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Abstract: Background: People with respiratory conditions are susceptible to health problems caused
by exposure to indoor air pollutants. An economic framework was developed to inform a guideline
developed by National Institute for Health and Care Excellence (NICE) to estimate the required
level of efficacy necessary for an intervention to be cost-saving in dwellings across England. Meth-
ods: An economic modelling framework was built to estimate the incremental costs pre- and post-
implementation of interventions designed to reduce exposure to indoor air pollution within dwell-
ings of varying building-related risk factors and profiles. The intervention cost was varied simulta-
neously with the relative reduction in symptomatic cases of each health condition to estimate the
point at which an intervention may become cost-saving. Four health conditions were considered.
Results: People living in dwellings with either an extreme risk profile or usable floor area <90m?
have the greatest capacity to benefit and save National Health Service (NHS) costs from interven-
tions at any given level of effectiveness and upfront cost. Conclusions: At any effectiveness level,
the threshold for the upfront intervention cost to remain cost-saving is equivalent across the differ-
ent home characteristics. The flexible model can be used to guide decision-making under a range of
scenarios.

Keywords: indoor air pollution; public health guidance; economic model;
cost-effectiveness analysis

1. Introduction

People in Europe spend up to 90% of their lives indoors and 66% of this time is spent
at home [1]. Indoor air quality has an impact on multiple health outcomes, including res-
piratory and cardiovascular illness, allergic symptoms, cancers and premature mortality
[2,3]. Common pollutants include particulate matter (PM25 and PMio); nitrogen dioxide
(NOz); and volatile organic compounds (VOCs) including benzene, formaldehyde and
polycyclic aromatic hydrocarbons (PAHs). Sources of these pollutants include smoking,
cooking, heating, unvented gas heaters and cookers, solvent use, renovations, new furni-
ture, household products and biological sources (e.g., moulds) [1,3,4].

Common building problems such as damp are a known risk factor for health condi-
tions. For example, a systematic review of 31 studies showed that exposure to damp was
related to increased risk of all types of rhinitis [4]. High indoor particulate matter, NO
and VOC levels were typically associated with respiratory symptoms, particularly asthma
symptoms in children [3]. A systematic review of studies from 123 countries showed that
the relative risk (RR) for asthma associated with the use of polluting fuels and technolo-
gies was 1.23 (95% CI: 1.11-1.36), and the RR for chronic obstructive pulmonary disease
(COPD) was 1.70 (95% CI: 1.47-1.97) [2]. Therefore, children and people with either res-
piratory, cardiovascular, or both conditions are considered most vulnerable to health
problems caused by indoor air quality [1].
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While it is known that exposure to indoor pollutants affects health, there is little data
to demonstrate the impact that alleviating these sources of pollution would have on res-
piratory and cardiovascular diseases. A global study has shown that between 2000 and
2017, deaths and disease burden associated with household air pollution steadily reduced,
by 36% (95% CI 29-43) and 30% (95% CI 25-36), respectively. The greatest relative reduc-
tion in disability-adjusted life years (DALYs) occurred in the European region (71%). The
reason for this reduction in morbidity is postulated to be cleaner fuels and better cooking
technology, although the evidence for this is not consistent [2].

Nurmagambetow et al. (2011) systematically reviewed economic evaluations on the
efficiency of home-based multicomponent interventions, with a focus to improve asthma-
related morbidity outcomes. Interventions included home visits by trained personnel to
assess and reduce adverse effects of indoor environmental pollutants, and educating
households on how to reduce exposure to asthma triggers. The results implied that for
every dollar spent on the intervention, the monetary value of the resulting benefits, such
as averted medical costs or averted productivity losses, was $5.30-$14.00 (in 2007 US$)
[5].

Interventions to reduce indoor air pollution need not be expensive. For example, ven-
tilation is a predictor of indoor NO2, and PAH levels are higher in smoking households
[3]. Therefore, free interventions such as smoking cessation and opening windows could
reduce the levels of these pollutants.

