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Background. Applied environmental strategies for asthma control are often expensive, but may save longer-term healthcare costs. Whether these
savings outweigh additional costs of implementing these strategies is uncertain. Methods. We conducted a systematic review to estimate the
expenditures and savings of environmental interventions for asthma in the state of Maryland. Direct costs included hospitalizations, emergency
room, and clinic visits. Indirect expenditures included costs of lost work productivity and travel incurred during the usage of healthcare services.
We used decision analysis, assuming a hypothetical cohort of the approximated 49,290 pediatric individuals in Maryland with persistent asthma, to
compare costs and benefits of environmental asthma interventions against the standard of care (no intervention) from the societal perspective.
Results. Three interventions among nine articles met the inclusion criteria for the systematic review: 1) environmental education using medical
professionals; 2) education using non-medical personnel; and 3) multi-component strategy involving education with non-medical personnel,
allergen-impermeable covers, and pest management. All interventions were found to be cost-saving relative to the standard of care. Home
environmental education using non-medical professionals yielded the highest net savings of $14.1 million (95% simulation interval (SI): $-.283
million, $19.4 million), while the multi-component intervention resulted in the lowest net savings of $8.1 million (95% SI: $-4.9 million, $15.9
million). All strategies were most sensitive to the baseline number of hospitalizations in those not receiving targeted interventions for asthma.
Conclusions. Limited environmental reduction strategies for asthma are likely to be cost-saving to the healthcare system in Maryland and should be
considered for broader scale-up in other economically similar settings.

Keywords cost analysis, economics, health outcomes, health policy, health system

INTRODUCTION simple educational programs to complex — and often costly —
home remediation strategies. The efficacy of these interven-
tions in improving health is increasingly clear (11, 12), but
whether such interventions can also save money is uncertain.
The majority of past asthma valuation studies have focused
on the pharmacoeconomics of adult medical management
and have generally documented the value of rescue and
controller medications using a variety of payer perspectives
(13, 14). A limited number of studies have conducted cost
analyses of multi-component home-based environmental
strategies on pediatric asthma outcomes showing a benefit
that can match or exceed the program costs (15). However,
no study to date has evaluated the effect of environmental
strategies on the major drivers of direct and indirect pediatric
asthma costs from a population level relevant for statewide
decision makers, namely hospitalizations and other clinical
encounters. Although high-quality data on the effectiveness
of environmental interventions for asthma are sparse, it is
nonetheless important to use the available data to inform
decision-making, given the rise in pediatric asthma cases in
urban locations where increasing numbers of low-income
populations are residing in substandard housing, and
resources for health are increasingly constrained (10, 15).
No study to date has evaluated the effect of environmental
- — — strategies on the major drivers of direct and indirect pediatric
*Corresponding author: Mandeep S. Jassal, MD MPH, Division of Pediatric . .
Pulmonology, Johns Hopkins Medical Institutions, Rubenstein Child Health aSthH}a costs from a populatlop lgvel.relevant for Statﬁ?\)v.lde
Building, 200 N. Wolfe Street, 3rd Floor, Baltimore, MD 21287, USA; decision makers, namely hospitalizations and other clinical
Tel: 410-955-2035; Fax: 410-955-1030; E-mail: mjassall @jhmi.edu encounters. We therefore performed a cost-consequence

The prevalence of asthma across the European study cen-
ters had increased in the International Study of Asthma and
Allergies in Childhood (ISAAC) Phase 1 to Phase 3 from
less than 5% to over 20% (1). The point prevalence of
asthma in the USA increased from 7.3% in 2001 to 8.4% in
2010, with the highest rates noted among the pediatric
population (1). The proportion of these patients with per-
sistent asthma has been difficult to classify for a variety of
methodological reasons, but individual studies in a variety
of urban settings have reported ranges from 30 to 64% (2—
5). At a statewide level, the Maryland Department of
Health and Mental Hygiene (DHMH) reported 11.9% of
children in 2009 having a history of asthma (6). The
economics of the disease is most profoundly felt among
lower-income urban families who often reside in homes
with higher levels of environmental triggers (7, 8). It has
been estimated that environmental determinants may con-
tribute up to 30% of asthma symptoms and may account
for $2—4 billion in asthma healthcare expenditures every
year in the United States (9, 10).

