, which

was derived from the BCG World Atlas [14] and adjusted based on 36-year average reported

immunization rates [15]. To determine the prevalence of LTBI and imported (non-prevent-

able) TB in this population, an optimization scheme was developed. Two-year TB incidence

rates in new permanent resident cohorts to Ontario between 2002 and 2011 [4], stratified by

TB incidence in country of origin (low<30 cases per 100,000 population, moderate 30–99

cases, high 100–199 cases, and very high�200 cases) and surveillance flag were used as optimi-

zation targets. Several assumptions were made. Firstly, we assumed 85% of TB cases in those

not flagged for surveillance were due to reactivation of LTBI [5–7] and that the rate of reactiva-

tion was constant over time [16]. Second, those flagged for surveillance had a reactivation risk

3.9 times higher than those not flagged for surveillance, selected based on TB risks from a

long-term study in Britain [17]. Finally, it was assumed that LTBI prevalence in those under

surveillance was higher than those who were not. To optimize to the targets, the baseline aver-

age reactivation rate was varied between 0.8 and 1.6 reactivation TB cases per 1000 person-

years [18–21] and the proportion of TB cases in those flagged for surveillance that were

imported was varied between 55% and 85% [16,22]. After optimizing these parameters to our

targets, these estimates were applied proportionally to the demographic profile of the 2014 per-

manent resident cohort. Results of the optimization and more detailed optimization rationale

and methods are outlined in S1 Text, S1 and S2 Tables.

Discrete event simulation model

A discrete event simulation (DES) model was developed in Simio and run using Simio Replica-

tion Runner (Version 8.146.14121, Simio LLC, Sewickley, PA). DES was chosen as it allowed

for variable cycle times, simultaneous events to occur to each migrant, and enabled creating

many parameters describing each patient (a Markov model would have too many states to

accommodate the same level of granularity). The model’s time horizon was 10 years from

arrival to Canada to minimize extrapolation from optimization targets. The model took a

healthcare system perspective and used a discount rate of 1.5% for costs and outcomes as rec-

ommended by the Canadian Agency for Drugs and Technologies in Health [23]. The model’s

main outcomes were cost per quality adjusted life year (QALY) gained and cost per TB case

prevented. A willingness-to-pay (WTP) threshold of $100,000 CAD per QALY [24–27] or

$20,000 CAD per TB case prevented (i.e. approximately the average cost of managing one TB

case) was used to determine if an intervention was cost-effective. Several assumptions were

made in the model. Firstly, it was not possible to self-heal from LTBI without treatment. Sec-

ondly, multi-drug resistant TB was not considered due to extremely low incidence in Canada

and difficulty in accurately costing cases. Finally, direct transmission between migrants in the

cohort or to the general population was not modeled, rather we accounted indirectly for this

through a certain proportion being remotely infected during the simulation.

The model structure is outlined in Figs 1 and 2. Upon arrival, simulated migrants may

import tuberculosis, be flagged for post-landing TB surveillance based on pre-immigration

screening, or not be flagged for surveillance at all; those flagged for surveillance may or may

not adhere. Migrants adhering are given an LTBI screening test and those completing the test

that are positive are all referred and given a medical evaluation (to rule out active TB).

Migrants completing the medical evaluation are offered LTBI treatment and should they initi-

ate treatment are simulated to either default at some point during treatment, discontinue due

to an adverse event, die due to fatal hepatotoxicity, or fully complete treatment. All migrants,

regardless of their simulation pathway, are then simulated to the model’s time horizon, with

Post-landing LTBI screening in migrants to Canada
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an annual risk of developing TB or dying of background mortality. Upon development of TB,

a chance of a remote TB case occurring was simulated to account for the proportion of TB

cases in migrants not occurring due to reactivation (S1 Formula). Those who develop TB and

complete treatment are at risk of experiencing TB relapse for the subsequent two years.

Model characteristics

Input parameters. Published reports and expert opinion were used to estimate input

parameters for the model. Where possible, systematic reviews were used to derive model esti-

mates; in cases where this was not possible, estimates from the literature were used. Back-

ground mortality was derived from Canadian life tables [28]. LTBI diagnostic test sensitivity

was derived from each test’s ability to detect prevalent TB (i.e. a surrogate measure) [29], while

test specificity was derived in populations at very low risk of infection [30,31] and stratified by

BCG vaccination status [14,15]. TB reactivation rate was carefully chosen from data from a

variety of studies [7,18–21,32–35]. A rate of 1.1 per 1000 person years in individuals with LTBI

Fig 1. Model structure: Flow of new migrants through the simulation and the interventions investigated upon arrival in Canada. LTBI: Latent

tuberculosis infection.

https://doi.org/10.1371/journal.pone.0186778.g001
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was selected as it results in a cumulative incidence of TB of 5% over approximately 45 years

and provides reasonable estimates of LTBI prevalence based on a meta-analysis of IGRA posi-

tivity in migrants [36]. Transition between all health states was modeled annually, except in

the case of transition from adverse events or from TB to a subsequent health state, which had

varying transition times. Table 1 lists all model estimates.