In the UK, a National Institute for Health and Care Excellence (NICE) Public Health
Advisory Committee (PHAC) developed guidelines to reduce exposure to pollutant
sources and emissions within dwellings [6]. The NICE guidelines were aimed at a varied
audience including environmental health practitioners, architects, public health profes-
sionals, planners/regulators involved with residential developments, private landlords
and housing associations. The development of public health guidelines involves system-
atic identification and consideration of effectiveness and cost-effectiveness evidence, to
facilitate the recommendation of interventions which are demonstrated to be effective and
value for money [7]. The review of effectiveness evidence conducted by NICE identified
several interventions which may reduce exposure to indoor air pollution at home [8]. The
cost-effectiveness review identified three US-based economic evaluations, but only one
UK-based study, which estimated the cost-effectiveness of enhancing ventilation in the
homes of people with asthma [9]. The intervention shifted 17% of children in the interven-
tion group from “severe” to “moderate” asthma, compared with a 3% shift in the control
group. The mean cost of these modifications was £1,718 per child treated or £12,300 per
child shifted from “severe” to “moderate”. Healthcare costs over 12 months following
randomisation did not differ significantly between the intervention and control groups.
However, this study was based alongside a randomised controlled trial that did not report
any differences in the frequency of asthma exacerbations, nor levels of indoor air pollu-
tion, as an outcome measure [9].

England-based economic evaluations are needed to determine the maximum likely
amount that could be spent on interventions that would be cost-saving from a National
Health Service (NHS) perspective. Therefore, the objective of this study was to design an
economic framework that could be used by individual policy decision-makers within Eng-
land when considering the implementation of interventions designed to reduce indoor air
pollution within dwellings. The framework intended to estimate the required level of ef-
ficacy necessary, and maximum cost, for a particular intervention to be cost-saving in key
settings across certain property types/dwellings and patient groups. The framework fo-
cused upon the health conditions associated with exposure to indoor air pollution and
was designed to estimate economic outcomes for each condition separately. The frame-
work was intended to be an interactive “calculator” to be made available to those at which
the guidance is aimed, who are considering implementing home-based interventions to
reduce exposure to indoor air pollution. The framework allowed the user to input values
and generate results specific to particular dwelling characteristics on a case-by-case basis.
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2. Materials and Methods

For detailed information regarding the methods, inputs, modelling assumptions and
results please refer to reference [10].

2.1. Economic Framework

An economic modelling framework was built in Microsoft Excel to estimate the in-
cremental costs pre- and post-implementation of any interventions designed to reduce
exposure to indoor air pollution within dwellings. A schematic of the framework, used to
estimate the economic outcomes associated with a reduction in exposure to indoor air
pollution, is outlined in Figure 1. The following model flow describes how the number of
people with pre-specified health conditions were estimated pre- and post-intervention
implementation, over a five-year time horizon:

e  The estimated proportion of occupancy in different types of dwellings was stratified
based on the reported tenure of homeownership by the English Housing Survey
(2016) [11] (Table S1).

e  The baseline prevalence of each symptomatic health condition was applied to the
population regardless of homeownership modality (Table S2).

e  Anexcess risk of prevalence was applied to each condition, dependent upon physical
building, (for example, damp homes), and non-building factors (for example the el-
derly or people with comorbidities) to estimate the overall baseline prevalence pre-
intervention.

e  The proportion of dwellings with condition-specific baseline prevalence was then es-
timated.

e It was assumed that a set proportion of dwellings with the overall risk profile (a com-
bination of baseline risk, building characteristics and non-building characteristics)
would implement the intervention.

e  An expected relative reduction in symptoms of each health condition was applied to
estimate the number of people within the population, post-intervention, that had
each condition.

e  The costs associated with each condition were then applied to the number of inhab-
itants with the condition pre- and post-intervention (Tables S2 and S3).

e  Furthermore, the upfront and annual costs of the intervention were applied to the
dwellings in which it was implemented.
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Figure 1. Framework structure.

2.2. Dwelling Occupancy and Risk Factors

It was assumed that all dwellings in England could be classified by the following
types of tenure: owner-occupied, private rented, local authority or housing association.
The English Housing Survey was used to determine the total number of dwellings in Eng-
land and to stratify them by tenure [11]. The average number of inhabitants per dwelling
in the United Kingdom [2,3] was then multiplied by the number of dwellings to estimate
the total number of inhabitants, across each tenure category, within the baseline popula-
tion [12] (Appendix A).

