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Abstract 

Traffic-related airborne particles are associated with asthma morbidity. The aim of this study was to 

assess the impact of a high-efficiency particulate air (HEPA) filtration on the concentrations of traffic 

particles and the resultant effect on children with asthma.  Forty-three children with asthma were 

enrolled in this double-blind, placebo-controlled crossover design.  A HEPA air cleaner or a placebo 

“dummy” was placed in participants’ homes for four weeks, interrupted by a one-month washout 

period, before crossing over to the other treatment arm for four weeks. Air sampling and health 

outcomes, including asthma control (ACQ) and quality of life (AQLQ) measures, were completed 

prior to and at the end of each treatment arm.  Indoor concentrations of traffic particles were 

significantly reduced with the HEPA treatment but not with the “dummy” treatment.  In participants 

with poorly controlled asthma and lower quality of life at baseline, ACQ and AQLQ scores were 

significantly improved (1.3 to 0.9, p = 0.003 and 4.9 to 5.5, p = 0.02, respectively) following the 

HEPA treatment. In this study, HEPA filtration is associated with improved clinical outcomes and 

quality of life measures in children with uncontrolled asthma.    
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Practical Implications

Traffic-related air pollution represents an important public health concern worldwide, especially for 

children with asthma, as a large portion of the population is moving to major metropolitan areas and 

reside near major roadways.  Families with children who have asthma are seeking practical ways to 

help improve their children’s asthma control and quality of life.  Our study shows that the indoor 

concentration of traffic-related airborne particles can be reduced with the use of HEPA filtration, and 

this decline could improve clinical outcomes in children with poor control and quality of life.
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1. Introduction

Despite advances in diagnosis and treatment, asthma remains the leading cause of chronic 

illness among the pediatric population and affects approximately 1 in 10 children in the United 

States.1  Asthma is a significant burden on healthcare expenditures and is the leading cause of 

hospitalizations, emergency department visits, and missed school days.2  The burden of asthma is also 

disproportionately borne by African-American children, who, between the ages of 0-17, continue to 

have higher rates of asthma prevalence and mortality than their Caucasian counterparts.3

The indoor environment where children and infants spend eighty percent of their time,4 is 

contaminated by particulate matter from both indoor and outdoor sources.  Traffic is a major source 

of the latter particularly in buildings in close proximity to major roads where particles below 2.5 µm 

in size (PM2.5) may efficiently infiltrate the indoor environment.5, 6  Approximately 11.3 million 

people in the United States live within 150 meters of a highway, where high exposure to traffic-

related pollutants may increase their risk of adverse health outcomes, including childhood asthma, 

wheezing, reduced lung function, and all-cause mortality.7  

Exposure to traffic-related airborne pollutants (TRAP), including PM2.5, NOx, and diesel 

exhaust particles, has been associated with increased incidence of asthma overall, including among 

young and adolescent children.5, 6, 8  The Cincinnati Childhood Allergy and Air Pollution Study 

(CCAAPS) showed significant associations between TRAP exposure and adverse respiratory 

outcomes in children, including early childhood wheezing, persistent wheezing through age 7, and the 

development of asthma by age 7.9  Epstein et al. reported that in adults, a reduction in outdoor traffic 

particles by as little as 25% had a clinically important impact on asthma control.10

In addition to outdoor sources, smoking, cooking, heating, and other indoor activities also 

contribute to pollutant concentrations.  Smoking is a major source of fine and ultrafine particles and 

cooking with combustible fuels can produce particles such as black carbon.  Other types of indoor 

particles include pet allergens and mold spores in poorly maintained homes.  Therefore, reducing 

indoor contaminants and particulate exposures is a major public health goal.

Previous studies have shown that air purifiers with high efficiency particulate air (HEPA) 

filtration characteristics significantly reduce the concentration of indoor particles in homes11-23         and 

schools.24  However, studies reporting on the impact of HEPA filtration on health outcomes have had A
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varied results.25-33  While there were statistically significant benefits of particle filtration on health 

outcomes for those with asthma and allergic rhinitis, these improvements were defined as “modest”.34, 

35  It should be noted, however, that a recent study by Jia-Ying et al. reported improvements in 

allergic rhinitis symptoms by using HEPA filtration.36  Although HEPA interventions were calculated 

to produce an economic benefit by reducing premature mortality in general,37, 38,  the health benefit of 

using HEPA air cleaners against traffic related airborne particles is much less studied.