Interventions to address home environmental asthma
triggers span a wide array of complexity and cost, from
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analysis of environmental strategies for asthma control,
using data from the state of Maryland.

METHODS

Decision Model

We used decision analysis to estimate all incremental
costs and benefits, from a societal perspective, of
selected environmental strategies for asthma control
(Figure 1). Our study population consisted of a
hypothetical cohort of 49,290 children with persistent
asthma. We adopted a societal perspective with a time
horizon of 1 year.

Interventions and Health Resource Utilization: Meta-
Analysis of Published Literature

To determine the appropriate study interventions
(i.e., those with sufficient data to inform relevant cost
modeling), we performed a systematic review and meta-
analysis of studies describing environmental strategies
for asthma control (e-Appendices 1 and 2 available
online at http://informahealthcare.com/doi/suppl/10.3109/
02770903.2013.792351). We searched PubMed, Embase,
and CINAHL Plus databases from January 1980 through
October 2012 using select combinatorial search terms. We
included all multimodal interventions that met the follow-
ing criteria: at least three studies that had the same pri-
mary single or multi-component environmental strategies
while also reporting the rate of hospitalizations, ER, and
urgent asthma-related clinic visits. Analyses were
grouped according to the primary environmental strategy
employed among the study populations. Environmental

Net costs of each
intervention

Clinic visits + Lost worker days/

education was minimally defined by at least one occasion
of evaluation and recommended reduction strategies of
potential domestic asthma triggers. Medical professionals
were defined as respiratory therapists (RTs) or registered
nurses (RNs). Educators not meeting that definition were
assumed to be non-medical professionals. Multi-
component strategies were assessed for the use of educa-
tion, allergen-impermeable covers, pest management, air
purifiers, mold removal, and air conditioner/heating
replacement. Pediatric patients were defined as <18
years of age. Meta-analysis was performed using ver-
sion 5.1 Cochrane Review Manager (The Nordic
Cochrane Centre, Copenhagen, Denmark). Pooled
point probabilities were estimated from dichotomous
outcome data. Mantel-Haenszel methods were used to
estimate the risk ratios for all strata assuming a fixed
effects model. The strength of the evidence for each
intervention was rated using a modified Sackett scale
containing 5 levels instead of the original 10 sub-
categories (e-Appendix 3) (16).

Hypothetical Patient Characteristics

We constructed our study population based on health
encounters in 2009 within the state of Maryland from the
2011 Maryland Asthma Surveillance Report (MASR) (6).
The prevalence of pediatric asthma cases in the state was
determined using the CDC Behavioral Risk Factor
Surveillance System (BRFSS), Youth Tobacco Surveys
(YTS), and Youth Risk Behavior Surveys (YRBS). Data
in these reports were weighted to reflect statewide demo-
graphics. The frequency of health encounters captured in
the MASR were obtained from the Maryland Health
Services Cost Review Commission (HSCRC) ambulatory

—_—
school days + Travel days
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FIGURE 1.—Study analysis figure for direct and indirect asthma outcomes among single and multi-component environmental interventions.
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care and hospital discharge profiles using International
Classification of Diseases, Ninth Edition (ICD-9) codes
493.0-493.9. The number of persistent asthmatics used to
characterize the hypothetical cohort of 49,290 patients in
each intervention arm of the decision model was derived
from the 31% of current asthmatics (n = 159,000) identi-
fied in the MASR who had seen a physician for an urgent
outpatient asthma evaluation on at least a single occasion.
The total population of persistent asthmatics was then used
to calculate hospitalizations, ER, and clinic visits based on
MASR percentage data.

Cost Parameters

We considered the following costs of each intervention:
costs of implementing the selected interventions, hospitali-
zations, emergency department visits, urgent care clinic
visits, lost time from work, and travel costs. Educational
costs provided by medical professionals were averaged
from 2009 median salaries of RTs and RNs from the US
Department of Labor and then applying a 0.3 full-time
equivalent (FTE) commitment (17). The 0.3 FTE compo-
nent assumed a part-time role for health professionals at
approximately 12 hours per week. Costs for non-medical
professionals included a salary and time commitment for
training by medical professionals. Their salary was based on
the 2009 median salary from the US Department of Labor of
a medical assistant and applying a 0.3 FTE commitment at
12 hours per week (17). Medical professional training costs
used a 0.1 FTE commitment based on the averaged RT and
RN median salaries as described above. The expenditures
for follow-up visits included those required for training
supplies and transportation. Average costs of allergen-
impermeable covers were based on pricing from Allergy
Control Products (Duluth, Georgia, USA) (18). Pest man-
agement expenses were determined based on three

