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Abstract

Background: Tuberculosis (TB) is an important public health problem in Inuit communities across Canada, with an
annual incidence rate in 2017 that was nearly 300 times higher than in Canadian-born non-Indigenous individuals.
Social and behavioral factors that are prevalent in the North, such as commercial tobacco use, excessive alcohol
use, food insecurity and overcrowded housing put individuals at higher risk for TB morbidity and mortality. We
examined the potential impact of mitigation strategies for these risk factors, in reducing TB burden in this setting.

Methods: We created a transmission model to simulate the epidemiology of TB in Nunavut, Canada. We then used
a decision analysis model to assess the potential impact of several evidence-based strategies targeting tobacco use,
excessive alcohol use, food insecurity and overcrowded housing. We predicted TB incidence, TB-related deaths,
quality adjusted life years (QALYs), and associated costs and cost-effectiveness over 20 years. All costs were
expressed in 2018 Canadian dollars.

Results: Compared to a status quo scenario with no new interventions for these risk factors, the reduction strategy
for tobacco use was most effective and cost-effective, reducing TB incidence by 5.5% (95% uncertainty range: 2.7–
11%) over 20 years, with an estimated cost of $95,835 per TB case prevented and $49,671 per QALY gained. The
addition of the food insecurity reduction strategy reduced incidence by a further 2% (0.5–3%) compared to the
tobacco cessation strategy alone, but at significant cost.
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Conclusions: Strategies that aim to reduce commercial tobacco use and improve food security will likely lead to
modest reductions in TB morbidity and mortality. Although important for the communities, strategies that address
excess alcohol use and overcrowding will likely have a more limited impact on TB-related outcomes at current
scale, and are associated with much higher cost. Their benefits will be more substantial with scale up, which will
also likely have important downstream impacts such as improved mental health, educational attainment and food
security.

Keywords: Cost-effectiveness, Decision analysis, Tuberculosis, Tobacco, Alcohol, Food insecurity, Overcrowding,
Inuit, Nunavut

Background
Tuberculosis (TB) remains the deadliest infectious dis-
ease worldwide, with 1.4 million deaths in 2019 [1]. It is
often the most vulnerable people who bear a dispropor-
tionate burden of TB morbidity and mortality; this is the
case with Indigenous peoples [2]. This reflects
colonization and disenfranchisement, as well as a high
prevalence of risk factors for TB in many Indigenous
communities, such as Aboriginal peoples and Torres
Strait Islanders in Australia, Maori communities in New
Zealand, and Inuit, First Nations and Métis communities
in Canada. These risk factors include diabetes, alcohol
and other substance use, cigarette smoking, food inse-
curity, and overcrowded housing [2].
Canada is among the countries with the lowest overall

TB incidence. However, the disease is concentrated in
Canadian Indigenous communities, particularly in the
North [3]. TB was introduced to the Eastern Canadian
Arctic in the 1800s following European settlement in the
region [4]. After a steady decline over the latter half of
the twentieth century, there has been a recent resur-
gence of TB in Inuit communities across Canada, with
an annual incidence rate in 2017 that was 400 times
higher than in Canadian-born non-Indigenous individ-
uals (an incidence rate of 4.9 per 100,000 in Canada, 0.5
per 100,000 in Canadian-born non-Indigenous individ-
uals, and 205.8 per 100,000 in Inuit communities) [4, 5].
In this context, it is important to consider the role of so-
cial and behavioural factors, in addition to other bio-
logical or environmental factors, that put individuals at
higher risk for TB morbidity and mortality.
Our study focuses on Nunavut, the largest region of

the Inuit Nunangat (Inuit homeland). We consider four
highly prevalent social and behavioral risk factors for
TB: commercial tobacco use, heavy alcohol consumption
(which we refer to as heavy drinking), food insecurity,
and overcrowded housing, all of which are associated
with increased risk of TB, and some with poorer out-
comes. In 2014, Nunavut’s population aged over 12 had
the highest proportion of commercial tobacco smokers
of all Canadian provinces and territories, with 62% esti-
mated to be current smokers [6]. Although 14% reported

heavy drinking, similar to 16% in the rest of Canada,
there is likely underreporting because of legal restric-
tions and contraband use [6, 7]. In 2012, 56% of Nuna-
vut households were food insecure, and in 2016, the
same percentage of individuals lived in overcrowded
dwellings (defined as more than one person per
room) [8, 9] compared to 8% food insecure house-
holds and 2% in overcrowded dwellings, in the rest of
Canada [9–11].
These risk factors affect TB pathogenesis in different

