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Abstract 
The World Health Organization (WHO) estimated that 92% of the world’s 

population lived in areas with outdoor air pollution levels exceeding the WHO 

guidelines in 2014. Although the ultimate solution is to control emission sources, 

exposure reduction strategies at the individual level can address more immediate 

needs. As people typically spend approximately 80% of their time indoors, 

improvement of indoor air quality, such as using air filtration technologies, may lead 

to reduced total exposure. However, evidence is limited to support the effectiveness 

of air filtration in bringing beneficial health effects to the users. The goal of this 

dissertation research is to evaluate the health impact of indoor air filtration in 

healthy adults and asthmatic children using two randomized, double-blind, 

crossover trials (Aim 1 and Aim 2). Utilizing data from these two trials and other 

data, this dissertation also addresses two methodological questions. Aim 3 examines 

the relationship between free and total malondialdehyde, a biomarker of oxidative 

stress commonly used in air pollution research, in various types of human specimens. 

Aim 4 evaluates the relationship between the subjective evaluation of asthma control 

by childhood asthma control test (C-ACT) and objective indicators of lung 

pathophysiology using longitudinal measurements. 

In Aim 1 of this dissertation, a double-blinded, randomized, crossover study 

was conducted to examine the cardiorespiratory health effect of a sporadic, overnight 

use of indoor air filtration. Seventy healthy non-smoking adults were recruited from 



 

 

v 

the medical and nursing students who were living in the same dormitory building in 

a suburb of Shanghai, China. The participants were aged 19 to 26 years old and 

included 41 (59%) females. Each participant received a true and a sham indoor air 

filtration session in a randomized sequence. Participants and research staff that 

performed health assessments were blinded to this sequence until the end of the 

study. Each filtration session was approximately 13 hours long. True and sham 

filtration sessions were separated by a two-week “washout” interval. During the 

study period, outdoor PM2.5 concentrations ranged from 18.6 to 106.9 µg/m3, which 

overlapped with levels measured in Western Europe and North America. Compared 

to sham filtration, true filtration on average decreased indoor PM2.5 concentration by 

72.4% to 10.0 µg/m3 and particle number concentration by 59.2% to 2316/cm3. For 

lung function measured immediately after the end of filtration, true filtration 

significantly lowered airway impedance at 5 Hz (Z5) by 7.1% [95% CI: 2.4%, 11.9%], 

airway resistance at 5 Hz (R5) by 7.4% [95% CI: 2.4%, 12.5%], and small airway 

resistance (R5-R20) by 20.3% [95% CI: 0.1%, 40.5%], reflecting improved airway 

mechanics especially for the small airways. However, no significant improvements 

for spirometric indicators of lung function (FEV1, FVC) were observed. True filtration 

also significantly lowered von Willebrand factor (VWF) by 26.9% [95% CI: 7.3%, 

46.4%] 24 hours after the end of filtration, indicating reduced risk for thrombosis. 

Stratified analysis in male and female participants showed that true filtration 

significantly decreased pulse pressure by 3.3% [95% CI: 0.8%, 7.4%] in females, and 
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significantly reduced VWF by 42.4% [95% CI: 17.4%, 67.4%] and interleukin-6 by 

22.6% [95% CI: 0.4%, 44.9%] in males. Effect modification analyses indicated that 

filtration effects in male and female participants were not significantly different. 

These findings suggest that a single overnight residential air filtration, capable of 

reducing indoor particle concentrations substantially, can lead to improved airway 

mechanics and reduced thrombosis risk. 

Air pollution exposure is a well-established risk factor for asthma 

exacerbation. In individuals with asthma, indoor air filtration has only been 

evaluated for allergen removal in areas with low outdoor levels of PM2.5. As 

asthmatic individuals may be responsive to short-term changes in air pollution 

levels, it is not clear whether the exposures occurring outside the home environment 

can override the potential health benefits of residential indoor air filtration. In Aim 2 

of this dissertation, I investigated the respiratory impact of residential indoor air 

filtration in asthmatic children living with moderate levels of outdoor PM2.5. This 

double-blind, randomized crossover trial recruited 43 participants (40% females) 

aged 5 to 13 with mild or moderate asthma. From February to April 2017, each 

participant used a true filtration device and a sham filtration device, respectively in 

their bedrooms for two weeks. A two-week washout period separated the two 

sessions.  During the study, the average PM2.5 concentrations for outdoor, indoor 

with sham filtration, and indoor with true filtration were 56.5 µg/m3, 34.1µg/m3, and 

14.8 µg/m3, respectively. Compared to sham filtration, on average, true filtration 



 

 

vii 

reduced indoor PM2.5 concentrations by 53.3%. Concomitantly, true filtration 

significantly decreased fractional exhaled oxide (FeNO) by 5.1 [95% CI: 0.5, 9.6] ppb, 

airway impedance at 5Hz (Z5) by 14.7% [3.7%, 25.8%], respiratory resistance at 5Hz 

(R5) by 22.4% [9.6%, 35.2%], and small airway resistance (R5-R20) by 40.6% [10.2,% 

70.9%]. Peak expiratory flow (PEF) measurements were made twice daily throughout 

each two-week intervention session. PEF values during true filtration were 1.5% 

[0.7%, 2.4%] higher than the measurements during sham filtration. True filtration 

also introduced a non-significant increase on FEF25-75 by 5.80% [-4.09%, 15.68%]. 

Stratified analyses show that the participants with blood eosinophil count ≤ 500/mm3, 

compared to those with blood eosinophil count > 500/mm3, had a 24.3% greater 

increase of FEF25-75 by true filtration; and that the participants allergic to dust mite 

had smaller improvements in small airway resistance (R5 and R5-R20). These findings 

suggest that a two-week long intervention of indoor air filtration, capable of 

significantly reducing indoor PM2.5 concentrations, can lead to reduced respiratory 

inflammation, improved lung function (PEF) and airway mechanics in asthmatic 

children. 

Oxidative stress is a core mechanism involved in the cardiorespiratory effects 

of air pollution. Malondialdehyde (MDA) is a well-established marker of oxidative 

stress. However, most of its use in existing studies were conducted by researchers in 

clinical medicine and epidemiology, who were unaware that MDA is present in both 

unconjugated and conjugated forms. Aim 3 of this dissertation examined the 
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relationship between free MDA (unconjugated MDA) and total MDA (the sum of 

both unconjugated and conjugated MDA) in various types of human biospecimens. 

Using bio-banked samples from multiple studies, free MDA and total MDA were 

measured simultaneously in nasal fluid (N=158), saliva (N=158), exhaled breath 

condensate (N=40), serum (N=232), and urine samples (N=429). MDA quantification 

was performed using an HPLC-fluorescence method with high sensitivity and 

specificity. Due to the right-skewed distribution of free MDA and total MDA, 

natural-log transformation was performed before subsequent statistical analyses. The 

relationship between the natural log of free and total MDA was evaluated by R2 of 

simple linear regression. T-test was used for comparisons of means between two 

groups. One-way analysis of variance was used in combination with Tukey’s test to 

compare the natural log of the ratio of free MDA to total MDA across various types 

of biospecimens. For exhaled breath condensate, serum, urine, nasal fluid and saliva 

samples, the R2 between free and total MDA were 0.61, 0.22, 0.59, 0.47 and 0.06, 

respectively; the medians of the free MDA to total MDA ratio were 48.1%, 17.4%, 

9.8%, 5.1% and 3.0%, respectively. The free MDA to total MDA ratio in EBC > 

serum > urine > nasal fluid > saliva (P<0.001 for pairwise comparisons). These 

findings indicate that, for exhaled breath condensate and urine samples, using either 

free or total MDA can provide information regarding the level of oxidative stress; 

however, that is not the case for serum, nasal fluid, and saliva, given the low 

correlations between free and total MDA. For these types of biospecimens, future 
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research is needed to examine which form of MDA better reflects oxidative stress, in 

a mechanistic fashion. Given these findings, free MDA in urine samples was 

measured in the Aim 1 study. 

The Childhood Asthma Control Test (C-ACT) is a validated questionnaire 

that provides a subjective evaluation of asthma control using collective inputs from 

children and their caregivers. Cross-sectional studies have identified cut-points for 

discerning different degrees of asthma control. However, few studies have examined 

whether changes in the C-ACT score are reflective of changes in airway 

pathophysiology in longitudinal measurements from the same individuals. In Aim 4 

of this dissertation, I utilized data from four clinical visits originally conducted for 

Aim 2. The clinical visits were scheduled bi-weekly over a period of six weeks. 

Thirty-seven children aged 5 to 10 with mild or moderate asthma (43% female) took 

the C-ACT. The scores were 24.4 ± 2.4 (mean ± standard deviation) and ranged from 

16 to 27. Linear mixed-effects models were used to examine the association between 

C-ACT and clinical measurements from the same participants. As a change of two 

points in the C-ACT score is considered as the minimal clinically important 

difference, I reported the change in biomarkers associated with a two-point decrease 

in C-ACT score.  Results showed that a two-point decrease was significantly 

associated with a 1.7% [95% CI: 0.1%, 3.3%] decrease in FEV1, a 1.6% [0.5%, 2.8%] 

decrease in FVC, and a 3.8% [0.0%, 7.6%] increase in airway resistance at 5 Hz (R5). 

For PEF measurements conducted within two weeks before the C-ACT, a two-point 
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decrease in C-ACT score was significantly associated with a 17.3% [95%CI: 6.8%, 

27.8%] increase in the coefficient of variation, while no significant association was 

observed with the average PEF value (P=0.12). In contrast, within-participant 

measurements showed no significant associations of C-ACT with respiratory 

inflammation (FeNO) or any of the small airway function and mechanics parameters 

(FEF25-75, FEF25-75,  R5-R20, X5, and Fres). When examining individual questions of the 

C-ACT, none of the questions answered by the caregiver were significantly 

associated with indicators of lung function and respiratory inflammation. In contrast, 

three out of the four questions answered by the child demonstrated significant or 

marginally significant associations with FEV1, FVC, FEF25-75, R5, and R20.  This suggests 

that in spite of the relatively young age of the participants, their perception of disease 

control provides important information for asthma control assessment. Overall, the 

findings in Aim 4 indicate that subjective evaluation of asthma control using the C-

ACT was associated with objective measurements of airway obstruction, airway 

restriction, respiratory resistance and the variation of airflow limitations in 

longitudinal measurements. However, the C-ACT is not reflective of changes in 

respiratory inflammation and small airway mechanics, indicating that its use should 

be complementary to but not a substitute for these measurements.
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Chapter 1. Introduction 

1.1 PM2.5 Sources and Exposure 

1.1.1 Exposure and Health Impact 

The World Health Organization (WHO) estimated that 92% of the world’s 

population were living with air pollution level exceeding health-based limits in 2014 1. 

Air pollution was estimated to contribute to 6.5 million premature deaths worldwide 2. 

For global disease burden, ambient particulate matter is listed as the 6th and 7th leading 

risk factors in females and males, respectively 3. Particles with an aerodynamic diameter 

smaller than 2.5 µm (PM2.5), an important fraction of ambient particulate matter, are 

small enough to penetrate deep into the respiratory tract and enact adverse health 

effects 4,5. Epidemiological studies have linked ambient PM2.5 levels with increased 

mortality from cardiorespiratory diseases and cancers 6-11. Recent studies observed that 

at levels even below the current standards of United States Environmental Protection 

Agency (US EPA), ambient PM2.5 is associated with increases in all-cause mortality 12,13.  

1.1.2 Outdoor PM2.5 Sources 

Fossil fuel combustion, biomass burning, and industry emissions are important 

contributors to ambient PM2.5 levels 14,15. WHO conducted a systemic review of local 

source contributions and estimated that globally, 25% of ambient PM2.5 in urban areas is 

contributed by traffic, 15% by industry activities, and 20% from domestic fuel burning 15. 

The sources of PM2.5 are closely linked with its chemical composition 16. A global 

population-weighted study indicated that the chemical composition of PM2.5 includes 
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organic mass (32%), mineral dust (30%) and black carbon (7%) 14. The organic 

components of PM2.5 included quinones17 and polycyclic aromatic hydrocarbons (PAHs) 

17,18. PM2.5 has also been shown to carry microbial agents including endotoxins and fungi 

19-21. In addition, PM2.5 contains transition metals, including iron (Fe), copper (Cu), which 

are capable of generating oxidative stress in the epithelial lining fluid of the respiratory 

tract 22. Heavy metals including cadmium (Cd) 23,24, chromium (Cr) 23,25, lead (Pb) 23,24,26, 

arsenic (As) 26-28, mercury (Hg) 29,30, zinc (Zn) 23,24, magnesium (Mn) 23 and vanadium (V) 

24,31 were detected in ambient PM2.5 collected in the vicinity of industrial facilities.  

1.1.3 PM2.5 in Indoor Air 

PM2.5 in indoor environments comes from infiltration of outdoor PM2.5, fuel 

combustion for cooking and heating, environmental tobacco smoke and other human 

activities 32,33. Due to the air exchange between indoors and outdoors, the chemical 

composition of indoor PM2.5 is associated with the source and composition of outdoor 

PM2.5 32. In contrast to ambient PM2.5, indoor PM2.5 in non-occupational settings is largely 

unregulated 34. Time-activity pattern studies showed that people typically spend 

approximately 80% of their time indoors 35-37. The study of indoor air and its health 

impact holds important public health implications. 

1.2 Respiratory Effect of PM2.5 

1.2.1 PM2.5 Deposition in the Respiratory Tract 

Inhalation is the main route of exposure to ambient PM2.5 38,39. Particle size is the 

key determinant of its aerodynamic behaviors and the region of deposition in the airway 
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39. Particles deposit in the airway via three mechanisms: interception, impaction and 

diffusion 40. In general, large particles have bigger inertia (due to bigger mass) and are 

less capable of following the twist and turns of the airflow 40. Their deposition is mainly 

driven by impaction 40. For example, particles with aerodynamic diameters of 2.5 to 10 

µm mainly deposit in the head and the large conducting airways 5. In contrast, PM2.5 

have aerodynamic diameters < 2.5µm and can deposit throughout the respiratory tract, 

particularly in the small airways including terminal bronchioles and alveoli 5. 