treatments sessions (Terminix International Company L.P.,
Memphis, Tennessee, USA). Clinic costs were based on the
2011 average charge of a moderate complexity follow-up
asthma clinic visit (ICD-9 493.xx) by a general pediatrician
at the Johns Hopkins Hospital (Baltimore, Maryland, USA).
ER and hospitalization charges were based on the 2011
averages at the Johns Hopkins Hospital in which the pri-
mary diagnosis was asthma (ICD-9 493.xx) (19). It was
assumed that pediatric care centers throughout Maryland
had cost-to-charge ratios that approximated that of Johns
Hopkins Hospital. Health encounter costs were calculated
by the application of the 2009 median national cost-to-
charge ratio.

Indirect costs of lost school days were estimated as the
forfeiture of a single family member’s income during
health encounters. Daily income loss was calculated upon
the 2009 average national wage index divided by 250 days
of work per year. The model assumed that clinic and ER
visits each resulted in a single lost day of work. The
average duration of hospitalizations were assumed to be
3 days, resulting in three lost days of work. Base case
estimates of travel costs were applied on one occasion for
all services. All costs were inflated to 2009 prices using the
medical component of the CPI. No costs were discounted,
given the 12-month time horizon. We did not incorporate
health effects (e.g., quality-adjusted life years) as monetary
gains or losses.

Cost-Consequence Analysis and Sensitivity Analyses

The primary outcome of the analysis was the incremental
cost of each intervention, relative to the baseline of no
asthma-specific interventions. This was calculated as the
savings from healthcare visits and savings from care-
givers’ lost income from work productivity minus the

Benefits

(Cev * Cno) - (Cev * Ci)

+

(Cer * ERno) - (Cer * ERi)

+

(Cho * Hno) - (Cho * Hi)

+

(Cldw * WDno) - (Cldw * WDi)
+

(Ctd * TDno) - (Ctd * TDi)

Costs

Hypothetical cohort size
*

Cint 4 (Cfu * 3 visits)

Ccv = Cost of clinic visit

Cer = Cost of emergency room visit
Cho = Cost of hospitalization

Cldw = Cost of loss day of work
Ctd = Cost of travel day

Cint = Cost of the intervention

Cfu = Cost of follow-up visits

Variables
Cno = Clinic visits with no intervention

ERno = ER visits with no intervention
Hno = Hospitalizations with no intervention

WDno = Worker days lost with no intervention
TDno = Travel days with no intervention

Ci = Clinic visits with intervention

ERi = ER visits with intervention
Hi = Hospitalizations with intervention

WDi = Worker days lost with intervention
TDi = Travel days with intervention
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costs of implementing the intervention. The following
equation and variables were used to calculate the incre-
mental averted costs of each intervention:

The formula was applied to a situation where every
individual in the cohort received the intervention to the
situation in which patients received no intervention. We
performed one-way sensitivity analyses on all parameters
by varying each model parameter by £50% of its baseline
value. Multivariate sensitivity analysis was performed to
assess the impact of simultaneous changes in all para-
meters by varying all estimates over triangular distribu-
tions. To account for the possibility that environmental
strategies might entail substantially larger costs than our
reference estimates, we also created conservative scenario
analyses by simultaneously increasing the base case para-
meter estimates of environmental component costs by
100% and 200% of their baseline values. Expected values
were set to base case parameter estimates and maximum/
minimum values were based on £50% of the expected
parameter values. The results of 10,000 simulations were
presented as 95% simulation intervals (SIs), which corre-
spond to the 2.5% and 97.5% of simulated results.
Analyses were performed using TreeAge Pro 2012 (Tree
Age Software, Inc., Williamstown, Massachusetts, USA).