ways. Smoking is associated with substantially increased
risk of acquiring TB infection, progression to TB disease
and TB-related death, possibly as the result of impaired
immunity [11–13]. Excessive alcohol use is associated
with increased susceptibility to TB infection and disease,
and poorer treatment outcomes due to suboptimal ad-
herence [14, 15]. Food insecurity increases the risk of
TB infection and poor treatment outcomes such as
treatment failure and death [16, 17]. Finally, crowded
housing is associated with a higher contact rate between
individuals, thereby increasing the likelihood of M. tu-
berculosis transmission [18–20]. There exist culturally
appropriate programs to address these risk factors; for
example, plain packaging was introduced for commercial
tobacco products in Aboriginal communities in Australia
[2]. Similarly, in several Nunavut communities, an in-
patient program focused on clinical and cultural healing
is designed to reduce heavy drinking [21].
Current approaches to TB prevention, detection and

care in Nunavut include (but are not limited to) screening,
contact investigation, active surveillance, molecular diag-
nostics such as the Xpert® MTB/RIF test, and case man-
agement in accordance with the Canadian Tuberculosis
Standards [22]. On the other hand, the current TB pro-
gram does not specifically address social and behavioral
risk factors for TB. Given their high prevalence in Nuna-
vut and their association with TB morbidity and mortality,
our objective is to assess the contribution of programs that
reduce their prevalence. Specifically, we use simulation
modeling to estimate the potential impact of several
evidence-based strategies targeting four risk factors, con-
sidering TB-related health outcomes, associated costs and
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cost-effectiveness over 20 years from the government
payer perspective.

Methods
We built two simulation models. The first, a dynamic
transmission model, simulated the historic and recent
TB epidemics in Nunavut, in order to estimate the dis-
tribution of TB-related health states in the general popu-
lation in 2018 (e.g. the proportion of the population
susceptible to TB, the proportion latently infected, as
these are not directly measured or known). The second
was a decision analysis model, which involved using the
2018 population distribution (obtained from the dy-
namic model) to then evaluate the cost-effectiveness of
various risk factor reduction strategies over the following
20 years. Each model is described in further detail below.

Dynamic model
A dynamic transmission model was first created and vali-
dated to simulate the TB epidemic in Nunavut from 1948
to 2018. This model’s structure was adapted from a previ-
ously published model [23]. The previous model only con-
sidered smoking as a risk factor; we integrated three
additional risk factors: excessive alchol use, food insecurity
and overcrowded housing. This model captured the pre-
antibiotic period, the shift in Inuit living conditions, the
introduction of antibiotics, and recent prevention and care
measures. Model parameters were based on published lit-
erature, whilst unknown parameters were based on ob-
served data. By simulating the spread of TB in this region,
we were able to estimate the distribution of the population
with respect to the four risk factors as well TB-related
health states in 2018, which included the proportion of
the population uninfected by Mycobacterium tuberculosis,
the proportion of the population with latent infection, and
proportion of the population who had recovered from ac-
tive disease. Pathogenetic parameters that were calibrated
in the dynamic model were also applied to the decision
analysis model (see Additional file 1, which also provides
more details of the dynamic model).

Decision analysis model
Using TreeAge Pro software (TreeAge Software Inc.,
2018, Williamstown, MA), we created a Markov decision
analysis model which simulated a cohort of Canadian
Inuit with median age 20 [24], starting in 2018 [25, 26].
As with the dynamic model, the model structure was
modified from a previous version that considered only
smoking as a risk factor [23]; a simplified schematic
presentation of its structure is shown in Fig. 1. This
model was used to predict TB-related health outcomes
and TB-related health system costs over a 20-year period
after the implementation of the risk factor reduction
strategies, compared with a status quo scenario without

the implementation of these specific risk factor reduc-
tion strategies. The status quo scenario incorporated the
current standard of TB care in the region. The health
outcomes considered were TB incidence, TB-related
deaths and TB-related quality adjusted life-years
(QALYs). A discount rate of 3% was applied to all future
outcomes and costs [27].

Data used in the decision analysis model
Parameters used in the decision analysis model fell into
four main categories: (1) TB pathogenetic and epidemio-
logic parameters, (2) TB-related health utilities, (3) TB
risk factor reduction strategies’ costs and effects, and (4)
TB-related health system costs.
TB pathogenetic and epidemiologic parameters were

informed by published data, or where necessary were
calibrated using our dynamic model. Systematic reviews
and meta-analyses were used to inform epidemiologic
parameters describing the effect of each social and be-
havioural risk factor on TB pathogenesis. TB-related
health utilities generally also came from published litera-
ture. On the other hand, data related to the costs and ef-
fects of TB risk factor reduction strategies came from
actual program data, where possible, as described below.
Finally, TB-related health system costs reflected publica-
tions from Nunavut, or other comparable settings. We
distinguish two types of costs used in the model: those
related to risk factor reduction strategies and those re-
lated to TB care (which we refer to as TB-related health
system costs). [A full list of model parameters along with
specific data sources is provided in Additional file 1 –
Supplemental Table 5.]