The PHAC commented that the building-related risk profile of dwellings could in-
crease the likelihood of exposure to indoor air pollution. One of the following building-
related risk factors could be selected by the model user: non-decent homes, usable floor
area <90 m? or any damp problems [11]. Data from the English Housing Survey informed
the number of dwellings with each building-related risk factor, allowing the number of
inhabitants at increased risk of exposure to indoor air pollution to be estimated. A build-
ing-related risk factor multiplier (an assumption to be determined on a case-by-case basis)
was then applied to the baseline prevalence of each symptomatic health condition associ-
ated with patients living in dwellings with the building-related risk factor. It was assumed
that the building-related risk factors associated with dwellings were mutually exclusive
due to a lack of data available regarding the number of dwellings with multiple factors.

Furthermore, the baseline prevalence of symptomatic health conditions could also be
increased by a multiplier based on the presence of an excess risk profile. This was also an
assumption-based input which could be determined on a case-by-case basis. This addi-
tional excess risk profile was applied multiplicatively to the building-related risk profile
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and was designed to encompass many other factors that may increase the risk of an in-
habitant being exposed to indoor air pollution. Factors that may be incorporated into this
risk profile could include, but were not limited to: crowded homes, comorbidities, elderly
people, socioeconomic factors, frailty and poverty.

2.3. Risk Profile of Homes in England

The building-related and excess risk factors were combined to allocate a risk profile
to each dwelling within England. It was assumed that whilst the majority of dwellings
would have a minimal excess risk profile, for some dwellings the excess risk profile would
be very high. The risk profile of the dwelling could be used by decision-makers to deter-
mine the type of intervention that would be most applicable. For example, an intervention
that would improve the structural properties of the home would be appropriate for a
dwelling with a very high building-related risk factor but low excess risk. The assumed
distribution of increased risk associated with both excess and building-related risk factors
across dwellings in England is represented in Figure 2 (with the mid-point of each box
used in the analysis).

High
(6%)
£ g
Q
o
x Moderate High
£ (10%) (6%)
g
s &
w
Low Moderate High
(50%) (10%) (6%)

50% 100% 150%

Building-related risk factors

Figure 2. Distribution of dwellings by increased risk factor.

2.4. Application of Intervention

The framework could be used to estimate the economic outcomes associated with the
wide range of interventions that are available to reduce exposure to indoor air pollution
and were identified in the review of effectiveness data conducted by NICE (such inter-
ventions could range from fitting ventilation systems to encouraging inhabitants to open
windows frequently) [8]. Both the costs and efficacy associated with such interventions
vary substantially. Therefore, the definition of an intervention was flexible to allow all the
economic outcomes of all relevant options to be compared easily.

The upfront intervention cost was varied between £0 and £250 per dwelling within a
threshold analysis. The efficacy of the intervention was determined by a relative reduction
in the number of symptomatic cases of each health condition associated with the inhabit-
ants of dwellings in which the intervention was implemented. Whilst a wider range was
initially considered, the efficacy of the intervention was varied between 0% and 10% for
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the purposes of this study. This range was considered wide enough to present the maxi-
mum price and minimum efficacy at which an intervention is no longer cost-saving under
each scenario.

Inhabitants living in dwellings with a building-related risk factor were assumed to
have been exposed to higher levels of indoor air pollution at baseline compared with those
living in dwellings without a building-related risk factor. Due to the higher baseline risk
of indoor air pollution, it was assumed that inhabitants living in dwellings with a build-
ing-related risk factor had an increased capacity to benefit from an intervention. There-
fore, it was assumed that fewer inhabitants in dwellings without any increased risk would
implement an intervention to reduce exposure to indoor air pollution due to an absence
of need. For simplicity, it was also assumed that the effectiveness of each intervention
remained constant over the five-year time horizon of the model.