Costs. Costs for LTBI screening and treatment were derived from the British Columbia

Centre for Disease Control (BCCDC) in 2014 (personal communication), and included the

costs of tests, drugs, clinician time, and routine monitoring. Adverse event and hospitalization

costs during LTBI and TB treatment were determined from the literature [37,40]. The average

cost for each TB case, which includes diagnosis, treatment, contact investigation, and adverse

events, was estimated from a Canadian report and cost-effectiveness analysis [37,39]. All

model costs were inflated to 2016 Canadian dollars ($) using purchasing power parity and are

listed in Table 1.

Fig 2. Possible events that may result in movement between health states after arrival in Canada. LTBI: Latent tuberculosis infection; TB:

tuberculosis.

https://doi.org/10.1371/journal.pone.0186778.g002

Post-landing LTBI screening in migrants to Canada

PLOS ONE | https://doi.org/10.1371/journal.pone.0186778 October 30, 2017 5 / 22

https://doi.org/10.1371/journal.pone.0186778.g002
https://doi.org/10.1371/journal.pone.0186778


Table 1. Model parameters and analyses range.

Parameter Estimate Univariate Analysis Range Range for PSA Reference

Costs

Full INH Treatment $992 $804, $1179 Triangular, 804–1179 BCCDC, [37,38]

Drug Costs $181

Nurse and Clinician Costs $741

Follow-up CXR $42

Routine Tests $28

Full RIF Treatment $575 $464, $686 Triangular, 464–686 BCCDC [37,38]

Drug Costs $98

Nurse and Clinician Costs $421

Follow-up CXR $42

Routine Tests $14

Partial INH $462 N/A Triangular, 174–804 BCCDC, [37,38]

Partial RIF $319 N/A Triangular, 178–464 BCCDC, [37,38]

Complete TST $31 $24, $38 Triangular, 24–38 BCCDC, [37,38]

TST Cost $11

Nurse Costs (Two Visits) $20

Incomplete TST $21 $17, $25 Triangular, 17–25 BCCDC, [37,38]

IGRA $54 $31, $62 Triangular, 31–62 BCCDC, [37,38]

Kit and Technician Cost $47

Nurse Costs $7

CXR $42 N/A Triangular, 32–52 BCCDC, [37,38]

Cost per X-Ray $35

Nurse Costs $7

Tuberculosis $20,532 $16,730, $24,334 Gamma(4.1064,5000) Expert Opinion,

[37,39]

LTBI Adverse Event $732 $549, $916 Triangular, 549–916 [37]

Hospitalization $6641 $5305, $9985 Triangular, 5305–9985 [40]

Death $26,933 $13,079, $40,788 Triangular, 13,079–40,788 [41]

QALYs

LTBI 0.81 0.75, 1.0 Beta(9.49,2.23) [42–44]

Healthy 0.81 0.75, 1.0 Beta(7.85,1.84) [42–44]

Adverse Event Disutility 0.2 0, 0.5 Triangular, ±25% [37,40]

TB 0.69 0.55, 0.75 Beta(6.84,3.07) [42–44]

Hospitalization 0.5 0.3, 0.7 Triangular, ±25% [40]

Dead 0 - - -

Screening Parameters

TST Sensitivity 0.782 0.50, 0.95 Beta(43,12) [29,30]

TST Specificity (No BCG) 0.974 0.94, 1 Beta(770,21) [30,31]

TST Specificity (BCG) 0.602 0.35, 0.87 Beta(239,158) [30,31]

IGRA Sensitivity 0.889 0.81, 0.95 Beta(8,1) [29,30]

IGRA Specificity 0.957 0.86, 1 Beta(900,40) [30,31]

IGRA Indeterminate 0.06 0, 0.18 Beta(83,1286) [31]

Complete TST* 0.72 0.72, 1.0 Beta(117.84,45.83) [9,45]

Complete Medical Evaluation† 0.78 0.6, 1.0 Beta(46.12,13.01) [9]

Parameters for Population Under

Surveillance

Adherent with Surveillance 0.605 0.7, 0.8 - [4]

LTBI Prevalence�200 cases 0.3420 Varied with Reactivation Rate Varied with Reactivation Rate [4]

(Continued )
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Table 1. (Continued)

Parameter Estimate Univariate Analysis Range Range for PSA Reference

LTBI Prevalence 100–199 cases 0.3659 Varied with Reactivation Rate Varied with Reactivation Rate [4]

LTBI Prevalence 30–99 cases 0.1862 Varied with Reactivation Rate Varied with Reactivation Rate [4]

LTBI Prevalence <30 cases 0.0641 Varied with Reactivation Rate Varied with Reactivation Rate [4]

Overall Imported TB Prevalence 0.0054 - - [16]

Parameters for Population Not Under

Surveillance

LTBI Prevalence�200 cases 0.3162 Varied with Reactivation Rate Varied with Reactivation Rate [4]