Previously we reported that concentrations of particulate matter less than 2.5 µm (PM2.5), 

black carbon, second-hand smoke, and mold spores were significantly reduced by placing a HEPA-

filtration air purifier in the bedrooms of children with asthma.39  In this report, we examined whether 

treatment with HEPA filtration, in comparison to placebo-control, was associated with improved 

asthma control and quality of life measures in children.

2. Methods

2.1 Study Population and Design 

Children aged 10 to 16 with a physician diagnosis of asthma were recruited from the CCAAPS 

cohort, a prospective birth cohort residing in the greater Cincinnati area,40 and through public 

advertisements at Cincinnati Children’s Hospital Medical Center (CCHMC).  Participants were 

screened for elevated residential TRAP exposure through a previously developed and validated land-

use regression model, a method that yielded a quantitative estimate of air pollution exposure based on 

a group of geographic variables (distance to the roadway, traffic density, elevation, etc.).41  Eligibility 

to participate in this study required residing in a home with elevated TRAP exposure, defined as a 

distance less than 500 meters from a major roadway or an estimated concentration of elemental 

carbon attributable to traffic (ECAT) ≥ 0.33 µg/m3.41  

This double-blind, placebo-controlled crossover study was conducted over three months with 

43 participants from October 2015 to August 2017.   The recruitment included 44 participants of 

which two were twins residing in the same home. We randomly selected one of the twins to these data 

analyses.  Participants were randomly assigned to the HEPA filter (Whirlpool Whispure; Model 

AP51030K, Austin, TX) or placebo “dummy” air purifier (the same air cleaner with the HEPA filter 

removed) group for one month, followed by a one-month washout period, before crossing over to the 

alternate one-month treatment arm.  The one-month washout period was chosen in order to minimize A
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the impact of treatment order on asthma outcomes, some of which reflect asthma control for the 

previous month.42, 43  The research team completed a home walkthrough for each participant to 

ascertain home characteristics.  Air cleaners were placed in the bedroom of each participant.  

Participants were also given questionnaires that assessed clinical symptoms over the course of the 

study.  The study was approved by the Institutional Review Board of the University of Cincinnati.  

All children and their parents gave assent and written informed consent for participation.

2.2 Assessment of Environmental Exposures

Samples of airborne particles were collected in each child’s bedroom for 48 hours before and 

after both HEPA and “dummy” periods using Personal Modular PM2.5 impactors (SKC Inc., Eight-

four, PA) with pre-weighed 37-mm polytetrafluoroethylene (PTFE) filters (Pall, Port Washington, 

NY).  The samples were then analyzed for PM2.5 mass, black carbon (BC), and ultraviolet-absorbing 

particulate matter (UVPM).44  Inhalable fungal spores were also collected onto 25-mm diameter, 

PTFE filters (Merck Millipore, Billerica, MA) using Button™ samplers (SKC, Inc., Eighty-four, PA).  

Button samples were analyzed using a mold-specific quantitative PCR (MSQPCR).  An 

Environmental Relative Moldiness Index-like (ERMI-like) value was calculated from the MSQPCR 

results.45   Temperature and humidity were recorded (HOBO Humidity Data Logger, Onset, Bourne, 

MA) for the entire 1-month duration of the HEPA treatment and “dummy” period, including the 

baseline and treatment sampling periods.

2.3 Assessment of Respiratory Health Outcomes

Respiratory health outcomes were assessed by questionnaires and spirometry by “treatment-

blinded” research team members.  Baseline surveys addressing participants’ overall health status and 

medication use for asthma and allergic rhinitis were completed prior to spirometry at each visit.  

Asthma control and quality of life were evaluated using the Asthma Control Questionnaire (ACQ) and 

the Mini Asthma Quality of Life Questionnaire (AQLQ), respectively, before and after each arm of 

the treatments.46, 47  Spirometry was conducted using a portable spirometer (KoKo diagnostic 

spirometer, Model: Sx 1000, nSpire Health, Longmont, CO) following ATS/ERS recommendations.48  

Because age, height, gender, and race explain >65% of the variability in lung function,49 percent 

predicted spirometry values were used (100 ∗ observed  value/predicted value) and were based on 

Wang et al. (1993) (standards for 6–18-year olds).50  Patients with ACQ scores < 0.75 have an 85% A
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probability of having well-controlled asthma and therefore we defined participants with ACQ scores < 

0.75 as being ‘well-controlled’.51  Although this group also suggested 1.50 as the optimal cut-off for 

poorly controlled asthma, a recent study evaluating the reliability, validity, and responsiveness to 

change of the ACQ determined a different threshold in children.51 The diagnostic test accuracy of 

ACQ thresholds ranging between 0.25 and 2.00 was analyzed for a receiver operating characteristic 

(ROC) curve.  A score of >1.25 based on the ROC curve analysis was optimal for identifying poorly 

controlled asthma status and was corroborated in studies of adults with asthma.42, 52  As such, the 

median threshold for ‘not well-controlled’ asthma was defined in this study as an ACQ score of 

>1.25.    