TB pathogenetic and epidemiologic parameters
Table 1 shows the key decision analysis model parame-
ters related to TB pathogenesis, epidemiology and treat-
ment. These parameters were used to define the
probability of events occurring in the model (as one-
time percentages, unless otherwise stated). For the popu-
lation exposed to a combination of risk factors, the
values for the relevant parameters were multiplied by
the corresponding estimates of effect for the risk factors
(Table 2).

TB-related health utilities
In order to estimate QALYs associated with TB, we used
TB-related health utility weights from 0 to 1 (where 0 is
death and 1 is perfect health) [42]. Scores were calcu-
lated based on the length of time spent with or without
active TB or LTBI treatment. As latent TB is asymptom-
atic by definition, we considered that persons with LTBI
who are untreated have the same health utility value as
persons in perfect health, i.e. a value of 1. We did not
consider utility weights associated with TB risk factors
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(e.g. food insecurity, overcrowded housing). Table 1
shows the specific utility values used to estimate QALYs.
After adjusting pathogenetic parameters for persons

with social and behavioral risk factors for TB, all ef-
fect estimates for the four risk factors reflected the
published literature, and wherever possible these were
independent estimates (i.e. adjusted for other potential
risk factors). For example, for those who were at in-
creased risk due to smoking, the annual probability
for rapid progression following newly acquired TB in-
fection shown in Table 1 (i.e. 0.18% for those not at
risk for any specific TB risk factor) was multiplied by
the estimate of effect for active TB conditional on in-
fection (RR = 1.5) to give a higher probability of rapid
progression for smokers (0.18% × 1.5 = 0.27% for
those at risk due to smoking). Similarly, for those at
increased risk due to both smoking and heavy drink-
ing, the annual probability of rapid progression fol-
lowing TB infection was 0.18% × 1.5 × 4.2 = 1.13%.

TB risk factor reduction strategies
We considered multiple risk reduction strategies. Each
strategy selected was highlighted by community mem-
bers, public health, and academic informants in Nuna-
vut, and wherever appropriate, was a land-based Inuit-
led intervention. Land-based strategies were those that

incorporated the land in their structure, rooted in the
notion that the land is a fundamental component of
health, wellbeing and culure for Indigenous Peoples [43].
A systematic review of the proximate determinants of
TB in Indigenous communities [2] helped inform poten-
tial risk reduction strategies. In instances where we were
unable to identify strategies implemented in the Arctic,
we used information from other relevant settings. In our
final short list, we considered only those reduction strat-
egies where information was available on both cost and
effect, and which were considered acceptable by infor-
mants in Nunavut. Cost and effect data often came from
separate reports. A brief summary follows. Detailed de-
scriptions of each of the strategies selected are provided
in Additional file 1 – section “Risk factor reduction
strategies”.

Tobacco reduction strategy
Our previous analysis addressing tobacco reduction con-
sidered several cessation strategies separately, and in
combination [23]. A combined strategy consisting of
pharmacotherapy coupled with counselling, mass-media
campaigns and increased tobacco taxation was found to
be the most cost effective approach to reducing tobacco
use. We therefore used this combined approach as the

Fig. 1 Simplified schematic of decision analysis model structure. * At the end of each cycle, individuals either continue to have or stop having any of
the four TB risk factors (tobacco use, heavy drinking, food insecurity, overcrowded housing). Whether they continue or stop depends on how the
prevalence of the factors is changing. For example, if an individual in Stratum 1 (i.e. with all four TB risk factors) is no longer in overcrowded housing
by the end of one cycle, they move to Stratum 2 (i.e. having all TB risk factors except overcrowding) at the beginning of the following cycle
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Table 2 TB risk factor specific multipliers applied to probabilities in decision analysis model

Outcome MEASURE of EffecTa ESTIMATE (95% CI) Comparison Reference

SMOKING

Infection Relative Risk 1.9 (1.6–2.3) Ever or current smokers vs. never smokers [11]

Active Disease Relative Risk 1.5 (1.3–1.7) Ever or current smokers vs. never smokers [12]

Death Relative Risk 2.6 (1.8–3.6) Ever or current smokers vs. never smokers [11]

HEAVY DRINKING

Infection Relative Risk 2.9 (1.9–4.6) ≥40 g alcohol per day and/or alcohol use disorder
vs. < 40 g alcohol per day and no alcohol use disorder

[38]

Active Disease Relative Risk 4.2 (2.7–6.5) ≥40 g alcohol per day and/or alcohol use disorder
vs. < 40 g alcohol per day and no alcohol use disorder

[39]

Death Hazard Ratio 2.4 (1.1–5.3) Addiction to alcohol
vs. no addiction to alcohol#

[40]