LTBI Prevalence 100–199 cases 0.2016 Varied with Reactivation Rate Varied with Reactivation Rate [4]

LTBI Prevalence 30–99 cases 0.0902 Varied with Reactivation Rate Varied with Reactivation Rate [4]

LTBI Prevalence <30 cases 0.0159 Varied with Reactivation Rate Varied with Reactivation Rate [4]

Treatment Parameters

Initiate Therapy# 0.938 0.5, 1 Beta(180.83,11.95) [9,45]

Complete INH 0.616 0.5, 0.7 Beta(131.66,82.07) [9]

Complete RIF 0.814 0.7, 0.9 Beta(76.85,17.56) [9]

Adverse Event INH 0.060 0.04, 0.12 Beta(134,2095) [46–50]

Adverse Event RIF 0.027 0.01, 0.07 Beta(56,2043) [46–50]

Hospitalization | AE 0.01 0, 0.02 Beta(1,99) [40]

Death INH 0.00000988 0, 0.0001 Beta(2,202495) [51]

LTBI Risk Reduction INH 0.93 0.5, 1 Normal(-2.597,0.461)§ [8]

LTBI Risk Reduction RIF 0.8 0.5, 1 Normal(-1.609,0.500)§ [52,53]

Partial Risk Reduction INH 0.346 0, 0.69 Combination of Normal

Distributionsǂ
[8,46–50]

Partial Risk Reduction RIF 0 0, 0.69 Normal(-0.693,0.300)§ [52,53]

Adverse Event Duration 7 days 3, 17 Gamma(0.7,10) Expert Opinion, [40]

TB Parameters

Death from TB 0.0476 0, 0.08 Beta(76,1523) [1]

Reactivation Rate 0.0011 0.0009, 0.0013 Beta(90.92,82545.55) [7,18–21,32–35]

Risk Increase if Abnormal 3.9 2.7, 5.5 Normal(1.36,0.15)§ [17]

Extended Therapy 0.124 0, 0.3 Beta(2.366,16.713) Expert Opinion, [40]

Relapse Rate 0.0359 0.0274, 0.0462 Normal(-3.327,0.365)§ [54]

Model Parameters

Flagged for surveillance 0.024 Optimization Parameter Optimization Parameter [4]

BCG Vaccination (<30 cases) 0.605 - Beta(45137,29502) [14]

BCG Vaccination (�30 cases) 0.938 0.5, 1 Beta(180.83,11.95) [9,45]

BCG Vaccination Uptake 0.616 0.5, 0.7 Beta(131.66,82.07) [9]

Discount Rate 0.814 0.7, 0.9 Beta(76.85,17.56) [9]

Time Horizon 0.060 0.04, 0.12 Beta(134,2095) [46–50]

*Number imputed from 43.4% of migrants indicated for screening completing [9] (if 60.5% are adherent with surveillance, 72% must complete TST

screening).
†Number imputed from 43.7 of 56 individuals referred for medical evaluation completing [9].
#This model assumes all who complete a medical evaluation and have no indication for active TB, are recommended treatment.
§The result is exponentiated (i.e. is a lognormal distribution).
ǂFormula: 0.33*(Normal(-1.168,0.228))+0.374*(Normal(-0.381,0.169))+0.293*1

All costs are in 2016 CAD.

BCCDC: British Columbia Centre for Disease Control; QALY: Quality Adjusted Life Year; PSA: Probabilistic Sensitivity Analysis; INH: Isoniazid; RIF:

Rifampin; TST: Tuberculin Skin Test; IGRA: Interferon-Gamma Release Assay; CXR: Chest X-Ray; LTBI: Latent Tuberculosis Infection; TB: Tuberculosis;

BCG: Bacillus Calmette-Guérin

https://doi.org/10.1371/journal.pone.0186778.t001
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Health state utilities. All health state utilities were defined using the SF-6D scores derived

from SF-36 responses and were largely informed by a study performed in new migrants to

Canada [42–44]. Health state utilities were evaluated for the duration of time in each health

state and not subject to fixed duration. The duration of time in the TB health state varied

based on whether a patient was or was not under surveillance, as defined by the time from

symptom onset to TB diagnosis reported by Khan et al. [4] A baseline value of 0.81 was used

for all participants without LTBI or TB [42], with adjustments for other health states, where

applicable. Table 1 contains all utility values and adjustments.

Interventions

Several LTBI screening and treatment interventions available in Canada were evaluated, assum-

ing that at each step all migrants evaluated were offered an intervention (i.e. clinician discretion

in offering screening and/or treatment was not simulated and no actual data exist on how often

LTBI screening is given). LTBI screening interventions included: (1) tuberculin skin test (TST),

a test that requires a follow-up visit to be read and uses�10mm cut-point for a positive result;

(2) interferon-gamma release assay (IGRA), a test that may generate indeterminate results and

uses the manufacturer’s recommendation for a positive result and; (3) sequential screening

(SEQ), a two-stage approach where those who test positive with a TST are tested with an

IGRA—both tests must be positive for the patient to be considered to have LTBI [55,56].