The cutoff point between a ‘non-impaired’ quality of life and ‘impaired’ quality of life was 

placed at 5.40, as indicated in other clinical studies performed in adults.53, 54  A change in score of 0.5 

in ACQ and mini-AQLQ scores was considered clinically meaningful, as has been previously 

established and validated.42, 51

2.4 Statistical Analysis

Indoor concentrations of aerosol particles, ACQ and mini-AQLQ scores were compared using 

the Wilcoxon-signed rank test.  The paired values before and after HEPA as well as before and after 

“dummy” treatment were separately compared. Further analysis of health outcomes was conducted 

via stratification of participants by asthma control and quality of life at baseline.  

The baseline and treatment in ACQ and AQLQ scores of participants who had ‘not well 

controlled asthma’ and ‘impaired’ quality of life, respectively, were compared utilizing both the 

whole dataset and stratified subsets of the data. Data were additionally stratified by smoking in the 

home, gender, inhaled corticosteroids and allergy medicine.  ACQ and AQLQ scores were also 

compared independently for differences between seasons using Kruskal-Wallis test. Seasonality was 

tested for the whole dataset and for the dataset including only participants who had ‘not well 

controlled asthma’ and ‘impaired’ quality of life at baseline. Spring was considered April through 

June, summer was considered July through September, fall was considered October through 

December and winter was considered January through March.   The difference or change between of 

the health outcome scores during the HEPA treatment was compared with the change during the 

“dummy” treatment utilizing Mann-Whitney U test.  A
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Bonferroni adjustment was applied to account for multiple comparisons. Since changes in four 

indoor air quality measures were being considered, a significance threshold of 0.05/4 = 0.0125 was 

used for the environmental data.  Since two health outcomes were being considered using a single 

data set, a significance threshold of 0.05/2 = 0.025 was used for the health outcome data.  The 

Bonferroni adjustment allowed for multiple comparisons while still assuring that an overall 

significance threshold of 0.05 was maintained.  Statistical analysis was performed using R (version 

3.1.1).  

3. Results

The average age (± standard deviation) of the study participants was 12.9 + 1.9 years 

Demographic characteristics of the study participants are summarized in Table 1.  Participants 

included 30 males and 13 females.  About half of the children were Caucasian while the rest were 

African-American or biracial.  Nine homes reported at least one smoker in the home and 27 homes 

had pets.  The median percent-predicted FEV1 for all participants was 101.5 at baseline and remained 

within normal range following both treatment arms. 

3.1 Environmental Data

As previously reported by Cox et al., median indoor concentrations of PM2.5, BC, UVPM, 

fungal spores, and ERMI-like values were significantly decreased following HEPA treatment but not 

after the “dummy” air cleaner period.39  In addition, the median outdoor concentrations of PM2.5, BC, 

UVPM, and fungal spores were not significantly different from baseline (10.8, 1.1, 2.4, µg/m3 and 

1818 spores/m3, respectively) to HEPA treatment (9.1, 0.9, 2.2 µg/m3, and 2128 spores/m3, 

respectively) or from baseline  (10.4, 1.1, 2.5 µg/m3, and 2653 spores/m3, respectively) to “dummy” 

treatment (11, 1.0, 2.5 µg/m3, and 1872 spores/m3, respectively).39  Indoor concentrations of PM2.5, 

BC, UVPM, and fungal spores decreased in the 20 homes of the participants with ‘not well-

controlled’ asthma (Table 2) and the 12 homes of participants with ‘impaired’ quality of life at 

baseline following HEPA treatment (Table 3).   This reduction was statistically significant for PM2.5, 

BC, and UVPM but not for fungal spores and ERMI-like values in the ‘not well-controlled’ homes.  