In certain circumstances the implementation of an intervention to reduce exposure
to indoor air pollution, for example, a ventilation system designed to remove mould and
mildew, may be mandated by regulation. Hence, the owners of all dwellings under the
regulation would be assumed to adhere to the intervention. However, alternative inter-
ventions which cannot be regulated, such as the recommendation for windows to be
opened regularly, would have lower adherence rates. Therefore, the framework could be
used to estimate the economic outcomes associated with interventions at varied rates of
implementation. The cost and efficacy of the intervention were only applied to dwellings
that were assumed to have implemented the intervention.

2.5. Health Conditions

The health conditions considered most relevant to indoor air exposure were in-
formed by clinical advice from the PHAC. Asthma, COPD and allergic rhinitis were in-
cluded in the model because they are directly impacted by indoor air pollution. The PHAC
also expressed an interest in the effects that exposure to indoor air pollution could have
on the mental health of inhabitants. Generalized anxiety disorder (GAD) was also in-
cluded in the model because it was considered to be an appropriate proxy that incorpo-
rated a range of aspects regarding mental health.

The baseline prevalence of each health condition in England, before the implementa-
tion of an intervention and before consideration of both the building-related and excess
risk factors, was sourced from published literature (Appendix A). It was assumed that
baseline prevalence represented symptomatic cases of each health condition.

An annual unit cost was estimated for each health condition and attributed to each
predicted symptomatic inhabitant pre- and post-intervention. All unit costs were inflated
to the 2017/2018 price year. Further detail regarding the estimation of the unit costs for
asthma and COPD is provided within Appendix A. All unit costs were discounted at a
five-year discount ratio of 0.935. This discount rate was based on a rate of 3.5% per year
in alignment with the NICE guides to the methods of technology appraisal (7). Further
information regarding the derivation of this discount rate is presented in Appendix A.

3. Results
3.1. Presentation of Results

The results shown in Figures 3-5 are presented as sensitivity analyses due to the mul-
tiple factors that can determine the economic outcomes of interventions designed to re-
duce exposure to indoor air pollution. With such a wide range of interventions, it is was
considered more useful for a range of inputs to be displayed. Presenting one “fixed result”
was not considered appropriate due to difficulty generalizing the framework to all set-
tings. Hence, the results presented cover many different permutations of scenarios, set-
tings and interventions.

Two-way sensitivity analysis is a technique used in economic evaluation to assess the
robustness of the overall result when simultaneously varying the values of two key input



Int. ]. Environ. Res. Public Health 2021, 18, 1679 20 of 14

variables [13]. The upfront intervention cost is varied simultaneously with the potential
relative reduction in symptomatic cases of each health condition. The tables allow the user
to establish the point at which an intervention is expected to become cost-saving. As afore-
mentioned, these results were based on several assumptions. Therefore, the focus should
be on the colourings reflecting cost-savings, and the distance of the parameter combina-
tion from the cost-saving threshold, rather than the particular numbers reported.

The plausible ranges of effectiveness were set from 0% to 10% and upfront interven-
tion costs from £0 to £250. All other factors are held constant.

3.2. Two-Way Sensitivity Analysis

Figures 3-5 present the incremental cost pre- and post-intervention with varying lev-
els of effectiveness and intervention costs for people with asthma, living in extreme risk
dwellings that are considered either non-decent, to have a usable floor area <90 m? or to
have any damp problems respectively. The results of the analyses demonstrate that at a
given level of effectiveness, the threshold for the upfront cost of the intervention to remain
cost-saving is equivalent across the different home characteristics. For example, an inter-
vention that costs £50 must lead to a minimum relative reduction in cases of symptomatic
asthma of 2% in each extreme risk dwelling to be cost-saving. Out of the three building-
related risk factors, dwellings with a usable floor area <90 m? have the greatest capacity to
benefit, with the largest cost-saving, at any given level of effectiveness and upfront cost.
When an intervention costs £50 and leads to a 2% relative reduction in cases of sympto-
matic asthma, cost-savings for dwellings with a useable floor area <90 m? were £6,369,198
compared with £2,116,955 and £443,266 for non-decent or damp homes, respectively.