Subsequently, test positive migrants who completed the medical evaluation and initiated

treatment were offered one of two LTBI interventions available in Canada: (1) nine-months of

isoniazid, which reduces risk of future TB by 93% and; (2) four-months of rifampin, a shorter

regimen with higher completion rates, but uncertain efficacy. In general, only those flagged

and adhering with post-landing surveillance are offered LTBI interventions upon arrival and

Canadian guidelines recommend screening with a TST and subsequent treatment with isonia-

zid [1]. Thus, LTBI screening with a TST and treatment with isoniazid in the migrant popula-

tion under surveillance was considered our base case in all cost-effectiveness analyses. A

comprehensive table of interventions is located in S3 Table.

Cost-effectiveness analyses

Improving the post-landing surveillance system. In this evaluation, the analysis focused

solely on the 2.4% of new migrants normally flagged for post-landing surveillance (N = 6100),

as a system is already in place where LTBI interventions can be easily implemented. In the pri-

mary analysis, interventions were compared to the base case under real world care conditions.

The total number of discounted TB cases (including imported TB cases), costs, and QALYs

were calculated for each intervention. The incremental cost-effectiveness ratio (ICER) was cal-

culated for each intervention compared to the base case.

A secondary analysis was performed to determine if improving the cascade of care would

be valuable. In this analysis, improving to surveillance adherence to 100%, improving LTBI

treatment completion by 30%, and achieving both, was modeled. Based on our WTP threshold

($100,000 per QALY gained), the maximum cost that could be afforded to the healthcare sys-

tem to implement these improvements was calculated using net monetary benefit (NMB).

Implementation of mass post-landing LTBI screening. In this evaluation, the entire

2014 entry cohort is included (N = 260,600). Post-landing LTBI screening was evaluated

through step-wise expansion of the post-landing surveillance system based on TB incidence in

country of origin (i.e. screen migrants from very high TB incidence countries, screen migrants

from countries of high TB incidence or greater, screen migrants from countries of moderate

TB incidence or greater, screen all migrants). We modeled this intervention under the

Post-landing LTBI screening in migrants to Canada
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assumption that it was implemented as a supplement to the current post-landing surveillance

system, therefore, even if migrants were not subject to mass post-landing screening, they could

still be flagged for post-landing surveillance. Each intervention was compared to the base case.

Adherence with post-landing screening was assumed to be the same as in migrants flagged for

surveillance (60.5%). Discounted costs, QALYs, and TB cases (including imported TB cases)

were compared to the base case.

Sensitivity analysis

Uncertainty around model variables was examined using univariate sensitivity analysis and

probabilistic sensitivity analysis (PSA). Ranges examined for both univariate and PSA can be

found in Table 1. All sensitivity analyses were run for�2000 iterations. Results of univariate

sensitivity analysis were reported as NMB of the most cost-effective option in our first primary

analysis (“Improving the Post-Landing Surveillance System”) compared to the base case. A

PSA was performed for each primary analysis to evaluate parameter uncertainty. When model

variables came from the literature, relevant distributions were used (e.g. log-normal, beta).

Most costs were modeled using relevant triangular distributions due to lack of individual data.

In the case of LTBI treatment, extreme costs commonly seen in treatment due to adverse

events were accounted for by modeling these separately. In the case of TB treatment, expert

opinion was used to develop a relevant gamma distribution. Particular health states were cor-

related to prevent implausible values during PSA (i.e. patients with active TB will always have a

lower utility value than healthy patients). Using the average results of our PSA, efficiency fron-

tiers comparing interventions based on costs and QALYs were developed. Cost-effectiveness

acceptability curves were developed based on the probability an intervention provided the

most NMB over the�2000 iterations run in comparison to the base case. The expected value

of perfect information (EVPI) was calculated using the�2000 iterations (second-order uncer-

tainty) as our outer sample size and the size of the population evaluated as our inner sample

size (first-order uncertainty).

Results

Improving the post-landing surveillance system

In the base case scenario, the migrant population under post-landing surveillance (N = 6100)

experience, on average, 99.41 cases of TB, incur $3.1 million in costs, and accrue 45,026

QALYs over ten-years (Table 2). Screening with an IGRA and treating with rifampin was dom-

inant in comparison, preventing 4.90 TB cases (a 4.9% reduction), adding 4.0 QALYs, and sav-

ing $353,013. While treating with isoniazid was also dominant, preventing more TB cases

(6.71) and adding more QALYs (4.8), it only provided an incremental NMB of $676,330 com-

pared to the incremental NMB provided by rifampin treatment of $753,658, making rifampin

the preferred treatment.

A NMB of $1,098,510 resulted from improving treatment completion by 30% and

$1,557,078 resulted when ensuring 100% adherence with surveillance when screening with an

IGRA and treating with rifampin. If both of these improvements could be achieved, a NMB of

$2,068,246 resulted. While investing in improving post-landing adherence added more

QALYs and prevented more TB cases, the added costs of screening and treatment limit the

proportional NMB of such an intervention (Table 3).