The change in median indoor concentrations of the four particle types was not statistically significant 

following “dummy” treatment in the ‘not well-controlled’ homes nor following the HEPA or 
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“dummy” treatments in the ‘impaired’ quality of life homes.  The medians of indoor temperature and 

humidity during the HEPA and “dummy” months were similar (Table 4). 

3.2 Changes in ACQ Scores

The median ACQ score for all participants was 0.58 prior to HEPA treatment and increased to 

0.67 after the HEPA treatment (Figure 1), while the median ACQ decreased from 0.50 to 0.33 

following the “dummy” treatment.  These changes were neither statistically significant or clinically 

meaningful; therefore, neither treatment was considered medically beneficial in improving asthma 

control in the group overall.   

Participants were stratified as defined a priori by baseline asthma control.  Among participants 

with ‘not well-controlled’ asthma at baseline, there was a significant but not clinically meaningful 

reduction in the median ACQ score following HEPA treatment compared to “dummy” (Figure 2).  

Among ‘not well-controlled’ asthmatic participants, the median ACQ was 1.33 before HEPA 

treatment and decreased to 0.92 (p = 0.0025) after HEPA treatment.  In comparison, the median score 

decreased from 1.33 to 1.00 with the “dummy” treatment. This decrease was statistically significant 

(p = 0.028) but it was not clinically meaningful. The difference from baseline to treatment in the ACQ 

scores in the ‘not well-controlled’ group was not significantly different between HEPA and “dummy” 

treatments (Figure S1).  Further analysis showed that 45% (9/20) of the ‘not well-controlled’ asthma 

group reported decreases in ACQ scores to below 0.75 (threshold for ‘well-controlled’) following 

HEPA treatment compared to 21% (4/19) of participants in the “dummy” treatment group. The 

improvements in ACQ were most clearly seen in males and in participants who did not have smoking 

in the home, used inhaled corticosteroids or did not use allergy medicine (Table S1). The ACQ scores 

among participants with ‘not well-controlled’ asthma were not significantly different between seasons 

(Table S2).    

3.3 Changes in mini-AQLQ Scores

The median mini-AQLQ scores for all participants together indicated a ‘non-impaired’ quality of 

life prior to both HEPA and “dummy” treatments (6.03 and 6.23, respectively).  Change in median 

AQLQ scores following HEPA (6.27) and “dummy” (6.40) treatments was statistically significant, 

but not clinically meaningful (Figure 3).  A
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Among the subgroup of participants with ‘impaired’ quality of life at baseline,  the median 

score statistically and clinically increased from 4.93 to 5.47 following HEPA treatment (p <0.01) 

(Figure 4). Among this same subgroup, AQLQ scores increased from 4.97 to 5.23 following 

“dummy” treatment, but this increase was not clinically or statistically significant. The difference 

from baseline to treatment with the ‘impaired’ AQLQ scores was not significantly different between 

HEPA and “dummy” treatments (Figure S1).  Among the participants with ‘impaired’ quality of life 

at baseline, 62% (8/13) had an increase in AQLQ scoring above 5.40 after HEPA treatment compared 

to 36% (4/10) following “dummy” treatment. The improvements in AQLQ were most clearly seen in 

males and in participants who used inhaled corticosteroids (Table S1). The AQLQ scores among 

participants with ‘impaired’ quality of life scores were not significantly different between seasons 

(Table S2).

4. Discussion

This study demonstrated that HEPA treatment was effective in improving asthma control and 

quality of life scores among participants with poor control and impaired quality of life.  The results 

also showed that in the ‘not well-controlled’ homes indoor TRAP, specifically BC and PM2.5, and 

other aerosol particles (UVPM) were significantly reduced with HEPA air filtration.  Out of 184 

metropolitan areas in the USA, Cincinnati is ranked 20th for annual particle pollution (annual PM2.5)55, 

and one of the major sources of PM2.5 includes motor vehicle traffic.56 Infiltration of outdoor particles 

into indoor air is of particular concern, as these exposures have been associated with adverse 

respiratory outcomes such as increased asthma prevalence, wheezing, and recurrent dry cough.7  This 

study was completed in homes that were estimated to have high TRAP exposures, based on distance 

to highway and ECAT value, in order to determine the effects of HEPA air purifiers on indoor TRAP 

concentration and the potential clinical effects on asthma symptoms.  