FOOD INSECURITY

Infection Odds Ratio 2.1 (1.0–4.3) Inadequate daily fruit/vegetable intake
vs. adequate daily fruit/vegetable intakeb

[16]

Active Disease Odds Ratio 2.4 (1.6–3.1) People experiencing household food shortage
vs. not experiencing household food shortage

[41]

OVERCROWDING

Infection Relative Risk 1.5 (1.1–2.0) Houses with > 1 person per room
vs. houses with ≤ 1 person per room

[20]

Active Disease Odds Ratio 1.3 (1.2–1.5)c For every additional 0.2 persons per room [19]
aWhere possible, we obtained adjusted estimates from each study
bAdequacy of daily fruit and vegetable intake was determined based on North American reference standards for age and sex, assuming individuals had a “typical”
level of physical activity
cWe modified this estimate to reflect the added risk for every additional 1 person per room (we used 1.35 = 3.7 [95 % CI 2.5 − 7.6])

Table 1 Decision analysis model parameters related to the natural history, epidemiology, treatment of LTBI and TB

ESTIMATE PROBABILITY (%) or
VALUE (RANGE)

REFERENCE

Probabilities (once-time percentages)

Probability of completing latent TB infection treatment among those who initiate treatment 75.6 [28]

Probability of diagnosing active disease 90 Assumption

Probability of spontaneous resolution of untreated TB disease 25 [29]

Probability of relapse after active TB treatment 1.4 Dynamic modelb,d

Protective immunity from previous TB disease 55 Dynamic modelb

Probabilities for those without any of the four specific TB risk factors

Probability of rapid progression following TB infection 0.18/yeara Dynamic modelb

Probability of reactivation of longstanding latent TB infection to TB disease 0.05/year [30–32]

Probability of dying from untreated TB 7.7/yearc [33]

Probability of dying from TB during treatment 1.7/yearc [34]

Quality Adjusted Life Years for Latent TB Iinfectuin and active TB

Utility score for individual with active TB disease (during treatment) 0.85 (0.70–0.90) [35]

Utility score for individual with active TB disease (before treatment) 0.68 (0.65–0.72) [36]

Utility score for individual with latent TB infection, (during treatment) 0.97 (0.95–1.00) [36]

Utility score for individual with latent TB infection (before treatment) 1 Assumptione

aThis value is very low because it applies only to those not exposed to any of the four TB risk factors. Taking a weighted average across the 16 strata gives a rapid
progression value of 0.8%/year
bCalibrated using dynamic model, see Additional file 1 – section “Calibration details”
cTaking a weighted average of these values over all 16 strata gives values from literature
dAlthough this is calibrated, its initial value was based on the literature: the probability of relapse following active TB treatment started at 1.5% [34, 37]
eIndividuals with latent TB infection are asymptomatic and are assumed to be otherwise healthy
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primary tobacco reduction strategy in our current
analyses.

Heavy drinking reduction strategy
The heavy drinking reduction strategy is centred on a
land-based healing camp [44]. Such a program currently
operates out of the Cambridge Bay Wellness Centre, and
is set to expand to two other regions in Nunavut [21].
The strategy assumes a 28-day inpatient camp offered 3
to 4 times per year, with programming focused on both
clinical and cultural healing. For our analysis, we as-
sumed the program was scaled up in the three regions
(Kitikmeot, Kivalliq and Qikiqtaaluk) by a factor of 5, so
as to achieve sufficient population coverage. Costs were
scaled up proportionally, based on published budgets
[21].

Food insecurity reduction strategy
We considered a comprehensive approach to reducing
food insecurity that incorporated initiatives based in
Nunavut and the Northwest Territories. Specifically, we
considered as prototype programs the Niqinik Nuatsivik
Nunavut Food Bank, the First Nations and Inuit compo-
nent of the Canada Prenatal Nutrition Program (CPNP)
[45], Nunavut’s Country Food Distribution Program
(CFDP), and a community greenhouse project in Hay
River, Northwest Territories in combination [46–49].
Based on the available information, costs were adjusted
to reflect full coverage of the food-insecure population
(or in the CPNP’s case, all food-insecure pregnant
women).

Overcrowded housing reduction strategy
During 2014–2015, there were 210 housing units con-
structed in 12 communities in Nunavut and 216 housing
units in 8 communities in Nunavik (the Inuit homeland
within Quebec) [50]. These housing units were a com-
bination of one-, two- and four-bedroom houses and
apartments. We used data related to construction of
these 426 units to inform the strategy for reducing over-
crowded housing.