Two-way sensitivity analysis presenting the incremental cost pre- and post-interven-
tion for extreme and low risk households (assuming a 100% and 50% implementation rate,
respectively), across all four health conditions are presented in Appendix B. For condi-
tions other than asthma, no intervention was cost-saving if it cost more than £200 per
dwelling. As anticipated, the figures suggest that households with an extreme risk profile
have a greater capacity to benefit from interventions designed to reduce exposure to in-
door air pollution than low risk households. The highest potential savings could all be
made in homes with usable floor area <90 m2. If a free intervention could reduce asthma
symptoms by 10%, with 50% implementation, this could generate £356,577,498 over five
years in England; for GAD, the same conditions would generate £239,556,803; for allergic
rhinitis, £222,842,005; and for COPD, £165,212,635. The relationship between the risk pro-
file and capacity to benefit follows the same trend across all four health conditions. How-
ever, due to the condition having the lowest prevalence, the effectiveness of the interven-
tion was most important when considering the cost-savings for symptomatic COPD cases.
For example, an intervention that is 10% effective and costing £175 would be cost-saving
when used to reduce cases of asthma, GAD and allergic rhinitis in an extreme risk dwell-
ing, but not COPD. The results show that for dwellings with a low risk profile, the stake-
holder can be reasonably certain than an intervention priced at £100 is unlikely to result
in cost-savings if it does not reduce symptomatic cases of asthma by 10% or more. How-
ever, in an extreme risk dwelling, the stakeholder can be reasonably certain that an inter-
vention priced at £100 will result in cost-savings at a minimum reduction in symptomatic
cases of asthma of 4%.
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Upfront cost of intervention (per dwelling)
£0.00 £25 00 £50.00 £75 00 £100.00 £125.00 £150.00 £175.00 £200.00 £225 00 £250.00

0% £0 £3549 465 £7,098.930 £10,648,394 £14,197 859 £17.747.324 £21,296,789 £24,846,253 £28.395 718 £31,945 183 £35,494 548

1% -£4,607 942 £1,058477 £2.490,987 £6.040 452 £9,589.917 £13.139.382 £16.688,846 £20.238,311 £23,787.776 £27,337.241 £30,886,705

2% £9,215,884 -£5 666,420 -£2.116,956 £1.432.510 £4,981,975 £8,531,439 £12,080,904 £15,630,369 £19,179,834 £22729298 £26,278.763

3% £13823827  £10,274 362 £6,724,897 £3,175.432 £374,032 £3,923497 £7.472.962 £11,022.427 £14,571,891 £18,121,356 £21,670,821

Relative reduction in 4% £18431,769  -£14.882.304 £11,332,839 -£7,783,375 -£4,233.910 -£684 445 £2,865,020 £6.414 484 £9,963,949 £13513.414 £17,062,879
vk "":::‘:‘ 5% £23039711  £19490246  £15940782  £12391317  -€B.841852  £5202387  -£1742923  £1806542 £5,356,007 £8905472  £12.454,937
e m‘ 6% £27647653  £24098,189  £20548724  £16999259  -£13449794 -£9,900,329 -£6,350.865 -£2.801,400 £748.065 £4.297,530 £7 846,994
% £32255595  £28,706131  £25156666  -£21607,201  -£18057,736  -£14508272  -£10958,807 -£7,409,342 -£3,859.877 £310413 £3,239,052

8% £36863538  -£33314073  -£2976460B  -£26215143  £22665679  -£19.116214  -£15566749  -£12.017.284 -£8.467,820 -£4.918,356 -£1,368,890

9% £41471480  -£37922015  £34372550  -£30823086  -£27.273621  £23724156  -£20,174.691 £16625227  £13075762 -£9,526,297 £5 976,832

10% £46079422  £42529957  £38980493  £35431,028  £31881563  £28332098  £24782634  £21233169 17683704  £14134239  £10584.775

Figure 3. Incremental total cost varying the effectiveness and cost of the intervention across England over five years; extreme risk; 100% implementation rate; non-decent homes (asthma).