Previous studies have shown varied results on the impact of HEPA filtration on health 

outcomes.  In recent years, intervention studies have been performed in adult populations living in 

homes near major roadways or in highly polluted cities.23, 26, 57-60      While HEPA filtration 

successfully reduced PM2.5 concentrations in these studies, effects on health outcomes were mixed.  In 

elderly patients, HEPA filtration was thought to be able to reduce cardiovascular disease,58 though 

microvascular function only improved under very limited conditions.26  Two studies demonstrated A
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improvement in cardiorespiratory health,23, 59 but others found little benefit with HEPA filtration.60, 61  

In a more recent study on cardiovascular disease, the lack of expected health benefits from HEPA 

filtration led researchers to suggest that improved study designs were needed for more definitive 

conclusions.61  Besides one study that looked at patients with asthma,59 other studies did not target 

participants with asthma or allergic rhinitis, and therefore, effects of HEPA intervention on 

respiratory health outcomes were less definitive.      

Unlike the aforementioned studies, others considered the effect of HEPA filtration specifically 

on those with allergic diseases related to indoor aeroallergens.  However, the impact of reducing 

ambient aeroallergen concentration with HEPA on asthma outcomes in children was uncertain.  Wood 

et al. showed that HEPA air filters could reduce airborne cat allergen (Fel d 1) levels, but this 

reduction did not impact symptoms in cat-allergic patients.15  This seems to be consistent with 

findings by van der Heide et al., who showed that HEPA interventions were associated with reduced 

bronchial hyperresponsiveness, but symptom scores and medication use remained unchanged in pet-

allergic children with asthma.16  In a study by Sulser et al., HEPA intervention in the homes of 

children with asthma with cat and/or dog sensitization did not significantly lower pet allergen 

concentrations in dust samples, nor did it have a significant impact on lung function or medication 

use.18  Although studies were negative in children, HEPA intervention improved a ‘combined asthma 

outcome’ in pet-allergic adults with asthma.14  This was defined as an improvement in bronchial 

hyperreactivity to histamine and/or reduction in treatment by at least one step according to asthma 

treatment guidelines.

In our study, when analyzing the data from all controlled and uncontrolled asthmatics together, 

HEPA treatment did impact respiratory health outcomes.  This is consistent with the experience of 

Park et al., who utilized HEPA intervention in the homes of 16 children with asthma and/or allergic 

rhinitis in a highly polluted city.25  Eight participants were given a HEPA air purifier, while the 

participants in the control group did not have an air purifier.  Their results demonstrated a trend 

towards improvement in Asthma Control Test (ACT) scores and mean peak flow in the HEPA filter 

group, but these trends did not reach statistical significance, possibly due to the small size of the study 

population. The study may have been further underpowered by the parallel study design.  As our data 
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suggest in this crossover study, negative studies may also result from including too many well-

controlled participants which could ultimately reduce effect size. 

However, participants with poor asthma control and impaired quality of life at baseline were 

found to have clinically meaningful and statistically significant improvement in their AQLQ scores 

after the HEPA treatment.  The change in score with the “dummy” treatment was not statistically 

significant or clinically meaningful (absolute change in score >0.5).  When looking at ACQ scores, 

HEPA filtration resulted in a statistically significant improvement although not clinically meaningful 

for those with ‘not well-controlled’ asthma at baseline.  The change in score with the “dummy” 

treatment was not clinically meaningful or statistically significant.  Since stratification was not used in 

earlier studies, this may be one reason that the role of HEPA filtration on health outcomes was 

indiscernible.  

In all of the study homes39 and in the ‘not well-controlled’ homes, there was a significant  

decrease in BC, PM2.5, and UVPM.  These findings seem to correlate with that of McCreanor et al., in 

which increased exposure to fine particles (<2.5µm), ultrafine particles, and elemental carbon led to 

consistent reductions in FEV1 and FVC and increases in biomarkers of neutrophilic inflammation in 

adults with mild to moderate asthma; however, it should be noted that the participants in the 

aforementioned study did not note any symptomatic changes.62   

To understand if the particle concentrations were high or low we compared to other studies. In 

our previous study assessing the effect of green renovation on indoor air quality in Cincinnati, the 

median PM2.5 (41 µg/m3) and BC (0.9 µg/m3) concentrations were higher than the baseline 

concentrations in the current study.63  Higher baseline concentrations (28.5 µg/m3) were also reported 

in an air cleaner study by Batterman et al.12  In several other air cleaner studies, the baseline 

concentrations were lower or at the same level as in the current study.22, 23, 64 