Particularly particles < 0.1µm (also termed ultrafine particles) are deposited via diffusion 

in the alveoli 40. Interestingly, particle deposition in the respiratory tract is a great 

example of commonalities of scientific research across disciplines. Much of the research 

on this topic was conducted not only by air pollution researchers 39 but also by 

pharmacological investigators to explore targeted delivery of inhaled medications to 

specific segments of the airway 40. 

1.2.2 Respiratory Effects in Non-Asthmatic Individuals 

Epidemiological and toxicological studies have linked particulate matter 

exposure with adverse respiratory effects. Ambient PM2.5 has been shown to introduce 

oxidative stress in the lung 5,41,42, primary due to its redox active chemical components, 

including metals 22,43,44, quinones 44-47, PAHs 48,49, endotoxin 19-21 and fungi 20,44. Ultrafine 

particles of carbon black (that do not contain transition metals) has also been seen to 

cause oxidative stress, indicating that the introduction of oxidative stress can also arise 

from particle surface area alone 50. Upon landing onto the airway,  these components can 
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interact with the lung lining fluid, and deplete the levels of antioxidants 51. The 

production of oxidative stress and secondary oxidation products can initiate 

downstream cellular responses, including the release of pro-inflammatory cytokines 52, 

the expression of adhesion molecules 53, and tight junction modifications 54.  These 

changes subsequently facilitate the activation of inflammatory cells and their 

recruitment to the lung 50,55. The release of free radicals from these activated 

inflammatory cells further contributes to oxidative stress in the airway 56. Due to the 

introduction of inflammation in the lung, PM2.5 can weaken the lung defense 

mechanisms and can increase the risk for acute respiratory tract infections, particularly 

in children 57,58. 

Chronic exposure to particulate matter contributes to reductions of lung function 

50, decelerated lung function development 59, small airway remodeling 60,61, and the 

development of chronic obstructive pulmonary disease (COPD) 61-63. PM2.5 exposure can 

also contribute to the development of airway hypersensitivity 64,65 and may increase the 

risk of developing asthma 65,66. In addition, airborne particulate matter is classified as 

carcinogenic to humans (Group 1) for lung cancer 67, indicating its important role in the 

process of carcinogenesis. 

1.2.3 Respiratory Effects in Asthmatic Individuals 

Compared to healthy persons, asthmatic individuals are generally more 

susceptible to the adverse respiratory effects of PM2.5 68,69. Asthma is a chronic 

inflammatory disease characterized by reversible airway obstruction, restriction, 



 

5 

 

hypersensitivity, and airway remodeling 70-73. During inhalation exposure, PM2.5 and 

ultrafine particles (PM0.1) are retained in the small airways; in individuals with asthma, 

their peak deposition occurs in the transition zone between the conducting airways and 

the alveoli 74-76. Epidemiological studies have reported associations between ambient 

PM2.5 and increases in emergency department visits 77-80 and hospitalization due to 

asthma 81,82. PM2.5 exposure can exacerbate asthma 69,83 via introduction of oxidative stress 

84-87 and respiratory inflammation 87-89, resulting in decrements in lung function 

(including FEV1 and FEF25-75%) 84,87,90 and increased use of asthma medications 86. Studies 

have shown that diesel exhaust can enhance airway responsiveness in individuals with 

asthma 91. Cellular experiments demonstrated that diesel exhaust particles can act as an 

adjuvant for allergens and enhance the initiation and intensity of allergic inflammation 

triggered by allergen 85,92. 

1.2.4 Small Airways: An Under-Addressed Area of Air Pollution 
Research 

1.2.4.1 Anatomy and Physiology 

Compared to the large airways, the small airways have their distinct structural 

and physiological features. Small airways are airways with inner diameters < 2mm, 

which comprise of the 8th to the 23rd generations of the airway 93,94. In spite of its small 

diameters, small airways are large in number, the total cross-sectional area of a single 

generation of small airways is greater than the total cross-sectional area of the large 

airways 95. Small airways account for 98.8% of the total lung volume 96. Different from 

the large airways, small airways contain little or no cartilage, thus are more subject to 
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airway collapse and smooth muscle contraction 96. To prevent closure during exhalation, 

small airways are lined with a surfactant which helps maintain a low surface tension 97.  

1.2.4.2 Pathology of Small Airways in Asthma 

Small airways are the major site of pathology in asthma 98. Studies demonstrated 

that small airways are the predominant site for airflow obstruction 99-101, airway 

hypersensitivity 102,103 and airway inflammation 104-106 in individuals with asthma. Small 

airways are also the location where the earliest changes of lung function emerge 107. 

Asthmatic individuals typically have a non-uniform distribution of obstruction in small 

airways, which result in the heterogeneous ventilation and air trapping in alveoli 95,108-110. 

This can be due to one or more among the following mechanisms (1) the closure of small 

airways due to contraction of the smooth muscle; (2) increased surface tension from 

inflammatory secretion and mucus production 95,110; (3) airway remodeling facilitated by 

bronchoconstriction and airway inflammation 108,109.  

1.2.4.3 PM2.5 and Small Airways 

In spite of their important role in the pathophysiology of asthma, small airways 

are therapeutically difficult to reach, as the medicine particles produced by traditional 

inhalers are too large to deposit in the small airways 111. In contrast, PM2.5 and ultrafine 

particles are small enough to deposit in small airways 5,40. The deposition of ultrafine 

particles in the airway of asthmatic individuals was reported to be higher than in those 

of healthy individuals 75. PM2.5 has been reported to disrupt normal surfactant function 

112,113, thereby potentially contribute to the closure of small airways during exhalation. 
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Long-term deposition (accumulation) of PM2.5 in small airways has been shown to 

contribute to airway remodeling, which may facilitate the structural and functional 

changes of small airways 60. 

1.2.4.4 Evaluation by Impulse Oscillometry 

Historically, the small airways were regarded as the “silent zone” due to the lack 

of detection technologies 93,100,114. The conventional measurements of lung function by 

spirometry were not sensitive enough to detect changes in small airways 115. In contrast, 

impulse oscillometry can evaluate small airways and detect early changes in lung 

function 107,116,117. The parameters of impulse oscillometry that reflect small airways 

include respiratory resistance at 5 Hz (R5), small airway resistance (R5-R20), respiratory 

reactance at 5 Hz (X5) and resonant frequency (Fres) 117,118.  

Impulse oscillometry uses sound waves to detect respiratory resistance and 

reactance during normal breathing 116,119. The measurements are non-invasive and 

require minimal patient cooperation, therefore fit for application in both children and 

adults 116,118,119. During the past decade, impulse oscillometry has been used in the 

diagnosis, prognosis and the evaluation of pharmacotherapy for asthma and COPD, 

118,120. However, likely due to the division of expertise between the research communities 

on respiratory medicine and air pollution, impulse oscillometry has not been used for 

the evaluation of lung function changes in response to air pollution changes in healthy 

adults and asthmatic children, to the best of my knowledge. In this dissertation research, 
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impulse oscillometry was used to assess airway mechanics changes, particularly in small 

airways, in response to indoor air filtration interventions. 

1.3 Cardiovascular effect of PM2.5 

It is now well known that PM2.5 can generate a range of cardiovascular effects 

11,121-123. Epidemiological studies demonstrated that short-term exposure to PM2.5 can 

trigger cardiovascular disease-related mortality and non-fatal events 11,121,124,125. Increases 

in long-term exposure to PM2.5 have been associated with increased risk of 

cardiovascular events, including myocardial infarction, chronic heart failure, arrhythmia 

and stroke 11,122,123,126. A brief review of the mechanisms for the cardiovascular effects of 

PM2.5 is provided below. 

1.3.1 Systemic Oxidative Stress: the Core Mechanism 

Oxidative stress is a core mechanism for the cardiovascular effects of PM2.5 11,127-129. 

Existing studies demonstrated that systemic oxidative stress from PM2.5 exposure can 

arise from one or more of these three pathways: (1) Pulmonary oxidative stress and 

inflammation produces cytokines, inflammatory cells, and secondary oxidants. These 

agents can further spill over into the bloodstream, and in turn initiate systemic oxidative 

stress 11,130. (2) PM2.5 can directly stimulate the autonomic nervous reflex arcs, thereby 

eliciting cardiac oxidative stress and alterations of cardiac function 128,130. (3) Certain 

components of PM2.5 (including organic matter, soluble metals, and ultrafine particles) 

can directly enter the bloodstream and initiate systemic oxidative stress 131. 

Epidemiological studies have shown that increases in ambient PM2.5 concentrations are 
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associated with increased levels of biomarkers for systemic oxidative stress, including 

urinary 8-iso-prostaglandin 132, 8-hydroxy-deoxyguanosine (8-OHdG) 133 and 

malondialdehyde (MDA) 134,135. Once produced, oxidative stress is also an important 

cause that initiates downstream cardiovascular effects, including systemic inflammation, 

endothelial dysfunction, platelet activation, blood coagulation and thrombosis 11,136-138. 

1.3.2 Systemic Inflammation, Thrombosis and Coagulation 

Downstream of respiratory inflammation and systemic oxidative stress, PM2.5 

exposure has been observed to increase levels of systemic inflammation markers, 

including c-reactive protein (CRP), IL-6 138,139, IL-1β 139,140, TNF-α 138, monocyte 

chemoattractant protein-1 (MCP-1) 139,140 and white blood cell counts 141,142. Systemic 

oxidative stress and inflammation can further contribute to endothelial damage and 

dysfunction. This can be captured in increased levels of endothelial adhesion 139,143, 

platelet activation 139,143, and thrombosis factors 137,140,144,145. Epidemiological and 

toxicological studies have identified a variety of endothelial dysfunction markers that 

respond to PM2.5 exposure, including the expression of intercellular adhesion molecule 1 

(ICAM-1) 53,143,146,  soluble P-selectin (sCD62L) 137,143,146, soluble CD40 ligand (sCD40L) 137, 

von Willebrand factor (VWF) 136,137, fibrinogen 137, and plasminogen activator inhibitor-1 

136. These changes facilitate the initiation of atherosclerosis by PM2.5 exposure 147, which 

further contributes to the development and triggering of myocardial infarction 148,149 and 

stroke 125,150.   
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1.3.3 Vascular Function and Blood Pressure 

The available evidence suggests that short-term and long-term exposure to PM2.5 

can affect vasodilation 11,151. Vascular oxidative stress and inflammation caused by PM2.5  

disrupt the vascular homeostasis, by disrupting endogenous vasodilators (including 

nitric oxide) and enhancing vasoconstrictor tone (including endothelin) 11,151. These 

changes promote the tendency towards vasoconstriction, which further leads to 

increases in blood pressure 152. Epidemiological studies have linked elevated levels of 

PM2.5 with increases in systolic blood pressure 137,152-155 and pulse pressure 153. For the 

association between PM2.5 and diastolic blood pressure, some studies demonstrated a 

positive association 140,153-155 while others found it to be negative 156. The alterations of 

vascular tone caused by PM2.5 can be reflected in non-invasive measurements of arterial 

stiffness and vascular function, including pulse wave velocity 153,157, augmentation index 

153,157, cardio-ankle vascular index (CAVI) 158, reactive hyperemia index 159, and 

microvascular function 160. 

1.3.4 Heart Rate Variability 

Heart rate variability is a measure of the cyclic variations of the beat-to-beat 

intervals 161. Short-term exposure to PM2.5 has been shown to reduce heart rate variability 

(HRV) 154,158,162. Evidence in rodents indicates the effect of PM2.5 on heart rate variability 

arises from the activation of the autonomic reflexes in the lung that resulted in the 

disruption of the autonomic balance 128,130.  Prospective studies demonstrate that 
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reductions in heart rate variability are linked with increased risks for cardiac events 

(including myocardial infarction and stroke) 163,164 and all-cause mortality 165.  

1.4 Indoor Air Filtration Studies 

Time-activity studies demonstrate that people spend more than 80% of their time 

indoors. Air filtration technologies have been proposed for the removal of airborne PM2.5 

and allergens from indoor environments, which may help reduce overall exposure on an 

individual level. The health impact of indoor air filtration has been examined in various 

studies with different study design and participant populations (Tables 1 to 7). This 

review covers indoor air filtration studies published below from 2003 to 2017, with new 

studies included compared to a review on the same topic earlier by Fisk et al. (2013) 166. 

For studies published before 2003, a good review can be found by McDonald et al. (2002) 

167.  

1.4.1 In Non-Asthmatic and Non-Allergic Individuals 

Between 2003 and 2017, fourteen studies examined the health impact of indoor 

air filtration in non-asthmatic and non-allergic individuals (Tables 1 to 4). None received 

funding from the air filtration industry. Residential wood combustion, living in 

proximity to major roads, and moderate levels of ambient PM2.5 were the motivating 

factors for using indoor air filtration. Most studies were conducted in locations that have 

relatively low levels of ambient PM2.5 (< 35 µg/m3). Only two studies examined the 

application of indoor filtration in environments with moderate levels of ambient PM2.5 . 
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Both were conducted in Shanghai during time periods with average ambient PM2.5  

levels around 101µg/m3140,168.   

Most studies were conducted in non-smoking individuals using high-efficiency 

particulate air (HEPA) filtration devices, while three of the fourteen studies examined 

the use of electrostatic precipitator filtration device (ESP) 169-171. None of the devices 

contained filters (such as an activated carbon filter) that target gaseous pollutants for 

removal. Filtration intervention was conducted mostly at participants’ residence; two 

studies also conducted air filtration in the office 169,172 and another one in the classroom 170. 