Upfront cost of intervention (per dwelling)
£0.00 £25 00 £50.00 £75.00 £100 00 £125 00 £150.00 £175.00 £200 00 £225 00 £250.00

0% £0 £10,679,134 £21358.268  £32,037402  £42716536  £53395670 £64,074804  £74753,938  £85433.072  £96,112206  £106.791,340

1% -£13.863.733 £3,184 599 £7,494 535 £18,173669  £28.852803  £39531937  £50.211.071 £60.890,205  £71569,339 £82248473  £92.927,607

2% £27.727466  £17,048332 £6.369,198 £4,309 936 £14989070  £26668204  £36347.338 £47,026.471 £57,705,605 £68384739  £79,063873

1% £41591.199  £30912065  -£20,232.931 -£9.553.798 £1,125,336 £11.804 470 £22483604  £33162738  £43841872 £54521006  £65.200,140

Relative reduction in 4% 55454933  £44775799  -£34.096665  -£23417531  -£12.738,397 -£2,059.263 £8,619,871 £19.299.005 £29,978,139 £40,657,273 £61,336. 407
m""f:‘.ﬁ 5% £69.316,666  £58,639532  -£47.960,308  £37.281264  -£26602130  -£15922.096  -£5243862 £5.435 272 £16,114406  £26793540  £37.472674
tteivantion 6% £63,182,399  £72503265  £61824131  -£51144997  -£40465863  -£20786729  -£19.107,595 -£8,428 461 £2 250 673 £12929807  £23.608.941

7% £97,046132  -£B6366998  -£75687.854  £65008.730  -£54329596  -£43,650462  -£32.971328  £22292194  -£11,613060 £933.926 £9.745 208

8% £110,909.865  £100230.731  -£89.551597  £78.872463  £68.193.329  £57514.195  -£46835061  -£36.155927  -£25476793  £14.797.659  -£4.118525

9% £124773598  £114094484  £103415330  £92736196  £82057.062  £71377.928  -£60698.794  -£50.019.660  -£39,340526  £28.661393  £17.982.259

10% £138637.331  -£127.958197  £117.279.063  -£106599.929  £95020795  £85241662  -£74562528  -£63883394  £53204260  £A2525126  -£31,845992

Figure 4. Incremental total cost varying the effectiveness and cost of the intervention across England over five years; extreme risk; 100% implementation rate; usable floor area <90 m?

(asthma).
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Upfront cost of intervention (per dwelling)

£0.00 £25 00 £50.00 £75 00 £100.00 £125.00 £150 00 £175.00 £200.00 £225 00 £250.00

0% £0 €743 217 £1486.434 £2.229 651 £2.972,869 £3.716,086 £4,459,303 £5,202,520 £5.945 737 £6,688,954 £7.432.171

1% -£964,850 -£221,633 £521,584 £1.264,801 £2.008.018 £2.751,236 £3.494.453 £4.237 670 £4,980,887 £5724.104 £6,467.321

2% -£1,929.700 £1,186,483 -£443,266 £299,951 £1,043,168 £1,786,385 £2529, 602 £3272,820 £4,016,037 £4,759,2654 £5502.471

3% -£2.894 550 £2151333 £1408.116 -£664,899 £78.318 £821,535 £1,564,752 £2 307,969 £3,051,187 £3.794.404 £4 537,621

Relative reduction in 4% £3,859,401 £3,116,183 £2,372 966 -£1,629.749 -£886,532 £143.315 £599 902 £1,343.119 £2,086,336 £2.829,554 £3,572711
mm 5% £4,824 251 £4,081.034 £3337.816 £2594 599 £1,851,382 -£1,108,165 -£354.948 £378.269 £1,121,486 £1,864,703 £2 607,921
il 6% -£5,789.101 £5,045 884 £4,302 667 -£3569,449 -£2.816,232 -£2,073.015 -£1,329.798 -£586,581 £156,636 £899 853 £1,643,070
% -£6,753.951 -£6,010,734 £5.267 517 -£4.524 300 -£3.781,082 -£3,037,865 -£2,294 648 £1,551.431 £808.214 -£64,997 £678,220

8% £7,718.801 £6,975.584 -£6,232 367 -£5,489 150 £4.745.993 -£4,002.716 -£3.259,498 £2516,281 -£1.773.064 -£1,029.847 -£286,630

9% £8,683.651 £7.840.434 £7197.217 -£6.454,000 £5.710,783 -£4 967 566 £4.224,349 £3481,131 £2737.914 1,994,697 -£1.251,480