We cannot rule out that having the HEPA or “dummy” unit in the home could potentially lead 

to a placebo effect as the participants may change their behaviors, such as smoke outdoors or close 

their windows.  We would expect this effect to be similar between either treatment arm.   While no 

statistically significant difference was seen between the changes in scores for HEPA treatment when 

compared to the changes in scores for the “dummy” treatment, the analysis still demonstrated that the 

‘not well-controlled’ participants significantly improved and the ‘impaired’ participants significantly A
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and clinically improved during HEPA filtration and did not during “dummy” treatment.  In addition, 

while the Hawthorne effect from potential increased compliance with asthma medication might be a 

contributor, children were consistently asked throughout the study about their medication use, and 

alterations in behavior in this regard were not observed with either treatment arm.  Overall, our data 

suggest that the use of a HEPA air cleaner could be an effective intervention for children with 

uncontrolled asthma living in proximity to sources of traffic pollution. 

 We recognize that there are limitations in a study such as this one.  One inherent limitation is 

the inability to determine which specific particulate matter component was responsible for the 

observed improvement in asthma measures.  HEPA filtration has been shown to improve asthma 

outcomes when smoking was investigated as the main exposure,17 which is similar to the decrease in 

UVPM in our study.  However, as concentrations of particulate matter associated with TRAP also 

decreased, this suggests that there could be an important effect on respiratory health outside of smoke 

exposure alone.  HEPA filtration was also limited to the bedroom, and particulate levels have been 

demonstrated to increase in areas of the home with activity during the day.65  In addition, the 

“dummy” treatment included a carbon pre-filter that removed large particles.  It should be considered, 

however, that the particles during the “dummy” intervention arm were not significantly reduced.  It is 

possible that the carbon filter reduced pollutants that we did not measure, such as volatile organic 

compounds. This could have caused the slight improvements in ACQ and AQLQ that we observed. 

We did not look at the allergen sensitization of our participants, but our study showed that 

HEPA filtration had an important impact on respiratory health outcomes, despite possible 

confounding effects of pet allergens on sensitized participants.  The length of the treatment periods 

was limited to four weeks. Although the sample size was small and was also affected by occasional 

incomplete questionnaires, this was overcome through the crossover design in this study, and 

statistical analysis still demonstrated significance.  

Future larger parallel placebo-controlled trials in uncontrolled asthmatic participants will be 

needed to confirm these results.  Such studies should evaluate underlying indoor aeroallergen 

sensitization and pet-keeping as possible confounding variables.  Much effort and cost have been 

directed at developing new biologic drugs for poorly controlled asthma with less consideration and 

evaluation of environmental inventions.  Our study suggests that significant public health benefits A
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could be derived from reducing personal TRAP exposure.  Combined with the mitigation of other 

environmental triggers associated with worsening asthma outcomes, interventions such as HEPA 

filters could provide more cost-effective strategies in improving the respiratory health of people with 

asthma.

Families with children who have asthma are seeking practical ways to help improve their 

children’s asthma control and quality of life.  Our study shows that the indoor concentration of traffic-

related airborne particles can be reduced with the use of HEPA filtration, and this decline could 

improve clinical outcomes in children with asthma poor control and quality of life.
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Figure 1. ACQ (asthma controlled questionnaire) score by intervention for all participants (n=42). Horizontal lines 

in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum. The cut-off point for ‘well-

controlled’ asthma is <0.75 (dotted lined). H-HEPA. D-Dummy. 

Figure 2. ACQ scores by intervention for ‘not well-controlled’ asthma group (n=20 HEPA; n=19 Dummy). 

Horizontal lines in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum. The cut-off point for 

‘well-controlled’ asthma is <0.75 (dotted lined).  H-HEPA. D-Dummy. **Due to Bonferroni adjustment, p-value <0.025 

was considered significant. 

Figure 3. AQLQ (asthma quality of life questionnaire) scores by intervention for all participants (n=42). Horizontal 

lines in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum. The cut-off point for ‘adequate’ 

quality of life is >5.40 (dotted lined).  H-HEPA. D-Dummy. **Due to Bonferroni adjustment, p-value <0.025 was 

considered significant.