Effects of mitigation strategies on associated risk factors
The anticipated effect of each mitigation strategy on the
associated risk factor is summarized in Table 3. We ob-
tained estimates of effect from the published literature
which described the implementation of the selected
strategies [50–54]. Additional details regarding the esti-
mate of effect for risk factor reduction strategies are pro-
vided in Additional file 1 - Supplemental Table 4.
We assumed that the population that was no longer

exposed to a particular risk factor would remain without
it for the rest of the simulation. For example, those who
were no longer food insecure as the result of the

intervention were categorized as food secure for the
remaining simulation. For all scenarios we also consid-
ered the ongoing background change in risk factor
prevalence, in the absence of any specific new reduction
strategy. The rate of background change was informed
by published literature on risk factors from Nunavut [6,
8, 9, 57–63].

Costs
All costs are expressed in 2018 Canadian dollars and are
from the government payer perspective [64].

Costs related to social and behavioural risk factor reduction
strategies
Table 4 summarizes the costs associated with each of
the reduction strategies. A more detailed description of
costs is available in Supplemental Table 5 within Add-
itional file 1. Wherever possible, we used reported costs
from Nunavut associated with each reduction strategy.
When that was not possible, we integrated published
costs from comparable settings. For example, tobacco
reduction strategy costs reflected a Centers for Disease
Control and Prevention (CDC) report and Régie de l’as-
surance maladie du Québec (RAMQ) data [65, 66].
Charges to buyers related to tobacco taxation do not
represent net costs for government health payers or so-
ciety as a whole. Costs for the healing camps (alcohol
use reduction) were based on a report that outlined their
implementation across Nunavut [21]. Costs related to
the initiatives included in the food insecurity interven-
tion came from program reports and published budgets
from Nunavut and the Northwest Territories [46–49].
Lastly, the housing construction costs came from an
Inuit Tapiriit Kanatami (ITK) report [67] outlining a
housing strategy across the four Inuit homelands, and
the annual maintenance costs reflected information from
a Nunavut Housing Commission report [68].
We did not assume that once community members

became food secure, they would no longer need the food
bank, greenhouse or country food program. As such,
those who became food secure as a result of these pro-
grams continued to use them and incurred the associ-
ated cost. This is in contrast to pharmacotherapy, for
example, where the population who quit smoking as a
result of this program did not incur subsequent related
smoking cessation costs.

TB-related health system costs
Costs associated with active TB and LTBI management
and clinical care are summarized in Table 5. This in-
cludes TB-related diagnostic costs, treatment costs, and
costs of adverse events associated with TB medications.
The cost of treating active TB also includes transfers to
Ottawa for patients requiring complex care, which
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occurs in approximately 4% of persons with active TB
[35, 72]. TB-related health system costs were obtained
from published sources from Nunavut, where available.

Sensitivity and scenario analysis
Tornado diagrams were used to identify the most influ-
ential model parameters for each strategy. Additional
sensitivity analyses focused on those parameters. In the

case of the food insecurity reduction strategy, we started
from an assumed odds ratio of 2.42 for becoming food
secure, as described in Table 3 [53]. This was a much
more conservative point estimate than in the study by
Thompson and colleagues. However, we considered even
more limited impact (odds ratio as low as 1.35) as well
as up to 5.5, so as to remain symmetric on the logarith-
mic scale. Because of the marked uncertainty about the
effect of programs in improving food security, we fo-
cused primarily on identifying thresholds where the food
security intervention produced reductions in TB inci-
dence similar to those afforded by programs targeting
other risk factors. We also considered various combina-
tions of the four strategies.
The Inuit Nunangat Housing Strategy estimates a

current gap of 3500 housing units for Nunavut without
accounting for population growth [67]. This strategy ad-
vocates for housing construction and improvement in
housing conditions across Inuit Nunangat. As such, we
considered additional scenarios where more than 426
houses were to be built in the overcrowding reduction
strategy. We continued to assume that an average of 3.3
individuals would be accommodated in each house [50].
Probabilistic sensitivity analysis (PSA) was conducted

by varying parameter estimates over their distributions
(see Additional file 1 - Supplemental Table 5) and

Table 4 Risk factor reduction strategy costs (2018 $CAD)

Strategy Components Cost Reference

combined Tobacco Reduction strategy* (a) Total per-person cost of pharmacotherapy and counselling $1749 [66, 69, 70]

(b) Proportion of smokers who made a quit attempt 19.8% [51]

(c) Recommended per capita expenditure on mass media campaigns $2.10 [65]

Prorated mean cost of pharmacotherapy, counselling and mass media per
individual smoker (a × b) + c: added to all smokersa

$348

on the land HEALING CAMP (a) Total per-person start-up cost of healing camps $1599 [21]

(b) Total per-person annual operating cost of healing camps $37,444 [21]

(c) Proportion of heavy drinking population participating in healing camp 7% [21]

Prorated mean cost of healing camps per individual heavy drinker
(a + b)× c: added to all heavy drinkers

$2695

combined food insecurity reduction strategy (a) Total per-person cost for Niqinik Nuatsivik Nunavut Food Bank $168 [46]