RESULTS

Systematic Review and Meta-Analysis

A total of three multimodal interventions met the inclu-
sion criteria, each of which had three supporting studies
(Table 1, e-Appendix 4). The three primary environmen-
tal components included: 1) environmental education
using medically trained professionals; 2) environmental
education using non-medical trained individuals; and 3)
multi-component approach that included the use of edu-
cation with non-medical individuals, allergen-
impermeable covers and pest management. All interven-
tions were projected to reduce urgent care clinic visits by
36—63% and ER visits by 44-63%. The point estimates
used for the multi-component intervention had the least
impact on the frequency of urgent care clinic visits (.36,
95% SI: .32, .41) and the highest impact on ER visits
(.63, 95% SI: .53, .74). Education by non-medical pro-
viders was the sole intervention projected to signifi-
cantly reduce the hospitalizations (.50, 95% SI: .33,
.77). Non-significant point estimates in the model
included the frequency of hospitalizations in the inter-
ventions using education by medical providers (.71,
95% SI: .42, 1.16) and the multi-component strategies
(.83, 95% SI: .64, 1.08). Two randomized control trials
qualified as the sole Level 1 evidence studies (26, 27).
The remaining seven studies provided Level 2 and 4
evidence according to the modified Sackett scale (16).

Cost-Consequence Analysis

We estimated that all interventions would be cost-saving
relative to the scenario of no intervention (Tables 2 and 3).

Health encounters and lost work days were highest in the no-
intervention scenario owing to higher healthcare utilization
from more frequent exacerbations in the longer term. The cost
to institute the intervention was lowest among the cohort
using education by non-medical providers ($7.3 million,
95% SI: $4.5, 10.1 million) and highest among those using
the multi-component strategy ($14.3 million, 95% SI: $8.8,
20.0 million). Education by non-medical providers resulted in
the greatest costs saved from averted urgent care clinic visits
($3.3 million) and ER visits ($2.9 million). The multi-
component intervention yielded the highest single health
encounter savings from avoided hospitalizations ($10.6 mil-
lion), but resulted in the lowest averted costs of urgent care
clinic visits ($1.8 million). Single component interventions
using education with medical and non-medical providers
yielded per-cohort annual savings of $13.2 million (95% SI:
$.210 million, 21 million) and $14.1 million (95% SI: $-.283
million, 19.4 million), respectively. Because of its greater
expense in implementation and less dramatic impact on
healthcare utilization, the multi-component intervention gen-
erated net savings of $8.1 million (95% SI: $-4.9 million,
15.9 million). Although direct comparisons between inter-
ventions could not be made (as each was only compared to a
no-intervention scenario in the literature), the non-medical
education scenario was estimated to provide the greatest
overall savings.

Sensitivity Analyses

One-way sensitivity analyses, ranging all variables by
+50%, showed that single-component interventions gen-
erated net savings over a wide range of parameter varia-
tion (Figure 2). The estimated net savings were most
sensitive to the number of hospitalizations under the
current standard of care (no intervention). The multi-
component intervention yielded net costs (i.e., negative
savings) when varying the number of hospitalizations
under the standard of care, lost worker productivity
under the standard of care, and the unit cost of hospitali-
zation. Varying all parameters simultaneously along a
triangular distribution yielded continued net savings
among the education with medical providers, but a net
negative saving in 3% of all simulations using education
with non-medical professionals (95% SI: $-.283 million,
$19.4 million) (e-Figure 1). The multi-component strat-
egy generated net costs relative to single-component
interventions in 18% of all simulations. Increasing cost
parameters of environmental health strategy components
by 100% of the baseline estimates resulted in continued
net savings in 35% of the simulations using education
with medical providers (95% SI: $-15.2 million, $10.2
million) and 41% of the simulations using education with
non-medical providers (95% SI: $-12.2 million, $10.3
million).

DISCUSSION

In this model-based analysis, we found that three environ-
mental interventions for the control of persistent asthma
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TABLE 2.—Base case parameter estimates. The frequency of events is based on an estimated cohort size of 49,290 persistent asthmatics in Maryland. All costs are

in 2009 US dollars.