Implementation of mass post-landing LTBI screening

The most effective intervention to implement for post-landing LTBI screening of every new

permanent resident to reduce TB cases was to screen with an IGRA and treat with isoniazid,
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preventing 125.99 TB cases (a 21.8% reduction) at a cost of $169,986 per TB case prevented;

screening with an IGRA and treating with rifampin added the most QALYs, with an additional

78.3 QALYs at a cost of $207,328 per QALY gained. The most cost-effective intervention, was

to limit post-landing LTBI screening to every new migrant from countries with a TB incidence

�30 per 100,000 and screen with an IGRA, followed by treatment with rifampin, which had a

cost per TB case prevented of $114,840 and $138,484 per QALY gained (Table 4).

Sensitivity analysis

In univariate sensitivity analysis the base case intervention was compared to IGRA followed by

rifampin, in migrants under surveillance. Extending the time horizon had the most significant

impact in favor of IGRA followed by rifampin, as the incremental NMB increased by over $1.2

million if extended to 50 years. Reducing the effectiveness of a full course of rifampin to 50%

had the most significant impact against IGRA followed by rifampin, reducing the incremental

NMB by over $600,000. The decision to favor IGRA screening followed by rifampin treatment

over the base case, however, was very robust as no single parameter change resulted in the base

case having a higher NMB. Further univariate sensitivity analysis results can be found in

S2 Text, S4 Table and S1 Fig.

In PSA of our primary analysis of migrants under surveillance, screening with an IGRA fol-

lowed by rifampin treatment was the dominant option, resulting in the lowest cost, minimiz-

ing TB cases and maximizing QALYs. Screening sequentially or with a TST did not fall on the

frontier (Fig 3). Due to the base case being the most expensive option, probabilities of inter-

ventions being cost-effective fell as WTP thresholds increased. Use of IGRA followed by rifam-

pin had a probability of being cost-effective of 64.9% at a WTP of $100,000 per QALY gained,

however increasing the WTP impacted the probability minimally (Fig 4). It was determined

that the choice of IGRA followed by rifampin over the base case resulted in an EVPI of

$610,102.

Table 2. Discounted results of base case analysis of the population under medical surveillance.

Intervention Total TB Cases

(Change from

Reference)

Population Costs ($)

(Change from

Reference)

Population QALYs

(Change from

Reference)

Incremental Cost per TB Case

Prevented

($)

Incremental Cost per

QALY gained

($)

TST/INH

(Reference)

99.41 3,137,675 45,026.1 - -

TST/RIF 100.58

(1.17)

2,914,913

(-222,762)

45,025.4

(-0.7)

191,236† 312,952†

IGRA/INH 92.70

(-6.71)

2,946,383

(-191,292)

45,030.9

(4.8)

Dominant Dominant

IGRA/RIF 94.51

(-4.90)

2,784,661

(-353,014)

45,030.1

(4.0)

Dominant Dominant

SEQ/INH 100.58

(1.17)

2,853,649

(-284,026)

45,025.8

(-0.3)

242,882† 1,064,235†

SEQ/RIF 101.73

(2.32)

2,756,316

(-381,359)

45,024.8

(-1.3)

164,292† 308,919†

No Intervention 113.56

(14.15)

2,616,436

(-521,239)

45,016.0

(-10.1)

36,836† 51,581†

†The result falls in Quadrant III, worse outcomes with lower cost. The result should be interpreted inversely

TB: Tuberculosis, QALYs: Quality Adjusted Life Years; TST: Tuberculin skin test; IGRA: interferon-gamma release assay; SEQ: sequential screening; INH:

isoniazid; RIF: rifampin

https://doi.org/10.1371/journal.pone.0186778.t002
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In PSA of our analysis in the total migrant cohort, it was found that the base case provided

the best value for the least investment. In efficiency frontier analysis, screening with an IGRA

followed by treatment with rifampin in all migrants maximized QALYs. No TST screening

intervention fell on the frontier (Fig 5). Use of IGRA followed by rifampin in migrants from

countries�30 cases per 100,000, the most cost-effective option in deterministic analysis, had a

probability of being cost-effective of 43.3% at a WTP of $100,000 per QALY, however use of

sequential screening followed by rifampin in migrants from countries�200 cases per 100,000

had the highest probability of being cost-effective at this threshold of 47.8% (Fig 6). In EVPI

analysis, it was found that the decision to remain using our base case intervention compared

to use of an IGRA followed by rifampin in migrants from countries�30 cases per 100,000,

resulted in an EVPI of $12,873,338.

Further PSA results focusing on TB cases can be found in S3 Text, S5 and S6 Tables, S2 and

S3 Figs.

Discussion

The current post-landing TB surveillance system is not effective in achieving the desired

declines in TB incidence in Canada. To improve LTBI diagnosis and treatment in new

migrants flagged for post-landing surveillance, screening with an IGRA followed by rifampin

treatment provides an overall lower cost to the healthcare system, with a reduction in TB cases

Table 3. Results of LTBI cascade of care improvements in the population under medical surveillance.