Most studies used a randomized, double-blind crossover study design, where each 

participant received both true filtration and placebo filtration with the sequence 

determined by randomization. However, most studies did not have a washout period 

between the two intervention sessions. The sample size ranged from 20 to 308. 

Exposure assessment indicated that the use of air filtration on average reduced 

indoor PM2.5 concentrations by around 50% (with a range of 22% to 82 %), and reduced 

particle number concentration by 21% to 68%. In a study with residential wood 

combustion, indoor air filtration also reduced the levels of indoor levoglucosan by 75% 

159. 

The duration of filtration interventions ranged from 48 hours to 1 year. For 

respiratory health effects, two studies reported reductions in respiratory inflammation 

(FeNO) 140,173. However, few studies reported changes in lung function measured by 

spirometry. The only study that reported a 217ml increase in FEV1 were conducted in 
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participants with compromised lung function (the author did not confirm whether they 

had asthma or COPD) 171. In contrast, most studies reported beneficial effects on pre-

clinical cardiovascular markers. These included reductions in systemic inflammation (C-

reactive protein 159, MCP-1 140, IL-1β 140), coagulation risk (sCD40L), systolic blood 

pressure (sBP) 140,168,171,173 and diastolic blood pressure (dBP) 140,171,173, improved vascular 

function 159,160 , and decreased levels of stress hormones 168. Two studies observed no 

significant cardiovascular health effects 174,175. Only one study observed adverse 

cardiovascular effects, in which the use of ESP was associated with increased levels of 

sCD62Pand systolic blood pressure 169. Some studies did not report filtration effect, but 

instead examined the association between indoor PM2.5 levels and cardiovascular 

indicators (sBP, dBP, HR, CRP, 8-OHdG, fibrinogen and HRV) 176,177.
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Table 1: Indoor air filtration studies in non-asthmatic and non-allergic participants using general room air filtration 

(Part 1) 

Study Allen et al. 2011 159 Brauner et al. 2008 160 Chen et al. 2015 140 Chuang et al. 2017 173 
Industry funding No No No No 
Sample size N=45 non-smoking  healthy 

adults aged 20 to 63, with 
residential wood combustion 

N=42 (21 couples) non-smoking 
healthy adults aged 60 to 75, living 
in proximity to major roads 

N=35  non-smoking healthy 
college students aged 23 ± 2 
years 

N=200  non-smoking healthy 
homemakers aged 30 to 65 

Location Smithers, Canada Copenhagen, Denmark Shanghai, China Taipei, Taiwan 
Duration of filtration 1 week 48 hours 48 hours 1 year 
Filtration type Two HEPA filtration devices, 

one in the bedroom, one in 
the living room 

Two HEPA filtration devices, one 
in the bedroom, one in the living 
room 

One HEPA filtration devices in 
the bedroom 

One air filter was added to their air 
conditioner 

Study design Randomized,  
single-blind,  
placebo-controlled, crossover, 
no washout 

Randomized,  
double-blind,  
placebo-controlled,  
crossover, no washout 

Randomized,  
double-blind,  
placebo-controlled,  
crossover, with washout 

Randomized,  
double-blind,  
placebo-controlled, crossover, no 
washout 

Microenvironment(s) 
of air filtration 

Bedroom and living room Bedroom and living room Bedroom Did not specify 

Gas phase filtration No No No No 
Reduction in 
exposures 

↓ infiltration factor,  
↓ indoor PM2.5 by 60%, 
↓ indoor levoglucosan  by 
75% 

↓ number, area, volume 
concentration for particles 10-
700nm, 
↓ indoor PM10-2.5,  ↓ indoor PM2.5 

Outdoor PM2.5 was 102 ± 11.7 
µg/m3, 
↓ indoor PM2.5 by 57% 

↓ indoor PM2.5,  
↓ indoor total VOC  
 

Changes in health 
indicators 

↑ reactive hyperemia function 
by 9.4%,  
↓ C-reactive protein by  32.6% 

↑ microvascular function by 8.1%,  
↑  hemoglobin by 0.9%, 

↓ MCP-1 by 17.5%, 
↓ IL-1β by 68.1%, 
↓ sCD40L by 64.9%, 
↓ sBP by 2.7%, ↓ dBP by 4.8%, 
↓ FeNO by 17.0% 

↓ sBP by 2.7%, 
↓ dBP by 4.8%, 
↓ FeNO by 17.0% 

Comments on study 
strength 

Strong (randomized,  
single-blind, placebo-
controlled, crossover, but no 
washout)  

Strong (randomized, double-blind, 
placebo-controlled, crossover, but 
no washout) 

Strong (randomized, double-
blind, placebo-controlled, 
crossover, but no washout and 
did not measure health 
indicators before filtration) 

Strong (randomized, double-blind, 
placebo-controlled, crossover, but 
no washout) 
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Table 2: Indoor air filtration studies in non-asthmatic and non-allergic participants using general room air filtration  

(part 2) 

Study Day et al. 2017 169 Kajbafzadeh et al. 2015 174 Karottki et al. 2013 175 Li et al. 2017 168 
Industry funding No No No No 
Sample size N = 89 healthy adults (w/ 15 

active smokers) aged 22 to 52 
N = 83 healthy non-smoking 
adults aged 19 to 72 in traffic- 
or woodsmoke-impacted areas 

N = 48 healthy non-smoking 
adults aged 51 to 81 living in 
proximity to major roads 

N = 55 healthy non-smoking college 
students aged 20 ± 1 

Location Changsha, China Vancouver, Canada Copenhagen, Denmark Shanghai, China 
Duration of filtration 2 weeks 1 week 2 weeks 9 days 
Filtration type HEPA, ESP, HEPA+ESP in the 

HVAC of office and bedroom 
Two HEPA filtration devices, 
one in the bedroom, one in the 
living room 

Two HEPA filtration devices, 
one in the bedroom, one in 
the living room 

One HEPA filtration devices in the 
bedroom 

Study design Randomized,  
double-blind,  
placebo-controlled,  
crossover, no washout 

Randomized,  
single-blind,  
placebo-controlled, 
crossover, no washout 

Randomized,  
double-blind,  
placebo-controlled,  
crossover, no washout  

Randomized,  
double-blind,  
placebo-controlled,  
crossover, with washout 

Microenvironment(s) 
of air filtration 

Office and bedroom Bedroom and living room Bedroom and living room Bedroom 

Gas phase filtration ESP removal ↓ O3 by 2.2 ppb No No No 
Reduction in 
exposures 

HEPA removal ↑ indoor PM2.5 
by 38 µg/m3 
ESP removal ↓ indoor ozone by 
2.2 ppb 

Outdoor PM2.5 was 5.4 to 5.7 
µg/m3 
↓ indoor PM2.5 by 40% 

↓ indoor PNC by 30% in the 
living room 
↓ indoor PM2.5  by 50% in the 
living room and bedroom 

↓ indoor PM2.5  by 82% in the living 
room and bedroom, 
↓ personal exposure to PM2.5  by 
54%. Indoor PM2.5 during sham 
filtration was 53.1 µg/m3 

Changes in health 
indicators 

No biomarkers were 
significantly associated with 
HEPA removal. ESP removal 
was associated with a 16.1% ↓ in 
sCD62P and a 3.0% ↓ in sBP 

No significant changes in CRP 
and reactive hyperemia index 

No significant filtration effect 
on microvascular function, 
lung function, and systemic 
inflammation 

↓ sBP, ↓ glucocorticoids, 
↓ catecholamine synthesis, 
↓ melatonin synthesis however ↑ 
serotonin, 
↓ adrenocorticotropic hormone, ↓ 
corticotropin-releasing hormone 

Comments on study 
strength 

Strong (study design examined 
the effect of HEPA removal and 
ESP removal) 

Strong (randomized, single-
blind, placebo-controlled, 
crossover, but no washout) 

Strong (randomized, double-
blind, placebo-controlled, 
crossover, but no washout) 

Strong (randomized, double-blind, 
placebo-controlled, crossover, with 
washout but did not measure health 
indicators before filtration) 
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Table 3: Indoor air filtration studies in non-asthmatic and non-allergic participants using general room air filtration  

(Part 3) 

 Lin et al. 2011 176  Lin et al. 2013 177 Mendell et al. 2002 172 
Industry funding No No No 
Sample size N = 60 healthy non-smoking adults aged 

25 ± 2 
N = 300 healthy non-smoking adults aged 20 to 65 N = 308 office workers aged < 40 to > 

50, the author did not report health 
status and smoking status 

Location Taipei, Taiwan Taipei, Taiwan A city in Mid-Western US 
Duration of filtration 2 weeks 2 weeks 1 week 
Filtration type An air filter was added to the air 

conditioner at home 
Use air conditioning device (no additional filters 
were added) 

Install high-efficiency air filter in the 
central air conditioning system 

Study design Randomized,  
double-blind,  
placebo-controlled,  
crossover, no washout 

No randomization,  
no blinding,  
(2 weeks with windows open, 2 weeks with 
windows closed, 2 weeks of using air conditioning 
with windows closed) 

Randomized,  
double-blind,  
placebo-controlled,  
crossover, no washout 

Microenvironment(s) 
of air filtration 

Home (did not specify which room) Home (did not specify which room) Office 

Gas phase filtration No No No 
Reduction in 
exposures 

On average, ↓ indoor PM2.5 from 23 µg/m3 
to 18 µg/m3 

On average,  PM2.5 outdoors, indoor with windows 
closed, indoor with windows closed plus air 
conditioning were 25 µg/m3, 25 µg/m3 and 14 µg/m3, 
respectively (P<0.05); PM10 outdoors, indoor with 
windows closed, indoor with windows closed plus 
air conditioning were 41 µg/m3, 29 µg/m3, and 20 
µg/m3, respectively (P<0.05) 

↓ indoor PM0.3-0.5 by 94%, 
↓ indoor PM0.5-0.7 by 84%, 
↓ indoor PM0.7-1.0 by 72%, 
↓ indoor PM1.0-2.0 by 55%, 
↓ indoor PM>2.0 by 16% 
 

Changes in health 
indicators 

Did not evaluate filtration effect. Instead 
demonstrated increases in indoor PM2.5 but 
not indoor VOC are associated with ↑sBP, 
↑dBP, and ↑HR 

Did not evaluate filtration effect. Instead 
demonstrated increases in indoor PM2.5 and indoor 
VOC are associated with ↑ hs-CRP, ↑ 8-OHdG, 
↑fibrinogen, and ↓ HRV 

Improved performance-related mental 
states (including decreases in the 
confusion scale), and reduced 
dissatisfaction with “stuff air” 

Comments on study 
strength 

Strong (randomized, double-blind,  
placebo-controlled, crossover, but no 
washout and did not evaluate filtration 
effect) 

Moderate (no blinding, no washout period, did not 
evaluate filtration effect) 

Strong (randomized, double-blind, 
placebo-controlled, multiple 
crossover, but no washout) 
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Table 4: Indoor air filtration studies in non-asthmatic and non-allergic participants using general room air filtration  

(Part 4) 

Study Padró-Martínez et al. 2015 178 Wargocki et al. 2008 170 Weichenthal et al. 2012 171 
Industry funding No No No 
Sample size a N = 20 non-smoking adults aged 54±9 

free from smoking at home. All were 
living in proximity to a major road. Some 
had hypertension, high cholesterol, and 
myocardial infarction 

N=190 students aged 10 to 12 who were 
generally healthy (no medical examination 
was conducted to ascertain this. Author did 
not know how many were allergic) 

N = 37 adults with a high 
prevalence of smoking, aged 11 
to 64, certain members have 
reduced lung function, 
hypertension or hypotension 

Location Somerville, US Did not specify Manitoba, Canada 
Duration of filtration 21 days 1 week 1 week 
Filtration type One window-mounted HEPA filtration 

unit in the living room 
One electrostatic air cleaner that supplied 
100% filtered outdoor air in the classroom 

One electrostatic air filter in 
living room 

Study design Randomized,  
double-blind,  
placebo-controlled,  
crossover, no washout 

Randomized,  
single-blind,  
placebo-controlled,  
crossover, no washout 

Randomized,  
double-blind,  
placebo-controlled,  
crossover, with washout 

Microenvironment(s) 
of air filtration 

Living room Classroom Living room 

Gas phase filtration No The device did not produce ozone (verified 
in laboratory testing) 

The device did not produce 
ozone 

Reduction in 
exposures 

↓ indoor PNC  by 21% to 68% 
in 15 of the 20 apartments 

↓ indoor particle number concentration for 
large particles (fraction of particles with 
diameters from > 20µm to > 15mm) 

↓ indoor PM2.5  by 37 µg/m3  but 
remained 5 times higher than 
outdoor levels due to indoor 
smoking 

Changes in health 
indicators 

↑IL-6, 
No significant changes in blood pressure, 
hsCRP, fibrinogen and TNF-RII 

No significant effects on schoolwork 
performance, children’s perception of the 
classroom environment, symptom 
intensity, and air quality perceived by a 
sensory panel 

↑ FEV1 by 217ml, 
↓ sBP by 7.9mmHg,  
↓ dBP by 4.5mmHg 

Comments on study 
strength 

Moderate (double-blind, placebo-
controlled, crossover, but no washout. 
Randomization and control of 
confounders was ineffective) 

Strong (randomized, single-blind, placebo-
controlled, crossover, but no washout) 

Strong (randomized, double-
blind, placebo-controlled, 
crossover, with washout) 
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1.4.2 In Asthmatic and Allergic Individuals 

Between 2003 and 2017, fourteen studies were published on the health impact of 

indoor air filtration in asthmatic and allergic individuals (Tables 5 to 7). The filtration 

device manufacturers funded some of these studies 179-183. Air filtration interventions 

were mostly conducted in their residence (e.g., bedroom, living room), except one study 

in an office building. All existing studies were conducted in environments with low 

levels of ambient PM2.5 (< 35µg/m3).  Most of them used air filtration to achieve allergen 

removal (instead of removing infiltrated outdoor PM2.5). A few studies also had passive 

smoking in the same microenvironment as air filtration intervention 184,185. For the 

designation of filtration intervention, almost all studies used randomization. Some 

studies did not use placebo interventions and had no blinding 180,181,184,186,187, while the rest 

were either single-blind or double-blind. A few studies also used a crossover study 

design. However, most of these studies did not have a washout period 180,182,183,188.   