(b) Total per-person cost for Canadian Prenatal Nutrition Program $1481 [47]

(c) Pregnant women as a proportion of the food insecure population 2.3% [71]

(d) Total per-person cost for Country Food Distribution Program $412 [48]

(e) Total per-person cost for community greenhouse project $11 [49]

Prorated mean per person cost of reduction strategy per food insecure individual
a + (b×c) + d + e : added to all food insecure individuals

$625

Housing construction (a) Total per-person cost of building 426 new housing units $151,494 [67, 68]

(b) Total per-person cost of maintaining 426 housing unit annually $2530

(c) Proportion of population in crowded housing moving to a new house 6% [50]

Prorated mean per person cost per individual living in overcrowded housing
(a + b) ×c: added to all individuals living in overcrowded housing

$9149

aMass media costs also applied to non-smokers, as exposure to mass media campaigns is not exclusive to smokers

Table 5 TB-related health system costs in Nunavut (2018 $CAD)

Components Cost Reference

Tuberculin skin test $19 [73]

9-month regimen of isoniazid $186 [66]

Major adverse reaction to isoniazid $15,269 [73]

Chest X-ray $70 [74]

Three sputum samples analysis
(when results are negative)

$30 [72]

Three sputum samples analysis
(when results are positive; includes PCR probe)

$83 [72]

Spontaneous sputum production per sample $3.60 [35]

Sputum induction for 3 samples $99 [72]

Xpert® MTB/RIF test for one individual (1 sample) $137 [35]

Standard 6-month active TB medication
regimen (including Vitamin B6)

$655 [66]

PCR polymerase chain reaction
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running 10,000 simulations to generate 95% uncertainty
ranges (UR) for all model outputs.

Results
Base case
Compared to the status quo scenario with no new inter-
ventions directed at any of the four risk factors, the to-
bacco reduction strategy reduced TB incidence by 5.5%
(95% UR: 2.6–11%) over 20 years. The reduction strategy
for food insecurity reduced TB incidence by 1.8% (95%
UR: 0.5–3.1%), the heavy drinking reduction strategy re-
duced it by 0.7% (95% UR: 0.4–0.9%), and the over-
crowding reduction strategy at current scale reduced it
by 1% (95% UR: 0.6–1.3%). In addition, the tobacco re-
duction strategy had the largest impact on TB-related
deaths, reducing them by 13.4% (95% UR: 6.9–25.8%)
over 20 years, and the largest effect on QALYs, which in-
creased by 3.1 per 1000 persons (95% UR: 1.2–8.9) over
20 years relative to the status quo. Results are shown in
Table 6.
Incremental cost-effectiveness ratios (ICERs) compar-

ing each strategy to the preceding strategy are shown in
Table 7.
The tobacco reduction strategy was estimated to cost

just under $50,000 per QALY gained. Strategies target-
ing each of the other risk factors alone were dominated,
i.e. more expensive but less effective. Strategies involving
combinations of interventions were much more expen-
sive relative to health gains. Hence the combination of
all four strategies had the highest anticipated reduction
in TB incidence, but was also the most expensive, with
an estimated incremental cost of nearly $14 million per
QALY gained or nearly $18 million per TB case pre-
vented. Combining the tobacco reduction and food inse-
curity reduction strategies yielded a similar reduction in
TB incidence, but at a much lower cost. Specifically, its
total cost was 68.6% lower (95% UR: 64.8–71.2%) and

TB incidence only 1.6% higher (95% UR: 1.1–2.1%) when
compared to the combination of all four strategies.
Table 8 shows the breakdown of costs, between the re-

duction strategies and the TB- related health system
costs. While all strategies were associated with some sav-
ings on TB-related health system costs, the costs for
each strategy itself consistently outweighed any savings.

Scenario and sensitivity analyses
Results of scenario analyses considering varying levels of
housing construction are shown in Table 9. Meeting the
3500 units housing gap in Nunavut would further reduce
TB incidence and related deaths by 6.9% over 20 years
compared to the more limited scale of overcrowding re-
duction assumed in the base case scenario. Per-person
costs and incremental cost-effectiveness ratios remain
largely unchanged.
Tornado diagrams (Additional file 1 - Supplemental

Figs. 4–9) showed that predicted costs associated with
each reduction strategy were most affected by the par-
ameter representing the relative risk of progressing to
active disease following infection for individuals living in
overcrowded housing compared to individuals in non-
crowded housing, as well as by the cost of
hospitalisation.
When the food insecurity reduction strategies were as-

sumed to reduce food insecurity by a factor of greater
than 5.5 fold, they became more effective at reducing TB
incidence than the tobacco reduction strategy. Despite
becoming more effective for reducing incidence, the
food insecurity reduction strategy was more expensive
than the tobacco reduction strategy and was associated
with higher relative TB mortality. This is because to-
bacco use is directly associated with increased TB case
fatality, so that reduced tobacco use leads to lower case
fatality. Further sensitivity analysis results are presented
in Additional file 1 – section “Sensitivity analysis”.