10% -£9,648,501 £8,905 284 £8,162,067 £7,418,850 £6,675,633 -£5932.416 -£5,189,199 _£4 445 082 -£3.702.764 -£2,959, 547 £2.216,330

Figure 5. Incremental total cost varying the effectiveness and cost of the intervention across England over five years; extreme risk; 100% implementation rate; any damp problem

(asthma).
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4. Discussion

As far as the authors are aware, this is the first economic model estimating the cost-
savings associated with the implementation of multiple interventions designed to reduce
indoor air pollution in England. The model is very flexible and can be used to guide deci-
sion-making under a wide range of scenarios. The model is predicated on a high level of
assumptions around many key variables. This notwithstanding, the results show that key
drivers of the cost difference include the excess risk profile dwellings, upfront cost and
the effectiveness of the intervention designed to reduce exposure to indoor air pollution.

Across all of the clinical outcomes and dwelling types, a key finding from our work
is that the cost of intervention can be higher as the risk profile of a dwelling is increased,
at a given level of efficacy, before it is no longer cost-saving. However, this needs to be
considered in line with the results from the US study, where one of the major factors af-
fecting program cost was the level of intensity of environmental remediation (minor, mod-
erate or major) [5], meaning it was more costly to improve conditions in high risk dwell-
ings.

Similarly, and regardless of the dwelling building characteristic, the cost of an inter-
vention can be higher and still be cost-saving for a dwelling with an extreme risk profile
compared with a low risk profile for a given level of efficacy. For example, an intervention
with a relative reduction in cases of symptomatic cases of asthma of 5%, must cost a max-
imum of £50 per household to be considered cost-saving in a “non-decent” dwelling with
a low risk profile (Appendix B). However, the intervention cost can cost up to £150 per
“non-decent” dwelling with an extreme risk profile and still be cost-saving (Figure 3). This
type of threshold analysis could help a stakeholder decide whether to implement an in-
tervention to reduce exposure to indoor air pollution. The results of this study are in align-
ment with a published cost-effectiveness analysis of enhanced ventilation within the
homes of children with asthma. The incremental cost per unit improvement in PedsQL
points (The Pediatric Quality of Life Inventory) was £165 and £379 for children with severe
and moderate asthma, respectively [9].

It is difficult to compare the results from this model with previous studies as this is
the only study known to provide a range of intervention costs and the likely cost-saving
in relation to intervention effectiveness. However, when compared with the US asthma
study, where program costs per participant per year ranged from $231 to $14,858 (in 2007
US$), savings were estimated to be between 5.3 and 14 times the intervention [5]. For ex-
ample, the program costs of reducing asthma triggers in homes of children reported by
Oatman was $497, but the direct medical costs averted were $2637 [14]. Cost-savings were
higher in the 2005 study from Shelledy, where program costs for paediatric asthma disease
management were $721 but medical cost-savings were $10,093 [15]. This would corre-
spond with the savings seen for asthma within extreme risk non-decent homes (with ap-
proximately 146,636 people in England meeting this criterion). If an intervention led to a
relative reduction of cases by 2% and had an upfront intervention cost of £50, this would
lead to an approximate cost-saving of £14.44 per person within this population.

It was assumed that, because of the substantial health risks associated with indoor
air pollution, there would be a 100% implementation rate in extreme risk dwellings. How-
ever, the implementation rate may be as low as 50% in low risk dwellings due to the lack
of necessity. All other factors remaining equal, a lower implementation rate led to a
smaller capacity to benefit, and a smaller reduction in overall cost savings.

Due to a lack of data availability, the baseline prevalence of each symptomatic health
condition was independent of the risk profile of dwellings and assumed to be equivalent
across all risk profiles. Therefore, the cost-savings per person associated with the elimina-
tion of health symptoms are equivalent regardless of their risk profile. The study authors
anticipated that the majority of dwellings would have a minimal excess risk profile and a
very low number of dwellings would have a very high excess risk profile. Therefore, alt-
hough there is greater capacity for people at high risk to benefit from interventions that
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reduce exposure to indoor air pollution within homes, greater overall cost-savings accrue
for those at low risk due to a higher number of people benefiting from the intervention.