Figure 4. AQLQ scores by intervention for ‘impaired’ quality of life. (HEPA n=13, Dummy n=10). Horizontal lines 

in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum.  The cut-off point for adequate 

quality of life is >5.40 (dotted line).  H-HEPA. D-Dummy. **Due to Bonferroni adjustment, p-value <0.025 was 

considered significant. 
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Table 1. Clinical characteristics of the study population 

 

Characteristics Number of homes (%) 

Gender  

  Males 30 (70%) 

  Females 13  (30%) 

Race  

  African-American 15 (35%) 

  Caucasian 21 (49%) 

  Biracial   7 (16%) 

Medications  

  Inhaled corticosteroids 19 (44%) 

  Allergic rhinitis medication (nasal spray, oral) 14 (32%) 

Pets*  

  Dogs 24 (56%) 

  Cats 11 (26%) 

Treatment first 

  HEPA 

  Dummy 

Smoking exposure 

 

23 (53%) 

20 (47%) 

  9 (21%) 

  

Health Questionnaire Baseline Values 

  

ACQ 

AQLQ 

0.8 

5.9 

*8 homes with both types of pets 

 

 

 

 

 

Table 2. Median indoor concentrations of the four particle types before and after HEPA and placebo 

“dummy” treatments for ‘not well-controlled’ asthma group at the beginning of treatment (n=20 HEPA; 

n=17 “dummy” for PM2.5, BC, UVPM, n=20 “dummy” for fungal) 

Particle type Pre-HEPA Post-HEPA Pre-dummy Post-dummy 

PM2.5 

(µg/m
3
) 

12.0                     

(0.3-80.9) 

4.5**             

(1.1-18.0) 

10.4            

(0.6-53.2) 

7.8            

(<LOD-37.9) A
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Black Carbon 

(µg/m
3
) 

0.5              

(<LOD-4.2) 

0.1**                

(<LOD-2.3) 

0.6          

(<LOD-2.3) 

0.5                

(<LOD-2.3) 

UVPM 

(µg/m
3
) 

2.4                  

(<LOD-54.2) 

0.6**             

(<LOD-13.8) 

4.3            

(0.6-55.1) 

1.3                

(<LOD-51.8) 

Fungal spores 

(spores/m
3
) 

141                     

(12-1159) 

106                    

(1-396) 

346                   

(17-2978) 

155                       

(5-2115) 

**post vs.pre: p-value <0.0125; PM2.5 – Particulate matter less than 2.5 µm; UVPM – Ultraviolet absorbing 

particulate matter; S.E. – Spore Equivalents; Limit of Detection (LOD) for BC = 0.12 g/m
3
, LOD for UVPM = 

0.18 g/m
3
,
 
LOD for PM2.5 = 0.3 g/m

3
, < LOD = LOD/2. 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Median indoor concentrations of the four particle types before and after HEPA and placebo 

“dummy” treatments for ‘impaired’ quality of life asthma group at the beginning of treatment (n=12 

HEPA, n=10 “dummy” for PM2.5, BC, UVPM; n=13 HEPA, n=11 “dummy” for fungal) 

Particle type Pre-HEPA Post-HEPA Pre-dummy Post-dummy 

PM2.5 

(µg/m
3
) 

8.0 4.8 12.4 9.3 

(0.3-24.6) (0.2-18.0) (0.6-45.7) (2.6-33.0) 

Black Carbon 

(µg/m
3
) 

0.3 0.05                 1.7 0.9 

(<LOD-1.2) (<LOD-0.6) (<LOD-2.3) (<LOD-1.2) 

UVPM 

(µg/m
3
) 

2.3 0.7 13.2 3.2 

(0.3-23.9) (<LOD-7.5) (0.6-21.7) (0.3-8.3) 

Fungal spores 

(spores/m
3
) 

149 132 346 230 

(14-958) (5-396) (17-1715) (5-648) 

**post vs.pre: p-value <0.0125; PM2.5 – Particulate matter less than 2.5 µm; UVPM – Ultraviolet absorbing 

particulate matter; S.E. – Spore Equivalents; Limit of Detection (LOD) for BC = 0.12 mg/m
3
, LOD for UVPM = 

0.18 mg/m
3
,
 
LOD for PM2.5 = 0.3 mg/m

3
, < LOD = LOD/2. 
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Table 4. Median and range of temperature and relative humidity during 

HEPA and “dummy” treatments and Wilcoxon signed rank test 

  HEPA Dummy  p-value 

  All (n=42) All  (n=42)   

Indoor Temperature (ºC) 

Average (Range) 

23.0      

(0.0-44.4) 

23.1     

(8.4-36.1) 0.70 

Indoor Relative Humidity (%) 

Average (Range) 

48.1   

(15.0-98.7) 

44.1    

(15.0-98.1) 0.40 

**p-value<0.0125 
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Figure 1. ACQ (asthma controlled questionnaire) score by intervention for all participants (n=42). Horizontal 

lines in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum. The cut-off point for 

‘well-controlled’ asthma is <0.75 (dotted lined). H-HEPA. D-Dummy.  
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Figure 2. ACQ scores by intervention for ‘not well-controlled’ asthma group (n=20 HEPA; n=19 Dummy). 