Intervention Change* in TB

Cases

Change* in Population

Costs ($)

Change* in Population

QALYs

Amount Available to Invest per Cohort at WTP of

$100,000 per QALY Gained ($)

Improve Treatment Completion by 30%

TST/INH -2.13 38,308 1.7 127,358

TST/RIF -1.32 -242,145 1.2 366,737

IGRA/INH -9.70 -188,394 7.5 941,790

IGRA/RIF -8.73 -407,861 6.9 1,098,510

SEQ/INH -0.38 -277,563 0.5 331,006

SEQ/RIF 0.30 -407,679 0.1 420,370

Perfect Adherence with

Surveillance

TST/INH -9.40 430,200 7.7 339,075

TST/RIF -7.84 54,442 6.0 549,260

IGRA/INH -20.43 108,094 14.6 1,351,074

IGRA/RIF -17.79 -161,603 14.0 1,557,078

SEQ/INH -7.11 -35,082 6.3 660,236

SEQ/RIF -5.58 -197,657 4.6 660,570

Perfect Adherence with Surveillance and Improve Treatment Completion by 30%

TST/INH -12.88 494,333 10.5 559,007

TST/RIF -11.75 28,971 8.7 836,791

IGRA/INH -25.44 110,840 18.4 1,733,599

IGRA/RIF -23.90 -246,880 18.2 2,068,246

SEQ/INH -10.19 -34,954 8.6 893,888

SEQ/RIF -9.27 -249,568 7.1 956,461

*Change from Reference Intervention: 99.41 Cases of TB, $3,137,675 Population Costs, and 45,026.1 Population QALYs

TB: Tuberculosis, QALYs: Quality Adjusted Life Years; TST: Tuberculin skin test; IGRA: interferon-gamma release assay; SEQ: sequential screening; INH:

isoniazid; RIF: rifampin; WTP: willingness-to-pay; LTBI: latent tuberculosis infection

https://doi.org/10.1371/journal.pone.0186778.t003
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Table 4. Results of expanding post-landing LTBI screening based on TB incidence in country of origin.

Intervention Total TB Cases

(Change from

Reference)

Population Costs

($)

(Change from

Reference)

Population QALYs

(Change from

Reference)

Incremental Cost per TB

Case Prevented

($)

Incremental Cost per

QALY gained

($)

Reference (TST/INH in those

under surveillance)

578.18 13,479,792 1,930,729.6 - -

Screen all from�200 per 100,000

TST/INH 545.01

(-33.17)

22,413,667

(8,933,875)

1,930,760.6

(31.0)

269,388 288,550

TST/RIF 548.73

(-29.45)

19,439,848

(5,960,056)

1,930,754.0

(24.4)

202,369 244,489

IGRA/INH 520.03

(-58.15)

21,579,890

(8,100,098)

1,930,768.3

(38.7)

139,305 209,222

IGRA/RIF 524.71

(-53.47)

19,079,482

(5,599,690)

1,930,761.6

(32.0)

104,729 175,131

SEQ/INH 550.38

(-27.80)

18,775,849

(5,296,057)

1,930,739.4

(9.8)

190,545 541,408

SEQ/RIF 554.75

(-23.43)

17,301,425

(3,821,633)

1,930,746.1

(16.5)

163,104 231,661

Screen all from�100 per 100,000

TST/INH 517.00

(-67.18)

29,298,355

(15,818,563)

1,930,760.5

(30.9)

258,590 511,673

TST/RIF 524.11

(-54.07)

24,250,547

(10,770,755)

1,930,765.1

(35.5)

199,218 303,254

IGRA/INH 478.42

(-99.76)

26,783,895

(13,304,103)

1,930,792.0

(62.4)

133,369 213,406

IGRA/RIF 486.92

(-91.26)

22,944,405

(9,464,613)

1,930,793.9

(64.3)

103,714 147,350

SEQ/INH 526.43

(-51.75)

22,326,981

(8,847,189)

1,930,757.1

(27.5)

170,962 321,508

SEQ/RIF 531.95

(-46.23)

20,020,938

(6,541,146)

1,930,763.2

(33.6)

141,505 194,940

Screen all from�30 per 100,000

TST/INH 503.00

(-75.18)

36,534,345

(23,054,553)

1,930,767.6

(38.0)

306,672 607,385

TST/RIF 508.41

(-69.77)

29,309,392

(15,829,600)

1,930,784.1

(54.5)

226,898 290,511

IGRA/INH 454.91

(-123.27)

30,992,637

(17,512,845)

1,930,807.5

(77.9)

142,079 224,739

IGRA/RIF 466.44

(-111.74)

26,311,297

(12,831,505)

1,930,822.3

(92.7)

114,840 138,484

SEQ/INH 513.32

(-64.86)

25,263,671

(11,783,879)

1,930,775.8

(46.2)