Overall, these studies demonstrated that indoor air filtration reduced the levels 

of PM2.5, PM10, and allergens (including cockroach allergens, Der fl, D. pteronyssinus, 

endotoxin, dust mite, cat dander and dog dander). One study also reported decreases in 

the levels of gaseous pollutants, including volatile organic compounds (VOCs), CO2 and 

CO, as a result of delivering HEPA-filtered outdoor air. Most studies used HEPA 

filtration devices, while one study used an ESP device 189, and two studies used devices 

that included filters for the removal of gaseous pollutants 185,189. Among the HEPA 

filtration devices, there was a new type of filtration device that delivered a laminar flow 
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of HEPA-filtered air to the breathing zone of the participants when they were sleeping. 

Simultaneous with the filtration interventions, some studies also performed home 

remediation measures, including pest extermination  186, allergen-proof bedding casings  

186,187, HEPA vacuum 190, dehumidification 191, furnace service 191, fungi removal 191, 

HVAC servicing 191. In these studies, it might be difficult to tease out the health benefit of 

indoor air filtration from these home remediation measures. 

With durations of filtration ranging from 1 week to 12 months, most of these 

studies observed improvements in subjective parameters including asthma symptoms 

183,184,186-188,191 and quality of life 182,183,192. A few studies also reported improvements in 

objective health indicators, including improved lung function 179, increased peak 

expiratory flow 180,188 as well as decreased respiratory oxidative stress and airway 

inflammation 180,182,192. However, none of the existing studies examined the health impact 

of using indoor air filtration with moderate levels of ambient PM2.5 (> 35µg/m3).  
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Table 5: Indoor air filtration studies in homes of asthmatic and/or allergic participants using general room air filtration 
(Part 1) 

Study Brehler et al. 2003 188 Butz et al. 2011 184 Eggleston et al. 2005 186 Francis et al. 2003 190 Johnson et al. 2009 191 
Industry funding Not specified, unclear No No No No 
Sample size N=44 adults with allergic 

rhinitis, 90.9% had 
allergic conjunctivitis, 
and 52.2% had asthma 

N=126 asthmatic children 
aged 9 ± 2, all were 
residing with a smoker  

N=100 asthmatic children 
aged 6 to 12, all were 
living in inner-city 
Baltimore 

N=30 asthmatic adults 
aged 29 to 49, all were 
sensitized to and 
sharing a home with cats 
or dogs 

N=219 asthmatic children 
aged 2 to 17 

Country Münster, Germany Baltimore, US Baltimore, US Manchester, UK Kansas City, US 
Duration of filtration 2 weeks 6 months 12 months 12 months 6 months 
Filtration type Window-installed units 

that deliver outdoor air 
filtered for pollen 
removal 

Two HEPA filtration 
devices, one in the 
bedroom, one in the living 
room 

HEPA filtration in the 
bedroom, plus cockroach 
and rodent 
extermination, allergen-
proof mattress and 
pillow encasings 

HEPA filtration devices 
in both bedroom and 
living room, plus the use 
of HEPA vacuum 
cleaners. Control group 
only used HEPA 
vacuum 

dehumidification + air 
filtration + furnace 
serving + high efficiency 
furnace filters + fungi 
removal + education + 
HVAC servicing (when 
needed) 

Study design Randomized,  
double-blind,  
placebo-controlled, 
crossover,  
did not specify washout 

Randomized,  
no placebo, 
no blinding, 
3-arm controlled, 
no crossover 

Randomized, 
no placebo,  
no blinding, 
no crossover 

Randomized, 
no placebo,  
no blinding, 
no crossover 

Did not specify 
randomization, 
no placebo, 
no blinding, 
no crossover 

Microenvironment(s) 
of air filtration 

Bedroom Bedroom and living room Bedroom Bedroom and living 
room 

Did not specify 

Gas phase filtration None None None None None 
Reduction in 
exposures 

Did not report ↓PM2.5, 
↓PM2.5-10, 
No significant differences 
in air nicotine or urine 
cotinine concentrations 

↓PM10, 
↓cockroach allergen 
levels 

Both the “HEPA filter + 
HEPA vacuum” group 
and the “HEPA 
vacuum” group ↓ 
airborne Can f 1 
allergen. However, the 
levels were not 
significantly different 
between these two 

Total dust allergen load ↓ 
in the dehumidification 
group. Mold spore counts 
↓ in 25% homes. Indoor 
spore counts adjusted for 
outdoor spore levels ↓ 
overall 
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groups; reservoir animal 
allergen levels did not 
change significantly 
during the intervention 
period 

Changes in objective 
health indicators 

Morning peak expiratory 
flow rates (PEFR) ↑. 
No significant changes in 
PEFR at noon, PEFR in 
the evening, and 
eosinophil cationic 
protein (ECP) serum 
concentration. 

Did not report No significant impacts on 
spirometry and 
emergency department 
use  

Compared to control 
group (with only HEPA 
vacuum), the use of 
HEPA filter + HEPA 
vacuum group did not 
significantly alter FEV1, 
FVC, mean PEF or 
diurnal variation of PEF 

No objective health 
indicators were 
measured 

Changes in symptoms For individuals with 
exclusively hay fever but 
no perennial allergy: 
significant decreases in 
night-time allergy 
symptoms, including 
rhinitis; for people who 
had both hay fever and 
perennial allergy 
symptoms: no significant 
impacts on eye, nose and 
lung symptoms  

Compared to the control 
group without air cleaner, 
the number of symptom-
free days was significantly 
higher in participants who 
received air cleaner or air 
cleaner plus health coach 

↓ daytime symptoms.  
No significant impacts on 
nighttime symptoms 

Compared to control 
group (with only HEPA 
vacuum), the HEPA 
filter + HEPA vacuum 
group had a better 
combined asthma 
outcome. 

↓ asthma and allergy-
related scores (QOL), 
↓cough when HVAC 
service and 
dehumidification were 
used. ↓ breathing 
problems when 
dehumidification, HVAC 
service or room air 
cleaners was used  

Comments on study 
strength 

Strong (randomized, 
double-blind, crossover. 
Study strength can be 
enhanced if included 
washout period) 

Moderate (randomized, 
however no placebo, no 
blinding) 

Moderate (no placebo, no 
blinding, no crossover) 

Moderate (no placebo, 
no blinding, no 
crossover) 

Moderate (no placebo, 
different to separate 
filtration effect from 
other home remediation 
changes) 
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Table 6: Indoor air filtration studies in homes of asthmatic and/or allergic participants using general room air filtration 
(Part 2) 

Study Morgan et al. 2004 187 Lanphear et al. 2003 185 Skulberg et al. 2005 189 Sulser et al. 2009 179 Xu et al. 2010 180 
Industry funding No The manufacturer 

provided air filtration 
devices at a reduced cost 

No Yes Yes 

Sample size N=937 children with 
atopic asthma aged 5 to 
11 

N=225 asthmatic children 
aged 6 to 12, who were 
exposed to ≥ 5 cigarettes 
per day 

N = 80 non-smoking 
adults, aged 20 to 65, all 
have airway symptoms, 
20% of them are allergic, 
all work in downtown 
office buildings 

N=30 asthmatic children 
aged 6 to 17 with 
sensitization to cat and/or 
dog and significant 
exposure to cat and/or 
dog allergen 

N=30 asthmatic 
children aged 5 to 16 

Location Seven cities in the US Cincinnati, US Oslo, Norway Berlin, Germany Potsdam, USA 
Duration of filtration 12 months 12 months 3 weeks 12 months 6 weeks 
Filtration type All participants received 

HEPA vacuum + 
allergen-impermeable 
covers + their guardians 
received education on 
environmental 
mitigation and were 
asked to perform 
mitigation. Some 
participants used HEPA 
filtration in their 
bedroom. 

Two HEPA filtration 
devices with carbon-
potassium permanganate-
zeolite filter insert, one in 
the bedroom, one in the 
main activity room 

One electrostatic air 
cleaner in the office 

Two-HEPA filtration 
devices, one in the living 
room, one in the 
bedroom 

Outdoor air filtered by 
a HEPA filtration 
device that is also 
capable of air 
conditioning 

Study design Randomized, 
no placebo, 
no blinding, 
no crossover 

Randomized,  
double-blind, 
placebo-controlled, 
no crossover 

Randomized,  
single-blind,  
placebo-controlled,  
no crossover 

Randomized,  
double-blind, 
placebo-controlled, 
no crossover 

Randomized, 
no blinding, 
no placebo, 
crossover without 
washout 

Microenvironment(s) 
of air filtration 

Bedroom Bedroom and main activity 
room 

Office Bedroom and living room Bedroom 

Gas phase filtration None Yes (carbon-potassium 
permanganate-zeolite filter 

Yes (carbon filter) None None but can dilute 
concentrations of 
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insert) indoor gaseous 
pollutants by filtered 
outdoor air 

Reduction in 
exposures 

↓ allergens including Der 
fl, D. pteronyssinus, and 
cockroach allergen 

↓ particles > 0.3µm (↓ 25% 
in the intervention group 
vs ↓ 5% in the control 
group). No significantly 
differences in gaseous 
phase of tobacco smoke, air 
nicotine levels, and 
cotinine levels in hair and 
urine 

↓ indoor PM5 by 3 µg/m3, 
↓ indoor PM5-10 by 
4µg/m3, 
↓ indoor PM >10 by 
13µg/m3 

Active filter contained 
very high Fel d 1 and Can 
f 1 concentrations, no 
change of pet allergen 
concentrations in bulk 
dust samples 

72% reduction in PM10, 
59% reduction in VOC, 
19% reduction in CO2, 
20% reduction in CO. 
Reductions in allergen 
concentrations: 
endotoxin (78%), dust 
mite (44%), dog dander 
(71%), cat dander 
(86%). 

Changes in objective 
health indicators 

No objective health 
indicators were 
measured 

↓ unscheduled asthma 
visits. No significant 
differences in medication 
use and FeNO 

PEF ↑ by 3ml/s in the 
intervention group, while 
PEF ↓ by 4ml/s in the 
placebo group 
 

↑ FEV1.  
No significant impacts on 
ΔFEV1 after cold air 
challenge, medication use 
or serum eosinophil 
cationic protein levels. 
There was a trend 
towards ↑ bronchial 
hyperresponsiveness 

EBC nitrate ↓ 
EBC pH ↑ 
PEF ↑ 

Changes in symptoms ↓ days with symptoms No significant differences 
in asthma symptoms 

Both intervention and 
placebo grounds had 
improved general 
symptoms and irritation 
symptoms, however not 
significantly different 

Did not report Higher percentage of 
participants reporting 
“great sleep” 

Comments on study 
strength 

Moderate (no placebo, 
hard to separate 
filtration effect from a 
whole variety of other 
home environment 
improvement changes) 

Strong (randomized,  
double-blind, 
placebo-controlled) 

Strong (randomized,  
single-blind, 
placebo-controlled) 

Strong (randomized,  
double-blind, 
placebo-controlled) 

Moderate (randomized, 
no blinding, no 
placebo, and no 
washout) 
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Table 7: Indoor air filtration studies in asthmatic and/or allergic participants using HEPA-filtered laminar airflow 
delivered to breathing zone during sleep 

Study Boyle et al. 2012 192 Morris et al. 2006 181 Pedroletti et al. 2009 182 Stillerman et al. 2010 183 
Industry funding Yes, Airsonett Yes, PureNight Yes, Airsonett Yes, PureZone 
Sample size N=282, participants aged 7 to 70, 

all had atopic asthma 
N=13, aged 9 to 48, with ragweed 
allergy (did not mention asthma) 

N=22, participants aged 12 to 33, 
all had atopic asthma  

N=35, aged 21 to 61, with 
perennial allergic 
rhinoconjunctivitis 

Location 19 European asthma clinics Minneapolis, US Stockholm, Sweden Minneapolis, US 
Duration of filtration 12 months 1 week 10 weeks 2 weeks 
Filtration type Slightly cooled, laminar airflow 

of HEPA-filtered air delivered 
to subjects’ head 

laminar airflow of HEPA-filtered 
air delivered to subjects’ head 

Slightly cooled, laminar airflow 
of HEPA-filtered air delivered to 
subjects’ head 

The pillow delivered HEPA-
filtered air free of dust mite 
allergens 

Study design Randomized,  
double-blind,  
placebo-controlled, 
no crossover 

One group intervention, 
no blinding, 
no placebo, 
no crossover 

Randomized,  
double-blind,  
placebo-controlled, 
crossover, with washout 

Randomized,  
double-blind,  
placebo-controlled, 
crossover, with washout 

Microenvironment(s) 
of air filtration 

Bedroom when sleeping Bedroom when sleeping Bedroom when sleeping Bedroom when sleeping 

Gas phase filtration None None None None 
Reduction in 
exposures 

>99% reduction of the number 
concentration of particles > 0.5 
µm 
Mattress cat and dust allergen 
levels did not change 

Did not report Did not report 99.99% reduction of the 
number concentration of 
particles > 0.3 µm 
 

Changes in objective 
health indicators 

↓ FeNO by 7.1ppb,  
and a smaller increase in cat-
specific IgE. No significant 
impacts on asthma medications, 
asthma exacerbation rates, FEV1, 
FEF50 or PEF 
 

Did not report ↓ FeNO by 6.4ppb  
No significant impacts on FEV1 
or PEF 
 

Did not report 

Changes in symptoms AQLQ score ↑ in GINA 4 and 
poorly controlled patients 

77% of subjects had improved 
symptom scores, by 26% in the 
morning and 24% in the evening  
Improved daytime sleepiness 

↑ quality of life (miniAQLQ 
score) by 0.54 
 

↑ total symptom scores upon 
waking and overnight, ↓ 
symptoms of congestion, 
itching/watering eyes, 



 

 

 

25 

and quality of life scores rhinorrhea and nasal itching. ↑ 
quality of life (NRQLQ), on 
sleep problems, symptoms on 
waking and practical 
problems. No significant 
impacts on total symptom 
score during daytime, and 
before bed 

Comments on study 
strength 

Strong (randomized, double-
blind, placebo-controlled, but no 
washout) 

Weak (One group intervention, 
no blinding and no placebo) 

Strong (Randomized, double-
blind, placebo-controlled, 
crossover, with washout) 

Strong (Randomized, double-
blind, placebo-controlled, 
crossover, with washout) 
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1.5 Malondialdehyde as a Biomarker of Oxidative Stress 

1.5.1 Oxidative Stress Quantification: A Challenge for Analytical 
Chemistry 

At the molecular level, oxidative stress is a critical cause and consequence of PM-

medicated cardiovascular and respiratory effects 11,41,193,194. Oxidative stress is also 

involved in the pathophysiology of many diseases including asthma 195, chronic 

obstructive pulmonary disease (COPD) 196 and ischemic heart disease (IHD) 197.  