Table 6 Projected costs and health outcomes per 1000 persons over 20 years

Outcomes per 1000 persons (95% UR) Cost TB Incidence TB Deaths QALYs

Status Quo $1,199,205 ($765,946 → $1,883,
900)

29.12 (19.06 →
43.21)

2.76 (1.32 →
6.25)

15,001.86 (14,968.20 →
15,014.70)

Tobacco Reduction Strategy $1,353,274 ($946,333 → $1,994,
712)

27.51 (18.13 →
40.40)

2.39 (1.15 →
5.35)

15,004.96 (14,975.35 →
15,016.31)

Heavy Drinking Reduction Strategy $1,680,078 ($1,250,339 → $2,
359,473)

28.92 (18.96 →
42.83)

2.73 (1.31 →
6.16)

15,002.17 (14,969.09 →
15,014.83)

Food Insecurity Reduction Strategy $3,300,445 ($2,876,803 → $3,
974,764)

28.58 (18.75 →
42.26)

2.71 (1.30 →
6.13)

15,002.32 (14,969.19 →
15,014.94)

Food Insecurity Reduction Strategy and Tobacco
Reduction Strategy

$3,456,071 ($3,056,024 → $4,
081,059)

27.02 (17.88 →
39.60)

2.35 (1.13 →
5.25)

15,005.36 (14,976.11 →
15,016.51)

Overcrowding Reduction Strategy $8,282,029 ($7,854,241 → $8,
955,843)

28.84 (18.93 →
42.73)

2.74 (1.31 →
6.19)

15,002.18 (14,968.91 →
15,014.86)

All Four Reduction Strategies in Combination $11,021,792 ($10,630,433 →
$11,635,312)

26.59 (17.67 →
38.87)

2.31 (1.12 →
5.12)

15,005.90 (14,977.39 →
15,016.78)
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Discussion
Our analysis identified the tobacco reduction strategy as
least costly and most effective in reducing TB morbidity
and mortality. The strategies for heavy drinking reduc-
tion and food security were also beneficial, albeit at
higher cost. The population-level impact of the housing
intervention was constrained by limited reach and high
cost at current scale. However, this intervention has po-
tential to reduce TB morbidity and mortality substan-
tially when scaled up and provides vital benefits,
including improved mental health, education and food
security [75, 76]. Similarly, the land-based healing camp
reached only a fraction of the heavy-drinking population
at current scale, but provides great benefit to those indi-
viduals. Both interventions may be scaled up to meet a
community’s needs, but their costs would increase pro-
portionally, so the per-person cost would remain similar.
Overall, the parameter representing the relative risk of

progression to active disease among people in crowded
homes compared to non-crowded homes was the most
influential in driving costs and effectiveness. This may
be because of the estimate’s magnitude, as well as the
rise in overcrowding prevalence throughout the model’s
analytic horizon.
The strategies for food security and reduction of heavy

drinking both draw explicitly on the community’s cul-
ture, practices and strengths. However, these strategies
also depend on materials from the South, e.g. construc-
tion and maintenance of community freezers, certain
foods for the food banks, and building supplies for on-
the-land healing camps. Transport of materials from the
South has substantial cost implications, and is a driver

for the high cost of these strategies, as well as the strat-
egy to reduce overcrowding.
Although $50,000 per quality adjusted life year has been

a frequent benchmark, Canadian guidelines do not recom-
mend any specific threshold in assessing cost-effectiveness
[77], while the United Kingdom and United States guide-
lines generally use thresholds of £50,000 GBP and $100,000
USD, respectively [77, 78]. Policy and program decisions
should reflect not only cost-effectiveness estimates, but
feasibility and cultural acceptability. Where possible, we
based our risk factor reduction strategies on initiatives that
already exist in remote settings to illustrate their feasibility.
It is important to consider some limitations of our

study. We did not address other improvements in health
related to mitigation of tobacco and alcohol use, food in-
security, and overcrowded housing. We did not consider
how a change in prevalence of one TB risk factor might
affect the prevalence of others, or whether the effect of
certain risk factors was dose-dependent (i.e. how much
an individual’s risk of TB would change when they used
more tobacco). Where information on costs and effects
of the reduction strategies selected was not available
from Nunavut, we used information from other settings,
which were not always specific to Inuit communities.
In some cases, our results reflect limited data with im-

precise measures. Most importantly, a study conducted
in 14 communities in Northern Manitoba found that
persons in communities with a country food program
were 20 times more likely to be food secure than in
communities without such a program [53], but the con-
fidence interval was extremely wide. We considered the
lower bound of this interval as a conservative estimate of