Parameter Base value Range for sensitivity analysis (£50%) Source
Costs per person ($US dollars)
Environmental strategies
Education (medical) $196 $98-$294 estimated
Education (non-medical) $148 $74-$222 estimated
Follow-up education visits $20 $10-$30 estimated
Allergen-impermeable covers $85 $42-$127 18
Pest management $60 $30-$90 estimated
Health encounters
Emergency room visit $620 $310-$930 19
Hospitalization $5310 $2655-$7965 19
Urgent care clinic visit $102 $51-$153 19
Caregiver
Income lost per day $172 $86-$258 17
Travel
Transportation, Parking & Food $15 $7-$22 estimated
Frequency of direct and indirect units per
hypothetical cohort (N)
No Intervention
Urgent care clinic visit 49,290 24,645-73,935 6
Emergency room visit 10,893 5446-16,339 6
Hospitalization 2412 1206-3618 6
Lost worker productivity days 67,419 33,709-10,1128 -
Travel cost days 62,595 31,297-93,892 -
Environmental education by medical providers
Urgent care clinic visit 18,237 9118-27,355 6,20-22
Emergency room visit 6100 3050-9150 6,20-22
Hospitalization 699 349-1048 6,20-22
Lost worker productivity days 26,434 13,217-39,651 -
Travel cost days 25,036 12,518-37,554 -
Environmental education by non-medical providers
Urgent care clinic visit 16,758 8379-25,137 6,23-25
Emergency room visit 4793 2396-7189 6,23-25
Hospitalization 1206 603-1809 6,23-25
Lost worker productivity days 25,169 12,584-37,753 -
Travel cost days 22,757 11,378-34,135 -
Environmental education by non-medical providers,
allergen-impermeable covers, pest management
Urgent care clinic visit 31,546 15,773-47,319 6,26-28
Emergency room visit 4030 2015-6045 6,26-28
Hospitalization 410 205-615 6,26-28
Lost worker productivity days 36,806 18,403-55,209 -
Travel cost days 35,986 17,993-53,979 -

are all highly likely to be cost-saving to society in a high-
income setting, with projected annual savings of $8.1
million to $13.2 million per cohort. This finding was
driven by broad-based savings in clinic costs, emergency
department costs, hospitalization costs, and patient costs,
and it was robust to wide variation in parameter estimates.
These findings lend further support to policy decisions to
implement such interventions, as they are likely to be not
only beneficial to patient health, but also cost-saving as
well. The most cost-saving intervention used environmen-
tal education with non-medical personnel. Despite the
three elements utilized in the multi-component strategy,
the intervention did not appear to be as monetarily bene-
ficial as the single-component methods, nor did it clearly
result in better patient outcomes.

Our results are consistent with three previous cost-benefit
analyses applying environmental education strategies on the

reduction of asthma outcomes (15, 22, 29, 30). These trials
had employed either the single or the multi-component
strategy with varying levels of net cost savings. Notably,
only one of the three studies fulfilled the inclusion criteria of
our review (22). Whereas these prior studies aimed for more
local relevance, we took an approach (e.g., the use of
national salary and statewide health encounter data) that
sought to maximize the generalizability of our results.
Ultimately, our model extends these prior studies by demon-
strating broad-based cost savings for three separate inter-
ventions using wide parameter variations.

The goal of the analysis was to evaluate the cost savings
that a society may incur with the adoption of home envir-
onmental strategies that attenuate asthma triggers. Despite
the high costs of the interventions, the savings appeared to
outweigh the initial investment using base case estimates
among a cohort of persistent asthmatics that characterized
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TABLE 3.—Base case cost analysis of a hypothetical cohort (n = 49,290) of persistent asthmatics in each environmental strategy. Direct and indirect costs saved
by the intervention were calculated from the baseline number of units in the no intervention group. All costs are in 2009 US dollars.

Urgent care

clinic visits ER visits Hospitalizations ~ Lost days of Travel days
(averted) (averted) (averted) work (averted) (averted) Total averted  Total net sav-
Net costs per ings per
intervention Costs (US$ Costs (US$ Costs (US$ Costs (US$ Costs (US cohort-year cohort-year

Parameter costs ($US) saved) saved) saved) saved) $ saved) (US$) (US$)

No intervention — 49290 10893 2412 67419 62595 —

Environmental educa- $9.6 million 31053 4793 1713 40985 37559 $22.8 million $13.2 million
tion by non- (95% SI: (95% SI:
medical providers $5.9,13.3 $3.1 million $2.9 million $9.1 million $7.1 million $600 thousand $.210, 21.0

million) million)

Environmental educa- $ 7.3 million 32532 6100 1206 42250 39838 $21.4 million $14.1 million
tion by (95% SI: (95% SI:
non-medical $4.5,10.1 $3.3 million $3.8 million $6.4 million $ 7.3 million $600 thousand $—.283,
providers million) 19.4 million)