Oxidative stress is introduced when the amount of oxidative challenge overwhelms the 

capacity of antioxidative mechanisms 193. The various forms of oxidants produced in this 

process, including reactive species and free radicals, are highly reactive and therefore 

transient in nature 198. The difficulty in capturing these short-lived molecules has made 

the direct quantification of oxidative stress challenging 199. As cell membrane and 

organelles all consist of lipid bilayer as their fundamental structure, lipids are one of the 

most abundant biomolecules in vivo 200. In the event of oxidative stress, the reactive 

oxidants produced can interact with these lipid molecules and introduce lipid 

peroxidation 201,202. Taking advantage of this process, researchers have figured out a 

creative way to measure oxidative stress indirectly, via the quantification of lipid 

peroxidation 202. 

1.5.2 Malondialdehyde: A Biomarker with Two Forms  

Malondialdehyde (MDA) is a side product of lipid peroxidation and has been 

used as an indicator for oxidative stress 203-205. Its endogenous production arises from the 
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oxidation of polyunsaturated fatty acids with more than two methylene-interrupted 

double bonds 206,207. Intracellular production of reactive oxygen species mainly arise from 

the mitochondrial respiratory chain 208.  These reactive oxygen species are mainly free 

radicals, which are highly reactive due to their unpaired electrons. They are very 

motivated to steal electrons from other molecules, and the “victim” molecule would, in 

turn, possess unpaired electron(s) and steal electrons from next “victim” molecule. This 

results in chain oxidation by free radicals, which is also termed autoxidation. If lipid is 

one of the molecules in this chain reaction, this oxidation of lipid is called lipid 

peroxidation 202. MDA is a small molecule that “chips off” during lipid peroxidation 209. 

The main source of MDA in vivo is lipid peroxidation that involves 

polyunsaturated fatty acids with more than two methylene-interrupted double bonds 

produces MDA 206,207.Other sources of MDA include dietary consumption of food 

containing MDA 210, and enzymatic processes during prostaglandin metabolism in vivo 

211. In spite of these alternative sources of MDA, existing studies have reported 

associations of MDA and oxidative stress, thereby supporting its use as a marker of lipid 

peroxidation 207,212. 

Once produced, MDA can diffuse to different compartments of the human body, 

including exhaled breath condensate 134,213, nasal fluid, saliva 214,215, blood 216,217 and urine 

218. Clinical and epidemiological studies rely on the detection of MDA in these biological 

media to quantify the levels of oxidative stress. Though the biological plausibility of this 

application has been validated 219, most of these studies were conducted by researchers 
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who were not specialized in analytical chemistry and unaware that MDA can exist in 

two different forms. Besides the unconjugated form (free MDA), MDA can also form of 

covalent bonds with the -SH and -NH2 groups with protein and nucleic acids and 

existed in conjugated forms 204,220-222. The sum of the unconjugated and conjugated forms 

is termed total MDA. 

1.5.3 Neither is perfect: Which to Select?  

Due to the convenience of the commercialized kits of MDA detection using a 

spectrophotometric method, most of these studies detect free MDA but not total MDA 

223,224. However, the existence of protein and nucleic acids can confound the level of free 

MDA in these biospecimens 204,220-222. The measurement of total MDA is not a perfect 

solution either in comparison: it involves an acid- or base- hydrolysis at an elevated 

temperature to release conjugated MDA into free MDA. This hydrolysis procedure may 

introduce artifacts through the release of additional MDA molecules from compounds 

other than MDA-conjugates 204. It is not clear which form of MDA is a better biomarker 

of oxidative stress. The first step would be to understand the relationship between these 

two forms of MDA. So far there are no studies that examine both free MDA and total 

MDA simultaneously and systemically in different biological specimens.  

1.6 Asthma Control Assessment Tools 

1.6.1 Important role in Asthma Management 

Asthma control assessment is crucial for the effective management of asthma 225. 

Asthma is a highly dynamic disease characterized by airway hyper-responsiveness, 
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airway remodeling and fluctuations in airway obstruction and airway inflammation 

226,227. Assessing these various aspects of asthma is important for the overall evaluation of 

disease control 225. In spite of existing knowledge on the heterogeneous nature of asthma, 

it is still not clear on what types of medications are the most effective in managing each 

subtype 72,228-230. The Global Initiative for Asthma (GINA) suggests that asthma 

management should be performed as a constant cycle of “treatment and evaluations”, 

where disease control is assessed periodically to adjust treatment until the optimum 

strategy is identified 228. Hence, asthma control assessment is important for guiding 

medication selections and maintaining good management of disease in the long-term 225. 

In the event of suspected asthma aggravation, the various tools for asthma control 

assessment can also help validate whether there are clinically meaningful changes so 

that treatments for asthma relief can be administrated timely 228. 

1.6.2 Subjective and Objective Measurements 

Several tools are available for assessing asthma control, including self-assessment 

of symptoms by patients and objective measurements of lung pathophysiology 225,231. The 

Childhood Asthma Control Test (C-ACT) is a commonly used tool for asthma symptom 

assessment that has been validated in children aged 4 to 11 232.  It includes four questions 

filled out by the child on their perception of overall asthma control, limitation of 

physical activities, coughing and waking up at night. Caregivers are also asked to 

answer three questions about the child’s symptoms during the previous four weeks, 

regarding overall daytime symptoms, wheezing during daytime, and waking up at 
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night 233. A total score was calculated by adding the scores of all seven questions 

together, where a higher score indicates better asthma control 233. While cross-sectional 

studies have identified cut points for categorizing individuals into different degrees of 

asthma control, the C-ACT has not been examined in longitudinal measurements to see 

whether changes in the score of C-ACT are reflective of fluctuations in the objective 

indicators of lung pathophysiology 232,234. Impulse oscillometry, a new technology that 

enables early changes in lung function particularly in small airways, has found great 

utility in pediatric patients due to its non-invasive and easily compliant measurements 

117,118. It is also not clear whether the C-ACT is reflective of changes in the small airways 

measured by impulse oscillometry.  

1.7 Specific Aims 

The primary goal of this dissertation is to examine the health impacts of indoor 

air filtration with moderate levels of outdoor air pollution, using two double-blind, 

randomized placebo-controlled crossover trials in healthy adults (Aim 1) and asthmatic 

children (Aim 2). To facilitate the evaluation of oxidative stress in Aim 1, this 

dissertation further explores the relationship between two forms of an oxidative stress 

biomarker, malondialdehyde, in various types of human biospecimens commonly used 

in air pollution research (Aim 3). As the clinical visits in Aim 2 provided (the rare 

availability of) longitudinal assessments of asthma control using a comprehensive panel 

of tools, this dissertation further examined the relationship between subjective 
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evaluation of asthma symptoms by the childhood asthma control test (C-ACT), and 

objective measurements of lung pathophysiology in asthmatic children (Aim 4). 

Aim 1: To quantify the cardiorespiratory impact of overnight indoor air 

filtration in healthy adults 

In Aim 1, a randomized, double-blind, placebo-controlled crossover study was 

conducted to examine the cardiorespiratory impact of indoor air filtration with a 

combination of HEPA and activated carbon filters. The filtration interventions were 

carried out in young, healthy participants who lived in dormitories with no indoor 

sources of PM2.5. The crossover study facilitated comparisons of health responses within 

participants. In contrast to previous studies of indoor air filtration of multiple 

days/weeks 140,168, Aim 1 evaluated a single overnight intervention that better 

approximates the real-world scenario where people only have indoor air filtration at 

their residence for part of the day when they are home. This research setting is also 

relevant to the situation where people may only want to use indoor air filtration on non-

consecutive days when air pollution levels are elevated. Before and after filtration 

interventions, participants were measured for pre-clinical markers reflecting 

cardiorespiratory pathophysiology that have been shown previously to respond rapidly 

to acute changes in air pollution levels 137,235. Impulse oscillometry was used to facilitate 

the sensitive detection of early lung function changes in small airways. Given that 

gender may modify cardiovascular pathophysiological processes 236,237, the health 
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response to the air filtration intervention was further evaluated in men and women 

separately. 

Aim 2: To quantify the respiratory health impact of a two-week use of indoor 

air filtration in asthmatic children 

In contrast to Aim 1, Aim 2 focused a susceptible subpopulation (asthmatic 

children), and evaluated a longer duration of indoor air filtration (two weeks). Air 

pollution can exacerbate asthma, however indoor air filtration in asthmatic individuals 

has only been examined or allergen removal in areas with low outdoor air pollution. As 

asthmatic individuals are sensitive to the dynamic changes of air pollution exposure 69, it 

is not clear whether the health benefits of residential air filtration can be overwhelmed 

by the shorter-duration exposures to air pollution in microenvironments (e.g., outdoors, 

schools) other than inside of their residences 238. With this question in mind, for Aim 2 of 

this dissertation, I conducted a randomized, double-blind, placebo-controlled crossover 

trial in asthmatic children residing in suburban Shanghai. The study was performed in 

the spring of 2017, when air pollution levels were lower than in the winter months. The 

forty-three participants (40% female) were aged 5 to 13 and had mild or moderate 

asthma. From February to April 2017, each participant used a true filtration device and a 

sham filtration device, respectively in their bedroom for two weeks. A two-week 

washout period separated the two sessions. Before and after filtration interventions, 

participants were assessed for lung function, respiratory inflammation and asthma 

symptoms. The two filtration intervention sessions were completed within 70 days to 
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minimize the impact of seasonal variation. As the small airways are important in asthma 

pathophysiology, impulse oscillometry was used for the assessment of airway 

mechanics. 

Aim 3: To examine the relationship between free and total malondialdehyde 

(MDA), a well-established marker of oxidative stress, in various types of human 

biospecimens 

To facilitate the selection of oxidative stress biomarkers in Aim 1, Aim 3 

performed a descriptive evaluation of the relationship between two forms of 

malondialdehyde (MDA), a well-established biomarker for oxidative stress. Free MDA 

(unconjugated form) and total MDA (the sum of the unconjugated and conjugated forms 

of MDA) were simultaneously measured in various types of biospecimens, including 

exhaled breath condensate, nasal fluid, saliva, serum, and urine samples. The results 

from Aim 3 are expected to help with future researchers that plan to use MDA as a 

biomarker of oxidative stress. 

Aim 4: To examine the association between the childhood asthma control test 

(C-ACT) and indicators of lung pathophysiology in longitudinal measurements  

The Childhood Asthma Control Test (C-ACT) is a validated tool for the 

subjective evaluation of asthma control in children 4 to 11 years old. While cross-

sectional studies have identified cut points for identifying different degrees of asthma 

control, it is not clear whether changes in the C-ACT can reflect objective changes in 

lung pathophysiology. In Aim 4, I took advantage of the (rare) availability of 
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longitudinal measurements by a comprehensive set of clinical tools, which were 

originally conducted for Aim 2. Linear mixed-effects models were used to examine the 

association between the C-ACT score with indicators of airway inflammation, airway 

obstruction, airway restriction, small airway mechanics and the variability of airflow 

limitations using within-participant measurements from four clinical visits. The findings 

of Aim 4 can help inform future researchers on the value of using the C-ACT in relation 

to the available tools of asthma control assessment in clinical settings.  
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Chapter 2. Cardiopulmonary Effects of Overnight Indoor 
Air Filtration in Healthy Non-Smoking Adults: A Double-
Blind Randomized Crossover Study 

2.1 Introduction 

The adverse cardiorespiratory effects of air pollution are now well known, 

including lung function impairment, airway inflammation, cardiac autonomic function 

disruption, and endothelial dysfunction 11,12,239,240. The World Health Organization 

(WHO) estimated that 92% of the world’s population lived in areas with outdoor air 

pollution levels exceeding the WHO guidelines in 2014 1. Although the ultimate solution 

is to control emission sources, exposure reduction strategies at the individual level 

address more immediate needs. As people typically spend approximately 80% of their 

time indoors 35-37, improvement of indoor air quality has been proposed to reduce total 

exposure to each resident. However, evidence is limited to support the effectiveness of 

air filtration in bringing beneficial health effects to the users.  

A few recent studies have evaluated the health impacts of removing PM2.5 of 

outdoor origin with filtration technologies in places with outdoor air pollution 140,168,173,176. 