Table 9 Projected overcrowding reduction strategy outcomes per 1000 persons over 20 years

Number of Housing
Units Built

Estimated Number of
Individuals Accommodated

Cost TB Incidence TB Deaths Quality Adjusted
Life Years

426 1406 $8,282,029 28.84 2.74 15,002.18

1500 4950 $17,736,070 28.47 2.70 15,002.61

3500a 11,550 $57,714,176 26.84 2.55 15,004.47

7000 23,100b $110,409,791 24.58 2.34 15,007.08

10,000 33,000 $152,537,566 22.60 2.15 15,009.31
aNumber of housing units needed to close the housing gap according to the Inuit Nunangat Housing Strategy (INHS 2019)
bApproximately equal to the number of individuals living in overcrowded housing in Nunavut in 2018

Table 8 Projected health system and intervention costs per 1000 persons over 20 years

Outcomes per 1000 persons Total Cost Intervention Cost TB-Related Health System Cost TB-Related Health System Savings
Compared to Status Quoa

Status Quo $1,199,205 $0 $1,199,205 –

Tobacco Reduction Strategy $1,353,274 $209,829 $1,143,444 $55,761

Heavy Drinking Reduction Strategy $1,680,078 $487,941 $1,192,137 $7068

Food Insecurity Reduction Strategy $3,300,445 $2,119,885 $1,180,560 $18,646

Overcrowding Reduction Strategy $8,282,029 $7,092,984 $1,189,045 $10,161
acalculated as TB-related health system cost in status quo scenario – TB-related health system cost in intervention scenario
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effect in our base case scenario due to the lack of other
published information. As such, more data are needed
with respect to the precise impact of such reduction
strategies, especially because food insecurity is a preva-
lent issue.
Nonetheless, there is good reason to expect that in-

vestments that successfully mitigate these risk factors
will reduce TB morbidity and mortality. In this sense,
they will complement recent efforts to improve diagnos-
tic capacity and prevention [79]. The relative isolation of
many Indigenous communities highlights the role of
preventive strategies that build on local resources. In In-
digenous communities worldwide, building local capacity
is key to addressing social and behavioural risk factors.
Some key examples are initiatives that address tobacco
use, heavy drinking and diabetes in Aboriginal peoples
and Torres Strait Islanders in Australia [80–83].
Few studies from Indigenous settings have explored

cost-effectiveness of community based interventions
that target social and behavioural determinants of
health. One study highlighted health gains associated
with a community-based intervention to reduce dia-
betes and cardiovascular disease in a remote region of
Western Australia [84]. Another Australian report
suggested that price discounts to encourage healthy
eating in remote Indigenous communities were in fact
associated with poorer population health; instead,
more holistic, culturally appropriate strategies were
encouraged [85]. More generally, economic evalua-
tions of health interventions in Indigenous settings
have underscored the importance of leveraging local
capacity and advocating community ownership [86].
These are also essential elements of TB prevention
and care in non-Indigenous settings.
Economic analyses from non-Indigenous settings have

emphasized the importance of addressing social and be-
havioural determinants of health. One report highlighted
the cost-effectiveness of screening and brief interven-
tions for excess alcohol use in European countries [87],
while another underlined the cost-effectiveness of re-
peated tobacco cessation counselling in the United
States [88]. Financial protection strategies to mitigate
TB’s downstream social impacts have been identified as
essential components of person-centred care [89].
Clearly, social and behavioural risk factors for TB will
require concerted action if we are to meet key national
and global TB reduction targets [2, 41, 90–93].
The history of TB in Canada’s North is tightly linked

to colonization and colonial policies [3, 94, 95]. Hence it
is all the more important to prioritize strategies led by
Inuit community members, and based in Inuit culture
and the land. The launch of the Canadian Tuberculosis
Task Force to address TB [95] in Inuit communities has
emphasized the significance of local partnerships to

ensure such strategies are culturally appropriate, sustain-
able, and speak to the Inuit experience.

Conclusion
Strategies that reduce commercial tobacco use will likely
lead to modest improvement in tuberculosis morbidity
and mortality in Canada’s North, and may be reasonably
cost-effective. From the TB perspective, strategies to ad-
dress food insecurity will have less impact at higher cost,
although these bring other important health benefits.
Similarly, strategies that address excess alcohol use and
overcrowding will have a limited impact on TB-related
outcomes at current scale. Their benefits will be more
substantial with scale up. Strategies that address alcohol
use and overcrowding will likely also have meaningful
impact beyond TB, including improved mental health
and educational attainment. These findings will also be
relevant to other Indigenous and non-Indigenous com-
munities and settings, where these risk factors and TB
are co-prevalent.
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