Horizontal lines in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum. The cut-off 

point for ‘well-controlled’ asthma is <0.75 (dotted lined).  H-HEPA. D-Dummy. **Due to Bonferroni adjustment, p-

value <0.025 was considered significant.  
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Figure 3. AQLQ (asthma quality of life questionnaire) scores by intervention for all participants (n=42). 

Horizontal lines in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum. The cut-off 

point for ‘adequate’ quality of life is >5.40 (dotted lined).  H-HEPA. D-Dummy. **Due to Bonferroni adjustment, 

p-value <0.025 was considered significant. 
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Figure 4. AQLQ scores by intervention for ‘impaired’ quality of life. (HEPA n=13, Dummy n=10). Horizontal 

lines in the box plots represent the minimum, 25%, 50%, 75% percentiles, and maximum.  The cut-off point for 

adequate quality of life is >5.40 (dotted line).  H-HEPA. D-Dummy. **Due to Bonferroni adjustment, p-value 

<0.025 was considered significant. 
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Figure S1. Changes between pre- to post-treatment in ‘not well-controlled’ ACQ scores and ‘impaired’ quality of life AQLQ scores for HEPA and
‘dummy’ treatments (HEPA ACQ n=20; Dummy ACQ n=19; HEPA AQLQ n=13; Dummy AQLQ n=10). Horizontal lines in the box plots represent the
minimum, 25%, 50%, 75% percentiles, and maximum. ACQ - asthma control questionnaire; AQLQ - asthma quality of life questionnaire. **Due to Bonferroni
adjustment, p-value <0.025 was considered significant for Mann-Whitney test
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§number of homes for HEPA/Dummy *p-value<0.025; ACQ - asthma control questionnaire;
AQLQ - asthma quality of life questionnaire

Table S2. Average and range of ACQ and AQLQ during each season and Kruskal-Wallis
rank sum test

Spring Summer Fall Winter p-value

ACQ (n=21/23/19/21) 0.60 (0.00-1.67) 0.65 (0.00-2.00) 0.68 (0.00-1.83) 0.78 (0.00-2.00) 0.74

‘Not well-controlled' ACQ (n=11/9/11/8) 0.83 (0.00-1.67) 1.15 (0.17-2.00) 0.91 (.33-1.83) 1.17 (0.00-2.00) 0.41

AQLQ (n=20/23/19/22) 6.20 (4.93-7.00) 5.98 (3.50-7.00) 6.23 (4.00-7.00) 6.09 (2.93-6.87) 0.96

‘Impaired' AQLQ (n=4/6/6/7) 5.53 (5.33-5.93) 4.68 (3.50-6.27) 5.57 (4.00-6.40) 5.32 (2.93-6.67) 0.37
**p-value<0.0125; ACQ - asthma control questionnaire; AQLQ - asthma quality of life questionnaire

Table S1. Wilcoxon signed rank test for median baseline and treatments for 'not well-controlled' and 'impaired'
quality of life
'Not well-controlled' asthma (ACQ) 'Impaired' quality of life (AQLQ)

HEPA Dummy HEPA Dummy
p-value p-value p-value p-value

Smoking in home (n=5/6)§ 0.44 0.16 Smoking in home (n=3) 0.25 0.25

No smoking in home (n=15/13) 0.0047* 0.074 No smoking in home (n=10/7) 0.064 0.50

Male (n=13/12) p=0.0017* 0.023* Male (n=9/5) 0.0039* 0.11

Female (n=7) p=0.83 0.50 Female (n=4/5) 0.88 0.50

Inhaled corticosteroids (n=8/7) 0.0078* 0.21 Inhaled corticosteroids (n=7/4) 0.022* 0.18

No inhaled corticosteroids (n=12) 0.083 0.074 No inhaled corticosteroids (n=6) 0.31 0.50

Allergy medicine (n=5/6) 0.063 0.21 Allergy medicine (n=5/2) 0.058 1.00

No allergy medicine (n=15/13) 0.022* 0.064 No allergy medicine (n=8) 0.20 0.092
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