One study conducted in Shanghai found that a 9-day residential intervention using a 

commercially available filter-based air purifier was associated with reduced levels of 

blood pressure, stress hormones, insulin, glucose, and indicators of oxidative stress and 

inflammation 168. Earlier another study conducted in the same city using the same filter-

based air purifier found that a continuous 48-hour indoor air filtration resulted in 

significant reductions in airway inflammation as well as circulatory inflammation and 
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thrombogenic biomarkers in healthy young adults 140. However, in both studies 

participants stayed in the same room with the indoor air purifiers for either the entirety 

of the 48-hour period or as much time as possible during the 9-day intervention. These 

studies imposed time-activity patterns on study participants that were unrepresentative 

of real-world conditions, in which people may only have access to air filtration devices 

for part of the day in their homes. In addition, people may not use air purifiers in their 

homes on consecutive days as was done in the 9-day intervention trial 168. It is necessary 

to know whether a sporadic filtration intervention as short as overnight can bring health 

benefits. 

This study aims to examine the cardiorespiratory response to an overnight home 

use of a portable air filtration device in healthy non-smoking young adults living in 

Shanghai. As the study focuses on an intervention representative of daily activity, 

mimicking the scenario in which people return home in the evening and stay through 

the night until the next morning, we assessed parameters of airway and cardiovascular 

function and biomarkers reflecting cardiorespiratory pathophysiology that have been 

shown previously to respond rapidly to acute changes in air pollution levels 137,235. Given 

that gender may modify cardiovascular pathophysiological processes 236,237, we also aim 

to examine the health response to the air filtration intervention in men and women 

separately. 
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2.2 Materials and Methods 

2.2.1 Study Design and Participants 

The study protocol was approved by the Ethics Committee of Shanghai First 

People’s Hospital and registered at ClinicalTrials.gov (NCT02736487). We conducted 

this cluster-randomized double-blind crossover study at Shanghai First People’s 

Hospital in a suburb (Songjiang District) of Shanghai, China. We recruited non-smoking 

adults free from chronic diseases from a pool of medical and nursing students through 

word-of-mouth and advertisements on hospital bulletin boards. Smokers and 

individuals that exhibited abnormal levels of health indicators in the blood routine and 

biochemistry tests during the screening visit were excluded from the study. All 

participants provided written consent.  

2.2.2 Indoor Air Filtration 

Each participant underwent two indoor air filtration sessions in his/her 

dormitory room during the period of November 7 to December 13, 2015. The first batch 

of participants (N=32) received their two filtration intervention sessions on November 7-

8 and 21-22, the second batch of participants (N= 39) on November 28-29 and December 

12-13, and one additional participant on November 7-8 and 28-29. 

A commercially-available air purifier (Atmosphere®, Amway, USA), which 

contained a pre-filter (made of polypropylene mesh fabric), a high-efficiency particulate 

air (HEPA) filter, and an activated carbon filter, was used in the study at a flow rate of 

2.8 m3/ min. All three filters were newly installed for the study, and this condition is 

https://clinicaltrials.gov/ct2/show/NCT02736487
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referred to as “true filtration”. In contrast, the “sham filtration” refers to the use of the 

same air purifiers with all the three filters removed. During each filtration intervention 

session, multiple filtration devices were used so that the participating dormitory rooms 

underwent filtration interventions simultaneously.  

Each session started at 6 pm on a Saturday, participants stayed and slept in their 

dorms with its doors and windows closed until the next morning. The filtration 

interventions ended between 7am to 3:30pm on Sunday after the assessment of the last 

health indicator for post-intervention visit 1. The duration of filtration captured by 

different health indicators was slightly different, the average was 13 hours (Table 8, 

Figure 1, and Figure 2). During the time between the measurements of health indicators 

of post-intervention visit 1, study participants were encouraged to return to their 

dormitory room to resume filtration intervention. Their compliance was recorded in 

time activity questionnaires and taken into consideration when calculating the duration 

of filtration. The average duration of filtration was 13 hours.  

The order of true filtration and sham filtration was determined using cluster-

randomization with individuals residing in the same dormitory room as a group. The 

true and sham filtration devices looked identical, the participants and research staff 

members that assessed health indicators were blinded to the order of true and sham 

filtration interventions.  
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Table 8: The duration of air filtration intervention captured by health indicators 
assessed at different time points 

Health Assessment 

Post-
Intervention 

Visit 1 

Post-
Intervention 

Visit 2 

Post-
Intervention 

Visit 3 
Sunday Sunday Monday 

Urine  
7am 

12.8h (A) 
6pm – 9pm 

14.3h (C) 
7am 

14.3h (C) 

Blood  7am 
12.8h (A) – 7am 

14.3h (C) 
Cardiovascular 
Function 

7:30am – 3:30pm 
14.3h (C) – – 

Lung Function 8:30am – 11am 
13.5h (B) – – 

Respiratory 
Inflammation 
(FeNO) 

8:30am – 11am 
13.5h (B) 

6pm – 9pm 
14.3h (C) – 

 
Definition of abbreviations: FeNO=fractional exhaled nitric oxide. 
A, B and C refer to the duration of filtration captured by different health 
measurements assessed at different time points (see boxplots A, B, and C in 
Figure 1). 
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Figure 1: Duration of indoor air filtration intervention captured by health 
measurements conducted at different time points 

The labels A, B, and C on the x-axis indicate the duration of filtration 
intervention captured by health measurements conducted at different time 
points (see Table 8 for more details). 
A indicates the duration of indoor air filtration captured by the collection of 
urine and blood at post-filtration visit 1 (at 7am on Sunday morning); 

 
B indicates the duration of indoor air filtration captured by the measurement of 
spirometry, impulse oscillometry, and fractional exhaled nitric oxide (FeNO) at 
post-filtration visit 1 (between 8:30am and 11am on Sunday morning); 

 
C indicates the duration of indoor air filtration captured by the measurement 
of cardiovascular function at post-filtration visit 1 (between 7:30am and 3:30pm 
on Sunday); the collection of urine, blood samples, and FeNO measurement at 
post-filtration visit 2 (between 6pm and 9pm on Sunday); and the collection of 
urine and blood samples at post-filtration visit 3 (at 7am on Monday). 
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Figure 2: The within-participant differences in the duration of true filtration 
and the duration of sham filtration 

The labels A, B, and C on the x-axis indicate the duration of filtration 
intervention captured by health measurements conducted at different time 
points (see Table 8 for more details).  
 
A indicates the duration of indoor air filtration captured by the collection of 
urine and blood at post-filtration visit 1 (at 7am on Sunday morning);  
 
B indicates the duration of indoor air filtration captured by the measurement of 
spirometry, impulse oscillometry, and fractional exhaled nitric oxide (FeNO) at 
post-filtration visit 1 (between 8:30am and 11am on Sunday morning);  
 
C indicates the duration of indoor air filtration captured by the measurement 
of cardiovascular function at post-filtration visit 1 (between 7:30am and 3:30pm 
on Sunday); the collection of urine, blood samples, and FeNO measurement at 
post-filtration visit 2 (between 6pm and 9pm on Sunday); and the collection of 
urine and blood samples at post-filtration visit 3 (at 7am on Monday). 
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2.2.3 Air Pollution Measurement 

We monitored the concentration of airborne pollutants (PM2.5 mass 

concentration, particle number concentration, ozone, nitrogen dioxide) and ambient 

conditions (temperature and relative humidity) before, during and after the indoor air 

filtration interventions (see Table 9 for details on the location and instrumentation of 

measurements). Ambient PM2.5 was monitored using a nephelometer (SidePak AM510, 

TSI Inc.), calibrated using a real-time beta gauge (Met One, E-BAM) which is comparable 

to the United States Environmental Protection Agency (US EPA) methods for PM2.5 

measurements. We also conducted zero point calibrations using a dedicated “HEPA 

zero filter” prior to this study. During filtration intervention sessions, PM2.5 was 

monitored in all dormitory rooms where real-time by-minute data was collected using 

nephelometers (QD-W1, Beijing Green Build Environment, China), which were 

calibrated using the pre-calibrated SidePak nephelometer (relative error < 15% after 

calibration). Particle number concentration was monitored in four dormitory rooms that 

were randomly selected from all participating dormitory rooms.  Two condensation 

particle counters (CPC 3007, TSI Inc, Minnesota, USA) were used in monitoring particle 

number concentration, and both measured the total number concentrations of particles 

larger than 10nm diameter with an accuracy of ±20%. The particle number concentration 

measurements were considered accurate up to 100,000/cm3 12. The condensation particle 

counters were calibrated in the factory before they were sold. Before their use during 
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fieldwork, zero point calibrations were conducted using “HEPA zero filters”. 

Simultaneous measurements using the two condensation particle counters were highly 

correlated and similar in value (linear regression slope was 0.98, and R2 was 0.98). 

During the time periods outside of the filtration sessions: PM2.5 mass 

concentration (QD-W1 Beijing Green Build Environment, China) was continuously 

monitored in half of the dormitory rooms that were randomly selected among all 

dormitory rooms with study participants. Outdoor PM2.5 mass concentration 

(SidePakPersonal Aerosol Monitor AM510, TSI Inc, Minnesota, USA) and particle 

number concentration (condensation particle counter 3007, TSI Inc, Minnesota, USA) 

were monitored on the third floor of a building approximately 200m from the dormitory 

rooms. In addition, indoor PM2.5 concentration in one classroom and one office at the 

hospital was monitored during selected time periods.  

During the study, outdoor nitrogen dioxide concentration (Thermo 42i NO-NO2-

NOX chemiluminescence gas analyzer, Thermo Scientific, USA), temperature, and 

relative humidity (WSZY-1, Beijing Tian Jianhuayi Technology Development Co., Ltd) 

were monitored on the third floor of a building approximately 200m from the dormitory 

rooms the study participants lived in (this was the same location where outdoor PM2.5 

mass concentration and participle number concentration were monitored). Outdoor 

ozone concentration (Thermo Scientific Model 49i Ozone Analyzer, USA) was monitored 

by the local environmental monitoring station approximately 16km from the study site 

(on the roof of a kindergarten in Yingpu area of Qingpu District, Shanghai).  
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Table 9: The instrumentation and location for monitoring PM2.5, particle number 
concentration, ozone, nitrogen dioxide, temperature and relative humidity 

Item Unit Instrument Location 

PM2.5 
µg/m3 SidePak Personal Aerosol Monitor 

AM510, TSI Inc, USA 
Outdoors at the study site 

µg/m3 
QD-W1, Beijing Green Build 
Environment,China Indoors at the study site 

Particle 
Number 
Concentration 
(PNC) 

/cm3 Condensation particle counter 3007, 
TSI Inc, USA 

Indoors and outdoors at 
study site 

Ozone (O3) µg/m3 
Thermo Scientific Model 49i Ozone 
Analyzer, USA 

Yingpu Environmental 
Monitoring Station (~16km 
from study site) 

Nitrogen 
Dioxide (NO2) ppb Thermo Scientific Model 42i NO-

NO2 –NOx Analyzer, USA Outdoors at study site 

Temperature ◦C 
WSZY-1, Beijing Tian Jianhuayi 
Technology Development Co., Ltd, 
China 

Indoors and outdoors at 
the study site 

Relative 
Humidity % 

WSZY-1, Beijing Tian Jianhuayi 
Technology Development Co., Ltd, 
China 

Indoors and outdoors at 
the study site 

 

2.2.3.1 Comparison of Indoor Particulate Matter Concentration during True Filtration 
versus during Sham Filtration 

Hourly average PM2.5 mass and particle number concentrations were calculated 

from by-minute data and compared between dormitory rooms that received true 

filtration and dormitory rooms that received sham filtration in the same hour using 

Wilcoxon signed rank test. Percentage reduction of each dormitory room under true 

filtration at each hour was first calculated by taking the average particulate matter 

concentration in dormitory rooms under sham filtration during this hour minus 

particulate matter concentration in each dormitory room under true filtration during the 

same hour, dividing that by the average particulate matter concentration in all 

dormitory rooms that receive sham filtration during this hour, and finally multiplying 
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by 100%. The percentage reduction values for each dormitory under true filtration over 

all hours were used to calculate the summary statistics listed in Table 13 (including 

mean, median, and standard deviation). 

2.2.3.2 Time Activity Pattern 

Participants were asked to recall their time-activity patterns during the previous 

24 hours and record it in the time activity questionnaire. At each clinical visit, all 

participants were asked to fill out the time activity questionnaire; on other days during 

the study, half of the study participants were randomly selected to fill out the time 

activity questionnaire daily. On the time activity questionnaire, study participants can 

indicate their location during each hour by selecting among dormitory, classroom, 

hospital, cafeteria, (riding in) a car, (riding in) subway, other indoor microenvironments, 

or outdoors. If they stayed in more than one location, they can specify so at the end of 

each row. In addition, participant can indicate whether the windows were open and 

whether there was anyone smoking in the same room if they were staying in an indoor 

environment. 

2.2.3.3 Calculations for 24h-Hour Cumulative PM2.5 Exposure 

Cumulative PM2.5 exposure in microenvironments without ongoing indoor air 

filtration during the previous 24 hours ( ) was calculated following 

Equation 1. In Equation 1, the duration that a study participant spent in each 

microenvironment (except in dormitory rooms during filtration intervention sessions) 
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was multiplied with PM2.5 mass concentration in the corresponding microenvironment 

during the corresponding time period, and summed up across the previous 24 hours; 

indicates the total number of microenvironments that a participant stayed at during 

hour i.  indicates the concentration of microenvironment j where this study 

participant stayed at during hour i;  indicates the duration this study participant 

spent in microenvironment j during hour i. 