181,693 255,395

SEQ/RIF 519.41

(-58.77)

22,418,827

(8,939,035)

1,930,774.6

(45.0)

152,121 198,819

Screen all new migrants

TST/INH 501.14

(-77.04)

42,460,450

(29,980,658)

1,930,780.8

(51.2)

376,180 566,155

TST/RIF 506.55

(-71.63)

33,689,173

(20,209,381)

1,930,778.2

(48.6)

282,148 415,606

IGRA/INH 452.19

(-125.99)

34,895,981

(21,416,189)

1,930,803.5

(73.9)

169,986 289,838

IGRA/RIF 463.67

(-114.51)

29,720,266

(16,240,474)

1,930,808.0

(78.4)

141,825 207,328

(Continued )
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Table 4. (Continued)

Intervention Total TB Cases

(Change from

Reference)

Population Costs

($)

(Change from

Reference)

Population QALYs

(Change from

Reference)

Incremental Cost per TB

Case Prevented

($)

Incremental Cost per

QALY gained

($)

SEQ/INH 510.88

(-67.30)

27,535,513

(14,055,721)

1,930,778.0

(48.4)

208,859 290,448

SEQ/RIF 518.21

(-59.97)

24,497,307

(11,017,515)

1,930,770.3

(40.7)

183,724 270,562

TB: Tuberculosis, QALYs: Quality Adjusted Life Years; TST: Tuberculin skin test; IGRA: interferon-gamma release assay; SEQ: sequential screening; INH:

isoniazid; RIF: rifampin;

https://doi.org/10.1371/journal.pone.0186778.t004

Fig 3. Efficiency frontier of population QALYs vs. population costs in the 2014 population of migrants under post-landing

surveillance. The frontier is read from left to right, with interventions connected if they fall on the frontier. Interventions subsequent to the

initial intervention have an increased cost, but an increased benefit, and represent the next best value at increasing funding thresholds.

The slope between two connected interventions represents cost-effectiveness: a steeper slope represents poorer cost-effectiveness

between interventions, while a shallow slope represents better cost-effectiveness. QALY: quality adjusted life year; SEQ: sequential

screening; TST: tuberculin skin test; IGRA: interferon-gamma release assay; INH: isoniazid; RIF: rifampin.

https://doi.org/10.1371/journal.pone.0186778.g003
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and an increase in QALYs over a ten-year time horizon. Expanding post-landing LTBI screen-

ing and treatment to include all migrants was not cost-effective using any intervention, how-

ever had the ability to significantly increase population QALYs and reduce TB cases. Further

targeting post-landing LTBI interventions by TB incidence in country of origin significantly

improved cost-effectiveness, yet ICERs still remained above WTP thresholds.

In Canada, the current post-landing TB surveillance system was developed to focus on

identifying those at highest risk of TB immediately after arrival and was never intended to be a

platform where LTBI identification was a priority. Our analysis shows that using this system to

screen for LTBI would not significantly impact longitudinal TB cases, even when improving

adherence with surveillance and LTBI treatment. In the present system, gaps in the LTBI cas-

cade of care result in<15% of migrants who may benefit from treatment actually completing

LTBI therapy [9]. Ensuring 100% adherence to post-landing surveillance and improving com-

pletion of therapy by 30%, still less than one-third of migrants would complete LTBI therapy.

Our data and others suggest that there is significant room for investment in improving treat-

ment adherence [57], yet it is evident that filling gaps at each step of the cascade of care is cru-

cial to achieving significant reductions in TB incidence.

Our analysis shows that LTBI screening decisions guided solely by TB incidence in country

of origin are not specific enough to be cost-effective—it is clear that further targeted screening

Fig 4. Cost-effectiveness acceptability curve for cost per QALY gained in the 2014 population of migrants under post-landing surveillance.

The graph demonstrates the probability an intervention is cost-effective at various willingness-to-pay thresholds in relation to the base case

intervention. QALY: quality adjusted life year; SEQ: sequential screening; TST: tuberculin skin test; IGRA: interferon-gamma release assay; INH:

isoniazid; RIF: rifampin.

https://doi.org/10.1371/journal.pone.0186778.g004
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will be necessary. It is likely that determining the socioeconomic factors that underlie TB infec-

tion in migrant populations will be necessary to cost-effectively target LTBI screening and

treatment. A previous analysis [12] examined LTBI screening in people with co-morbidities

such as silicosis, renal disease, and diabetes and found this targeting not to be cost-effective.

Evaluation in migrant populations where LTBI prevalence is significantly higher may lead to a

different conclusion, however.

Previous economic analyses have been performed to assess the cost-effectiveness of mass

post-landing screening of new migrants to low-incidence countries, several of which have

been highlighted in systematic reviews [58–60]. In an analysis by Dasgupta et al. [11], post-

landing surveillance was evaluated for its ability to prevent TB cases in new immigrants to

Montreal. The analysis found that in this setting, post-landing surveillance prevented 1.9 cases

of TB per 1000 new immigrants identified, for an incremental cost of $65,126 per TB disease

prevented, slightly different from our results of 2.3 cases prevented per 1000 immigrants iden-

tified for post-landing surveillance ($36,837 per TB disease prevented).