The method of presenting model results using a “what-if?” sensitivity analysis was
deemed to be the most appropriate based on the available data and the nature of the in-
terventions to be assessed. However, since the model is designed to be a framework to
guide decision-makers (national and local) in allocating resources, the inputs in the model
are intended as a starting point for discussion and to give a general overview of the direc-
tion of results. The use of sensitivity analyses allows the model results to be relevant to a
wide group of stakeholders. The model is designed as an interactive “calculator” which is
intended to be used flexibly so that it can be tailored to a particular dwelling with a spe-
cific risk profile and a specific intervention. The risk profile of a dwelling should be used
by decision-makers to determine the type of intervention that would be most applicable
to the particular dwelling. For example, an intervention designed to improve the struc-
tural properties of the home would be more appropriate than an intervention to improve
heating efficacy for dwellings with a very high building-related risk factor but low excess
risk factor (e.g., an affluent family living in a home with damp).

Limitations

Although not modelled explicitly, the link between indoor air quality and health has
been captured implicitly through the relationship between the increased likelihood of ex-
posure to indoor air pollution, the risk profile of each dwelling and the health outcomes
included in the model.

Many inhabitants with exposure to indoor air pollution will likely have more than
one symptomatic health condition simultaneously. It would be expected that, if a person
had comorbidities, an intervention might impact several health conditions rather than one
alone. Unfortunately, the model does not include the functionality to account for these
comorbidities as it was not possible to estimate the comorbidity status of each inhabitant
in the population. Therefore, the economic model may underestimate the true level of
cost-savings to the NHS.

It was also assumed that the building-related risk factors associated with dwellings
are mutually exclusive due to the lack of data available regarding the likelihood of a
dwelling having an additional building-related risk profile. However, it is unrealistic to
assume a dwelling considered “non-decent” would not have “any damp problems” or a
usable floor area greater than <90 m?2. Due to the level of complexity required, the eco-
nomic model also does not estimate the cost-effectiveness of multiple interventions ap-
plied within a dwelling simultaneously. It is likely, that by separating the three building-
related risk profiles, that the number of dwellings, and subsequently inhabitants captured
within each analysis is underestimated. Furthermore, an intervention may reduce the risk
associated with more than one building-related risk factor. Therefore, the economic model
may further underestimate the true level of cost-savings associated with an intervention.

Due to the complexity of modelling that would be required, it was assumed that in-
habitants do not move dwellings throughout the five-year time horizon of the model. If
inhabitants move out of a home that has a non-transferable intervention, for example, a
ventilation system that would be too costly to remove, they will no longer benefit from a
reduction in indoor air pollution and the cost savings to the NHS within the model may
be overestimated. It was also assumed that, with the exception of the intervention, no
other improvements would be made to the home to reduce exposure to indoor air pollu-
tion, nor any changes to building regulations made. If improvements had been made, the
baseline prevalence of symptomatic conditions would be lower and the health improve-
ments due to the intervention overestimated in the model.

Furthermore, the model only estimates the potential cost savings of interventions to
reduce exposure to indoor air pollution at home from the perspective of the NHS. The
inclusion of any non-NHS benefits from other perspectives, both financially and non-fi-
nancially, would have only improved the cost-effectiveness of interventions.
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5. Conclusions

The implementation of interventions designed to reduce exposure to indoor air pol-
lutants has the potential to reduce symptomatic health conditions such as asthma, COPD,
GAD and allergic rhinitis. The capacity to benefit increases as the risk profile of a dwelling
increases and the key drivers of savings are the excess risk profile of dwellings and the
upfront cost and effectiveness of the specified intervention. The likelihood of an interven-
tion being cost-saving is highest when considering asthma, and lowest for COPD, reflect-
ing the high prevalence of asthma and low prevalence of COPD. The model framework
can be used by individual policy decision-makers when considering the implementation
of interventions designed to reduce indoor air pollution within dwellings to estimate the
required level of efficacy necessary for a particular intervention to be cost-saving.
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vention across England over five years; extreme risk; 100% implementation rate; non-decent homes
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