Equation 1  

 

 

 

During the calculation using Equation 1, the treatment of the missing value of the 

various variables involved was detailed in this paragraph. Missing data of time-activity 

pattern (27 % of all data) was replaced with the average of time-activity pattern data 

available from the rest of the study participants during the same hour. Missing value of 

indoor PM2.5 concentration in dormitory rooms (22 % of all data) were substituted with 

the average of PM2.5 concentration in dormitory rooms that received the same type of 

filtration (e.g., true filtration, sham filtration, or no filtration) during the same hour. For 

missing value of indoor PM2.5 concentration in the classroom (2.9 % of all data), a linear 

relationship was constructed between existing PM2.5 concentrations monitored in this 

classroom and the average PM2.5 in dormitory rooms that did not receive true filtration 
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but received sham filtration or no filtration during the same hour; then this linear 

relationship was used to extrapolate the missing value of PM2.5 concentration in 

classrooms based on the average of PM2.5 concentration in dormitory rooms that did not 

receive true filtration during the same hour. The same approach was used to replace 

missing value of PM2.5 concentration in the office in the hospital (4.4 %). The missing 

value of PM2.5 concentration in the cafeteria, restaurant, and other indoor 

microenvironments was replaced with 80% of the outdoor PM2.5 concentration during 

the same hour when the window was closed; when windows were open, the missing 

value of indoor PM2.5 concentration in these indoor microenvironments was replaced 

with the outdoor PM2.5 concentration during the same hour.  

2.2.4 Health Outcomes 

Health measurements were conducted at similar time points on the day before 

and after indoor air filtration within each participant to minimize the impact of diurnal 

variation. Certain biomarkers were assessed at additional time points (see Table 10 and 

Table 11). 
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Table 10: Timeline of indoor air filtration intervention and health measurements 

Health  
Assessment a 

Pre-
Intervention 

Visit 

Filtration 
Intervention 

Post-
Intervention 

Visit 1 

Post- 
Intervention 

Visit 2 

Post- 
Intervention 

Visit 3 
Saturday 

Started from 
6pm on 

Saturday, 
 ended 

between 7am 
and 3:30pm 
on Sunday b 

Sunday Sunday Monday 

Urine collection 7am 7am 6pm – 9pm 7am 

Blood collection 7am 7am – 7amc 

Cardiovascular 
Function 

7:30am – 
3:30pm 

7:30am – 
3:30pm – – 

Lung Function 8:30am – 
11am 

8:30am – 
11am – – 

Respiratory 
Inflammation 
(FeNO) 

8:30am – 
11am 

8:30am – 
11am 6pm – 9pm – 

 
Definition of abbreviations: FeNO = fractional exhaled nitric oxide;  
a For the assessment of health indicators, one pre-intervention visit and three post-
intervention visits were conducted (as shown in the table). Urine collected at the pre-
intervention visit, post-intervention visit 1, and post-intervention visit 3 were fasting 
first-morning void samples. Urine samples collected at post-intervention visit 3 were 
spot urine samples. All blood samples collected were morning fasting blood samples. 
Cardiovascular function measurements included the assessment of diastolic blood 
pressure, systolic blood pressure, and pulse wave analysis. Lung function was assessed 
using both spirometry and impulse oscillometry. Respiratory inflammation was 
evaluated by the measurement of fractional exhaled nitric oxide. 
 
b The filtration intervention started from 6pm on Saturday and ended between 7am and 
3:30pm on Sunday (after participants complete their last health assessment of post-
intervention visit 1). The duration of filtration captured by each health assessment 
differed slightly depending on the time point of assessment (see Table 8 and Figure 1 for 
more details). The average duration of filtration was 13 hours. 
 
c The measurements of VWF and IL-6 at post-intervention visit 3 (24 hours after the end 
of filtration) were made only in the second batch of subjects who received filtration 
intervention at the 3rd and 4th overnight filtration periods (N= 39). 
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Table 11: The maximum within-participant differences in the time points 
of health indicator measurements a 

Items Average
(hour) 

Range 
(hour) 

First morning void 
urine 

0.5 (0,1) 

Spot urine collection 1.5 (0,3) 
Blood 0.5 (0,1) 
Cardiovascular 
Function 2.0 (0,7) 

Lung Function 0.8 (0, 2) 
Respiratory 
Inflammation (FeNO) 0.8 (0, 2) 

 
a During the study, we tried to plan the study visits so that the assessment 
of the same health indicator within the same study participant was 
conducted at similar time of the day. Despite this effort, there were some 
differences in the time point of health indicator measurements within the 
same study participant. 
 

2.2.4.1 Lung Function 

Lung function was assessed by both spirometry and impulse oscillometry. 

Spirometry measurements were performed using Jaeger MasterScreen™ PFT system 

(Becton, Dickinson and Company, Germany). Three repeated measurements were taken 

consecutively, and the best value was recorded. Impulse oscillometry measurements 

were performed using Jaeger MasterScreenTM IOS (Becton, Dickinson and Company, 

Germany). Participants were assessed for 30 to 40 seconds during tidal breathing while 

wearing a nose clip and supporting both cheeks with their hands. Volume calibration 

was performed using a 3-liter syringe before the start of measurements every day.  
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2.2.4.2 Respiratory Inflammation 

We measured FeNO using an offline sampling method following the 

recommendation of the American Thoracic Society/European Respiratory Society 2 with 

a detailed methodology described previously 3,4. Participants were asked to rinse their 

mouth before FeNO measurement. Each participant inhaled deeply through the NO-

scrubber, and exhaled at a steady expiratory flow of 4 to 6 L/min. For each FeNO 

measurement, 4 L of exhaled air was collected into a NO-impermeable aluminum foil 

bag (Huayuan Gas Center, China). The NO concentration in exhaled air was analyzed by 

Thermo 42i NO-NO2-NOX chemiluminescence gas analyzer (Thermo Scientific, USA) 

within two hours after collection. 

2.2.4.3 Cardiovascular Function 

We used performed pulse wave analysis and systolic and diastolic blood 

pressure (sBP, dBP) measurements (VICORDER® cardiovascular and peripheral 

vascular testing instrument, SMT Medical, Würzburg, Germany). Measurements were 

conducted before the start of filtration intervention (between 7:30am and 3:30pm on 

Saturday) and immediately after the end of filtration intervention (between 7:30am and 

3:30pm on Sunday). Within the same subject, the measurements were planned at similar 

times of the day to minimize the impact of diurnal variation. Prior to each measurement, 

participants sat in a quiet room for at least 5 minutes to reach a resting state. 

Augmentation index (AI), subendocardial viability ratio (SEVR), and heart rate (HR) 

were determined by analyzing the pulse wave at the brachial artery. Pulse wave velocity 
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(PWV) was determined using simultaneous monitoring of pulse wave at the femoral 

artery and the carotid artery. At each study visit, three consecutive pulse wave analyses 

were conducted. If the variation of measurements exceeded 30%, additional 

measurements were taken. The average value of the consecutive measurements 

(excluding the outliers) were calculated and recorded into the final dataset. 

2.2.4.4 Systemic Inflammation and Coagulation 

Morning fasting blood was collected between 7am and 8am using vacutainer 

tubes coated with sodium citrate (Gong Dong, China). The concentration of interleukin-6 

(IL-6), soluble P-selectin (sCD62P), and von Willebrand factor (VWF) was quantified 

using MILLIPLEX® MAP kits (Merck Millipore catalog # HSTCMAG-28SK-01, 

HCVD2MAG-67K, and HCVD3MAG-67K, respectively). The levels of IL-6, VWF, and 

sCD62P in plasma 24 hours after the end of filtration were assessed only in the second 

batch of study participants (N= 39), whereas pre-intervention and immediately post-

intervention measurements for these markers were made in all participants. 

2.2.4.5 Systemic Oxidative Stress 

First-morning void urine samples were collected between 7am and 8am on the 

mornings before and after the overnight filtration, and an additional spot urine sample 

was collected at 12h after the end of the filtration intervention. Urinary free 

malondialdehyde (MDA) was analyzed using the thiobarbituric acid (TBA) 

derivatization method and quantified by HPLC-fluorescence following procedures 

previously reported by Gong et al (2013) 134, which was adapted from a method by 
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Lärstad et al (2002) 11. Specific gravity (SG) was measured to adjust for urinary dilution 

using the Levine-Fahy equation (Equation 2). 

Equation 2 

 

2.2.5 Statistical Analysis 

Linear mixed-effects models were constructed to compare the change of 

biomarkers during overnight true filtration and overnight sham filtration following 

Equation 3 using the lme4 and lmeTest packages of the R software (version 3.2.3, R 

Development Core Team) 13. We calculated Δbiomarker (the post-intervention 

biomarker level minus the pre-intervention biomarker level) and used it in mixed-effects 

models to control for the impact of starting from different pre-intervention biomarker 

levels. A participant-specific random intercept was included to account for correlation 

between measurements of the same participant; this facilitated intra-participant 

comparison (a feature of crossover study design) that precluded the need to include 

variables that remain constant within the same participant (such as age). A dormitory-

specific random intercept was incorporated to account for correlation between 

measurements of participants living in the same dormitory room. All models adjusted 

for fixed-effect covariates including filtration duration, temperature (the difference 

between the average outdoor temperature during the 24 hours before the post-filtration 

study visit and during the 24 hours before the pre-filtration study visit), and relative 

humidity (the difference between the average outdoor relative humidity during the 24 

Urinary free MDA concentration adjusted by SG =  Urinary free MDA concentration ×
1− SGreference

1− SG𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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hours before the post-filtration study visit and during the 24 hours before the pre-

filtration study visit). Additionally, to control for the impact of exposure to high air 

pollution outdoors and in microenvironments other than dormitory rooms with ongoing 

indoor air filtration, cumulative PM2.5 exposure in microenvironments without ongoing 

air filtration intervention during the 24 hours before the pre-filtration measurements of 

health indicators and post-filtration measurements of health indicators were calculated 

following Equation 1 and included as fixed-effect covariates. The absolute difference 

between Δbiomarker associated with true filtration and Δbiomarker associated with 

sham filtration was quantified as  in Equation 3. The percentage difference between 

Δbiomarker associated with true filtration and Δbiomarker associated with sham 

filtration was calculated by dividing the absolute difference (  in Equation 3) with the 

mean of all measurements of this biomarker and multiplying that by 100%. Stratified 

analysis was performed in female and male participants separately following Equation 3. 

The interaction between filtration and gender was investigated following Equation 4. 

2.2.5.1 Sensitivity Analysis 

For sensitivity analyses, filtration effect was further analyzed only in participants 

who did not have a respiratory infection and did not take medication throughout the 

study (N=53) following Equation 3. Additionally, filtration effect was analyzed 

controlling for the level of ambient gaseous pollutants (ozone and nitrogen dioxide) as 

fixed-effect covariates following Equation 5 and Equation 6, respectively. 
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Equation 3 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽3 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖0 

                               + 𝛽𝛽4 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽5 �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖0

� 

                               +𝛽𝛽6 �𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0 𝑖𝑖𝑖𝑖0

� + 𝐷𝐷𝑖𝑖 +𝑊𝑊𝑖𝑖 +  Ɛ   

Equation 4 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽3 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖0 

                               + 𝛽𝛽4 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽5 �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖0

� 

                               +𝛽𝛽6 �𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0 𝑖𝑖𝑖𝑖0

� + 𝛽𝛽7 𝐺𝐺𝑈𝑈𝐺𝐺 × 𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖  + 𝐷𝐷𝑖𝑖 + 𝑊𝑊𝑖𝑖 +  Ɛ   

Equation 5 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽3 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖0 

                               + 𝛽𝛽4 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽5 �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖0

� 

                               +𝛽𝛽6 �𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0 𝑖𝑖𝑖𝑖0

� + 𝛽𝛽7 �𝑂𝑂𝑂𝑂𝑂𝑂𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝑂𝑂𝑂𝑂𝑂𝑂𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖0

� + 𝐷𝐷𝑖𝑖 +𝑊𝑊𝑖𝑖 +  Ɛ   

Equation 6 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽3 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖0 

                               + 𝛽𝛽4 𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖  + 𝛽𝛽5 �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖0

� 

                               +𝛽𝛽6 �𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑙𝑙 0 𝑖𝑖𝑖𝑖0

�+ 𝛽𝛽7 �𝐺𝐺𝑂𝑂2 𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
− 𝐺𝐺𝑂𝑂2 𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖0

� + 𝐷𝐷𝑖𝑖 +𝑊𝑊𝑖𝑖 +  Ɛ   

_______________________________________________________________________ 

𝑖𝑖 = the participant id number (𝑖𝑖 = 1, 2, …, 70) 

𝑖𝑖 = the two filtration interventions (𝑖𝑖 = 1, 2) 

𝑖𝑖= the post-intervention clinical visits (1 = the post-intervention clinical visit 1; 2 = the post-

intervention clinical visit 2; 3 = the post-intervention clinical visit 3, see Table 1 for the timeline 

of post-intervention clinical visits) 

𝑌𝑌𝑖𝑖𝑖𝑖0= the level of biomarker at the pre-intervention clinical visit 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = the level of biomarker at the post-intervention clinical visit k 
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𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 = the type of filtration intervention (1= true filtration, 0=sham filtration) 

𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑖𝑖 = the duration of filtration intervention captured by the post-intervention clinical visit 

k (unit: hour) 

𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖0= cumulative PM2.5 exposure in microenvironments without ongoing indoor air 

filtration during the 24 hours prior to the pre-intervention clinical visit, which was calculated 

following Formula 2 (unit: µg/m3) 

𝑃𝑃𝑃𝑃2.5𝐷𝐷𝑈𝑈𝑈𝑈𝑖𝑖𝑠𝑠𝑈𝑈𝑈𝑈𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖 = cumulative PM2.5 exposure in microenvironments without ongoing indoor air 

filtration during the 24 hours prior to the post-intervention clinical visit k, which was calculated 

following Formula 2 (unit: µg/m3) 

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖 = the average of outdoor temperature during the 24h prior to the post-intervention 

clinical visit k (unit: ◦C) 

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖0= the average of outdoor temperature during the 24h prior to the pre-intervention 

clinical visit (unit: ◦C) 

𝐷𝐷𝑅𝑅 𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖𝑖𝑖 = the average of ambient relative humidity during the 24h prior to the post-

intervention clinical visit k (%) 

𝐷𝐷𝑅𝑅 𝑠𝑠𝑠𝑠𝑙𝑙0𝑖𝑖𝑖𝑖0= the average of ambient relative humidity during the 24h prior to the pre-

intervention clinical visit (%) 

GEN= the self-reported gender of the study subject (0=male, 1=female) 

𝑂𝑂𝑂𝑂𝑂𝑂𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
= the average of ambient ozone concentrationduring the 24h prior to the post-

intervention clinical visit k (unit: ppb) 
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𝑂𝑂𝑂𝑂𝑂𝑂𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖0
= the average of ambient ozone concentration during the 24h prior to the pre-

intervention clinical visit (unit: ppb) 

𝐺𝐺𝑂𝑂2 𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑖𝑖
= the average of ambient nitric dioxide concentration during the 24h prior to the post-

intervention clinical visit k (unit: ppb) 

𝐺𝐺𝑂𝑂2 𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖0
= the average of ambient nitric dioxide concentration during the 24h prior to the pre-

intervention clinical visit (unit: ppb) 

𝐷𝐷𝑖𝑖= dormitory-specific random intercept 

𝑊𝑊𝑖𝑖= individual-specific random intercept 

Ɛ = residual 

 

2.3 Results 

2.3.1 Characteristics of Study Participants 

We assessed the eligibility of 95 individuals, among whom 73 were eligible and 

recruited into the study. One participant dropped out due to a scheduling conflict, and 

another participant dropped out due to an aversion to blood draw. Seventy-one 

participants completed the entire study. One participant was excluded from statistical 

analysis due to self-reported secondhand smoke exposure from a roommate. The 70 

participants used in the data analyses were comprised of 29 males and 41 females and 

had an age range of 19 to 26 years. The participants lived in 31 dormitory rooms in the 

same building without cooking, heating, and air conditioning facilities. Each dormitory 

room was approximately 20 m2 and housed 3 to 4 residents. Thirty-five participants 

received interventions in the order of true-washout-sham, and the other 35 participants 
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in the order of sham-washout-true. The baseline characteristics of the participants are 

summarized in Table 12. 