Oxlade and colleagues evaluated IGRA and TST screening in new immigrants from varying

TB incidence groups [56] and found that CXR at entry was cost-effective in immigrants from

Fig 5. Efficiency frontier of population QALYs vs. population costs in the complete 2014 cohort of migrants. The frontier is read from left to

right, with interventions connected if they fall on the frontier. Interventions subsequent to the initial intervention have an increased cost, but an

increased benefit, and represent the next best value at increasing funding thresholds. The slope between two connected interventions represents cost-

effectiveness: a steeper slope represents poorer cost-effectiveness between interventions, while a shallow slope represents better cost-effectiveness.

QALY: quality adjusted life year; SEQ: sequential screening; TST: tuberculin skin test; IGRA: interferon-gamma release assay; INH: isoniazid; RIF:

rifampin.

https://doi.org/10.1371/journal.pone.0186778.g005
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intermediate-to-high TB incidence countries, while IGRAs and TSTs were not cost-effective.

This is in agreement with our findings, where no screening method was cost-effective in a

mass LTBI screening scenario, regardless of TB incidence in country of origin.

An evaluation performed by Khan et al [10] examined mass LTBI interventions in the

United States and found it to be net saving. This evaluation, however, assumed no dropout

during screening and/or treatment, which would be incredibly difficult to implement in prac-

tice. Finally, Linas et al [12], examined LTBI screening in new migrants and found it to be

cost-effective, assuming low rates of dropout in modeled portions of the LTBI cascade of care

and different diagnostic test performance in their model.

Our analysis is the first to comprehensively model gaps in the LTBI cascade of care. We

have shown that these gaps limit the effectiveness of any mass intervention to target LTBI,

with<20% of those who can potentially benefit from LTBI therapy completing a course. This

model is also the first to estimate the prevalence of LTBI and migrant TB in new migrant

cohorts to Canada based on incident TB, rather than TST reactivity. Further, the use of DES

allowed for varying times in different health states for different migrants; this allows for more

accurate simulation of real world utility data and the impact each health state has on total qual-

ity of life. Our accurate representation of “healthy” utility for new migrants limits our bias of

LTBI interventions away from the null, as is seen when healthy utility is assumed to be one

[61]. A significant strength of this model was that it was specifically calibrated to Canadian

Fig 6. Cost-effectiveness acceptability curve for cost per QALY gained in the complete 2014 cohort of migrants. The graph demonstrates the

probability an intervention is cost-effective at various willingness-to-pay thresholds in relation to the base case intervention. QALY: quality adjusted life

year; SEQ: sequential screening; TST: tuberculin skin test; IGRA: interferon-gamma release assay; INH: isoniazid; RIF: rifampin.

https://doi.org/10.1371/journal.pone.0186778.g006
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immigration data and the TB profile of new immigrants to Ontario, which has the ability to

effectively inform policy decisions in Canada. Further, these results may be generalizable to

other low TB incidence countries that also use CXR to identify new migrants at high-risk for

TB and have a similar migrant profile to Canada.

Our study has several limitations. The proportion of remote infections was tied to interven-

tion; in essence, if fewer TB cases occurred due to reactivation, so too did TB cases due to

remote transmission, which may not reflect reality where reductions in TB reactivation likely

don’t exactly match reductions in TB transmission. This model assumes that all migrants

reporting to the clinic are offered LTBI screening; which is unlikely. Furthermore, for migrants

referred due to a previous diagnosis of TB, LTBI diagnostic tests may not be reliable due to a

lasting immune response, however it was not possible to determine from our database how

many migrants fell into this category; thus it was unaccounted for in our model although we

do not think many individuals would fall into this category and making a real difference in the

model results. Moreover, we assumed that dropout at each step of the care cascade is random,

which may not reflect reality, as some patients will never be offered therapy due to age, co-

morbid conditions, or feasibility. Nevertheless, this was a necessary assumption in our model

due to the level of evidence available. Finally, this model did not consider co-morbid condi-

tions that may increase risk of TB, however the studies informing our rate of reactivation were

derived from diverse populations and should approximate a population-wide reactivation rate.

Future economic analyses of LTBI interventions in migrant populations should focus on

varying the timing of screening and/or how to target screening. Research into LTBI screening

during pre-immigration medical exams could potentially be highly valuable as a tool for post-

landing follow-up. Furthermore, targeting screening post-landing based on a combination of

co-morbidities and demographic variables can potentially make strong predictions about

future TB risk in individuals.

Conclusion

Screening new migrants flagged for post-landing surveillance with an IGRA followed by treat-

ment with rifampin was dominant compared to the base case of TST followed by isoniazid.

Expanding LTBI screening to all new migrants was cost-prohibitive. Future research should

investigate the cost-effectiveness of LTBI screening based on socioeconomic factors and co-

morbid conditions.
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