Environmental educa- $14.3 million 17744 6863 2002 30613 26609 $22.4 million $8.1 million
tion by non- (95% SI: (95% SI:
medical providers, $8.8,20.0 $1.8 million $4.4 million $10.6 million $5.2 million $400 thousand $—-4.9,159
allergen imperme- million) million)

able covers, pest
management

Maryland’s pediatric population. The savings were most
notable for limited environmental reduction strategies and
should be considered for broader scale-up in other eco-
nomically similar settings. Future research could enhance
our findings by employing a randomized controlled trial
with micro-costing of home-based environmental trigger
reduction strategies and measuring both health encounters
and change in quality of life measures, the latter being
more likely to reveal subtle differences in health outcomes.

The key limitation of this study, as noted earlier, was its
reliance on limited published data to estimate the probabil-
ities of health encounters and efficacy of each intervention
in reducing their frequency. Our conservative scenarios
that double the estimated environmental strategy costs
emphasize the sensitivity of this analysis to these costs.
Unfortunately, at this time, high-quality estimates of the
cost and effectiveness of multi-component interventions
remain elusive; as such, this analysis represents a preli-
minary attempt, using the best available data, to inform the
critical decision of whether to expand such interventions in
the face of dramatic rises in pediatric asthma rates. Better
data (e.g., from upcoming randomized trials) will provide a
more definitive guidance, but until such data are available,
the present evaluation provides a much-needed systematic
framework for decision making regarding these interven-
tions. Future work will also enhance the translatability of
findings across study environments using incremental
cost-effectiveness ratios (ICERs) using asthma-specific
symptoms and quality-of-life measures as outcomes.

In addition to the primary data limitation on the
effectiveness of multi-component interventions, we
were also unable to account for the incremental cost of
acute and chronic asthma medications due to insufficient
data in the peer-reviewed literature. To the extent that

environmental interventions would also reduce medica-
tion use, our estimates of net savings may be under-
estimates. Although we used primary data to define the
characteristics of our cohort based on the 2009 MASR
survey, these data may not generalize to some other
settings, especially those with fewer available resources.
The number of persistent asthmatics is difficult to esti-
mate given the lack of available statewide data and the
large range of prevalence values in the literature (29—
31). However, while it may affect the total costs and
cost savings, the volume of patients has little impact on
the incremental cost per patient. Limiting the population
to persistent asthmatics may overestimate the total ben-
efit of asthma control strategies, since people with mild
intermittent asthma may consume similar amounts of
resources for education or environmental amelioration,
with less future savings from averted ED visits or hos-
pitalizations. In addition, the 12-month time horizon
used is insufficient to simulate the long-term costs of
asthma; however, it may be more realistic of “real-
world” gains, as such interventions are implemented
with varying levels of adherence and sustainability.
Finally, societal costs were limited to lost productive
days at work by caregivers and the travel costs they
incur from acute exacerbations. We did not include the
valuation of lost leisure time, employer friction costs,
and poorer quality of life.

CONCLUSIONS

Single and multi-component environmental strategies to
reduce asthma health encounters are likely to be highly
cost-saving (up to $4.9 million or more per year in a cohort
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Annual net savings (USS million per cohort)
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Cost of hospitalization 2655 7965
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Lost worker productivity days with intervention
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ER visits with intervention

Hospitalizations with intervention

222
5446

55,209 18,403
86 Change in
24,645 parameter
310 930 ranges
127 42 -Lower limit
47,319 aUpper limit
90
30
6045

615

FIGURE 2.—One-way sensitivity analyses. The upper and lower input ranges yielding the changes in annual net savings are represented at the side of each
horizontal directional bar. All variables depicted altered the net benefit by at least 20% from base case estimates as noted by the linear vertical line. Net savings are
benchmarked against the no intervention approach. The upper, middle and lower panels represent interventions using environmental education by medical
providers, environmental education by non-medical providers, and the multi-component intervention, respectively. Costs are in 2009 US dollars.

of nearly 50,000) when deployed among patients with
persistent asthma in high-income settings. This finding is
generally robust across a wide array of parameter values.
These results lend support for wider deployment of com-
prehensive management strategies that address the envir-
onmental determinants of childhood asthma.
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