2.3.2 Indoor Air Filtration 

Compared to sham filtration, true filtration on average decreased indoor PM2.5 

mass concentration by 72.4% and particle number concentration by 59.2% (p<0.001 by 

Wilcoxon signed ranked test) (Figure 3 and Table 13). During the interventions, the 

average outdoor PM2.5 concentration was 58.0 µg/m3 (range: 18.6 - 106.9 µg/m3), while 

the average indoor PM2.5 concentrations were 33.2 µg/m3 (10.5 - 72.1 µg/m3) during sham 

filtration and 10.0 µg/m3 (0.1 - 62.1µg/m3) during true filtration. The average indoor 

(total) particle number concentrations with sham filtration and true filtration were 5938 

particles/cm3 (3326 -18179/cm3) and 2316 particles/cm3 (734 - 6274/cm3), respectively. 

Given that ultrafine particle (aerodynamic diameters less than 100nm) dominate number 

concentrations of total particles 241, the reduction in particle number concentration by 

true filtration indicates a reduction mainly in ultrafine particle count. 
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Table 12: Baseline characteristics for 70 study participants with complete data 

 All 
(n=70) 

True-WO-Sham a 
(n=35) 

Sham-WO-True b 
(n=35) 

Female 41 (59%) 20 (57%) 21 (60%) 

Age, year 
22.0 ± 1.6 
(19 - 26) 

21.8 ± 1.5 
(19 - 25) 

22.3 ± 1.7 
(20 - 26) 

BMI, kg/m2 
21.2 ± 2.1 

(17.2 - 27.1) 
21.4 ± 2.0 

(18.2 - 27.1) 
21.2 ± 2.2 

(17.1 - 26.2) 
Dormitory 
rooms 

31 15 17 

Lung Function    

 FEV1, L 
3.6 ± 0.7 

(2.2 - 5.0) 
3.7 ± 0.7 

(2.3 - 4.9) 
3.5 ± 0.7 

(2.5 - 5.0) 

 FVC, L 
4.1 ± 0.8 

(2.7 - 5.9) 
4.2 ± 0.8 

(2.8 - 5.9) 
4.0 ± 0.9 

(2.7 - 5.6) 

 FEV1/FVC, % 
88.1 ± 8.8 

(70.7 - 99.4) 
86.9 ± 5.0 

(75.8 - 98.4) 
89.3 ± 6.1 

(70.7 - 99.4) 
Blood Pressure    
 Systolic BP,  
 mmHg 

111.7 ± 8.1 
(91 - 133) 

112.3 ± 8.6 
(91 - 130) 

111.1 ± 7.3 
(94 - 133) 

 Diastolic BP,  
 mmHg 

60.9 ± 5.1 
(51 - 74) 

60.6 ± 4.8 
(51 - 72) 

61.2 ± 5.4 
(51 - 74) 

 
Definition of abbreviations: BMI = body mass index; FEV1 = forced expiratory 
volume during the 1st second; FVC = forced vital capacity; BP = blood pressure; 
WO=washout period. 
 
Data are mean ± standard deviation (range), or count (%). 
 
a True-WO-Sham indicates the study participants who received filtration 
interventions in the order of true filtration followed by a washout period and 
then sham filtration;  
 
b Sham-WO-True indicates the study participants who received filtration 
interventions in the order of sham filtration followed by a washout period and 
then true filtration. 
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Figure 3: PM2.5 and particle number concentrations in dormitory rooms under 
true filtration and sham filtration, as well as PM2.5 concentration outdoors  

The data points plotted are hourly averages of PM2.5 and particle number 
concentrations. PM2.5 mass concentration was monitored in all dormitory rooms 
during the filtration intervention sessions, while particle number concentration 
was monitoring in four dormitory rooms randomly selected from all dormitory 
rooms. Overnight-1, overnight-2, overnight-3, and overnight-4 indicate the first, 
second, third, and fourth filtration intervention sessions, which were conducted 
on November 7-8, 21-22, 28-29 and December 12-13 in 2015, respectively. 
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Table 13: PM2.5 and particle number concentration indoors with sham and true 
filtration and PM2.5 outdoors during the four overnight filtration intervention sessions 

Intervention 
Sessions 

Dates 
Overall 

Overnight-1 

Nov 7 - 8 

Overnight-2 

Nov 21 - 22 

Overnight-3 

Nov 28 - 29 

Overnight-4 

Dec 12 - 13 

PM2.5  
(µg/m3) 

Outdoor 58.0 ± 27.1 
(55.8) 

64.3 ± 20.4 
(60.9) 

22.5 ± 4.4 
(20.9) 

90.0 ± 10.9 
(87.9) 

55.1 ± 7.0 
(55.6) 

Sham  33.2 ± 10.8 
(34.2) 

42.2 ± 11.0 
(38.6) 

22.0 ± 6.9 
(20.7) 

35.9 ± 8.8 
(35.2) 

33.8 ± 7.5 
(35.5) 

True  10.0 ± 9.7 
(7.2) 

16.7 ± 14.1 
(12.5) 

6.2 ± 7.4 
(3.6) 

7.8 ± 6.6 
(6.3) 

9.7 ± 7.3 
(8.2) 

Reduction 
(%) b 

72.4 ± 21.4 
(75.8) 

64.4 ± 21.2 
(66.2) 

74.6 ± 24.2 
(82.9) 

78.5 ± 17.3 
(83.1) 

71.4 ± 21.1 
(75.8) 

PNC a 
(/cm3) 

Sham 5938 ± 2498 
(5282) 

4355 ± 605 
(4331) 

4940 ± 1472 
(4627) 

7495 ± 3663 
(6376) 

6958 ± 2016 
(6299) 

True 2316 ± 1355 
(2186) 

2536 ± 568 
(2598) 

1502 ± 1265 
(990) 

1374 ± 595 
(1064) 

3868 ± 1035 
(3387) 

Reduction 
(%) b 

59.2 ± 20.6 
(52.9) 

40.3 ± 11.2 
(39.2) 

71.0 ± 14.9 
(78.2) 

83.0 ± 2.6 
(82.8) 

43.4 ± 7.7 
(41.9) 

 
Data are mean ± standard deviation (median). Based on Wilcoxon signed rank tests for 
comparing indoor PM2.5 and indoor particle number concentration under true and sham 
filtration conditions, p values were <0.001 for all four intervention periods. 
 
a For particle number concentration (PNC), the smallest particle size detected was 10 nm 
by condensation particle counter (CPC) 3007.  
 
b Reduction (%) stands for the percentage reduction of particulate matter concentration 
in dormitory rooms under true filtration compared to particulate matter concentration in 
dormitory rooms under sham filtration, calculated following two steps: (1) The 
percentage reduction of each dormitory room under true filtration at each hour was first 
calculated using the average particulate matter concentration in dormitory rooms under 
sham filtration during this hour minus particulate matter concentration in each 
dormitory room under true filtration during the same hour, divided by the average of 
particulate matter concentration in all dormitory rooms under sham filtration during 
this hour, and multiplied by 100%. (2) The percent reduction for each dormitory at each 
hour under true filtration was averaged over all hours and all dormitory rooms to arrive 
at the summary statistics of percentage reduction of particulate matter concentration 
listed in this table (including mean, median, and standard deviation). 
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2.3.3 Lung Function 

Compared to sham filtration, true filtration was associated with a 7.1% [95% CI: 

2.4%, 11.9%] greater decrease in respiratory impedance at 5 Hz (Z5) and a 7.4% [95% CI: 

2.4%,12.5%] greater decrease in respiratory resistance at 5 Hz (R5) (an indicator of total 

respiratory resistance of the airways) 119 (Figure 4, Figure 5, and Table 14). Moreover, 

true filtration was associated with improvements in indicators of small airway 

mechanics including a 20.3% [95% CI: 0.1%, 40.5%] greater decrease in small airway 

resistance (R5-R20), and a 4.8% [95% CI: 0.1%, 9.6%] greater decrease in resonant 

frequency (Fres). However, the changes in large airway resistance (R20), total airway 

reactance (X5), spirometry indicators (FVC, FEV1, MMEF75-25), and respiratory 

inflammation (FeNO) during true filtration were not significantly different from these 

during sham filtration. 

2.3.4 Cardiovascular Function, Coagulation and Systemic 
Inflammation 

The changes in indicators of arterial stiffness (AI, PWV), blood pressure, pulse 

pressure, and heart rate during true filtration were not significantly different from these 

during sham filtration (Figure 5 and Table 14). Similarly, no significant differences were 

observed for the following biomarkers measured immediately at the end of filtration 

intervention: plasma VWF, plasma sCD62P, plasma IL-6, and urinary malondialdehyde 

(MDA) (Figure 5 and Table 14). In contrast, compared to sham filtration, true filtration 

was associated with a 17.5% [95% CI: 3.4%, 38.5%] greater decrease in plasma VWF 

measured 24 hours after the end of filtration (Figure 5 and Table 14).  
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Figure 4: Differences in changes of airway mechanics and cardiovascular function 
indicators between true filtration and sham filtration 

Definition of abbreviations: FVC=forced vital capacity; FEV1=forced expiratory volume 
during the 1st second; Z5=airway impedance measured at 5Hz; R5=airway resistance 
measured at 5Hz; X5=airway reactance measured at 5Hz; R20=airway resistance 
measured at 20Hz; R5-R20=small airway resistance; Fres=resonant frequency; 
AI=augmentation index; PWV=pulse wave velocity; SEVR=subendocardial viability 
ratio; sBP=systolic blood pressure; dBP=diastolic blood pressure; PP=pulse pressure; 
HR=heart rate.  
 
Error bars indicate 95% confidence intervals. Post-intervention measurements of all 
the outcomes were conducted immediately after the end of filtration intervention.
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Figure 5: Differences in changes of respiratory inflammation, systemic 
inflammation, coagulation, and oxidative stress indicators between true and sham 
filtration 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; IL-6=interleukin-6; 
sCD62P=soluble P-selectin; VWF=von Willebrand factor;  
 
Error bars indicate 95% confidence intervals. * Urinary MDA indicates urinary free 
malondialdehyde adjusted by specific gravity. Post-intervention biomarker 
measurements were performed at multiple time points after the end of filtration 
intervention as labeled. The post-intervention assessment of IL-6, sCD62P, and VWF 
24h after the end of filtration was conducted only in the second batch of subjects 
who received filtration intervention at the 3rd and 4th overnight filtration periods (N = 
39) (this assessment was not performed on the rest of the participants).  
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Table 14: Differences in changes of health indicators between true filtration and 
sham filtration 

Health Endpoints Unit Absolute Difference Percentage Difference (%) b 
p c 

  β a 95% CI β /Mean 95% CI 

0h after the end of filtration intervention 

FVC ml 2.77 (-45.05, 50.60) 0.07 (-1.10, 1.23) 0.91 

FEV1 ml -1.56 (-41.51, 38.39) -0.04 (-1.16, 1.07) 0.94 

MMEF75-25 ml/s -44.65 (-144.39, 55.09) -1.11 (-3.59, 1.37) 0.38 

Z5 cmH2O/(L/s) -0.26 (-0.43, -0.09) -7.14 (-11.86, -2.43) 0.004 

R5 cmH2O/(L/s) -0.25 (-0.42, -0.08) -7.40 (-12.46, -2.35) 0.005 

X5 cmH2O/(L/s) 0.06 (-0.06, 0.19) -5.25 (5.25, -15.74) 0.33 

R5-R20 cmH2O/(L/s) -0.12 (-0.24, 0.00) -20.29 (-40.52, -0.06) 0.05 

Fres Hz -0.52 (-1.06, 0.01) -4.78 (-9.64, 0.09) 0.06 

FeNO ppb 0.45 (-0.51, 1.41) 4.04 (-4.64, 12.72) 0.36 

AI None 0.38 (-1.27, 2.04) 2.46 (-8.18, 13.10) 0.65 

PWV m/s 0.02 (-0.14, 0.19) 0.39 (-2.36, 3.15) 0.78 

SEVR None 1.02 (-5.89, 7.93) 0.73 (-4.24, 5.71) 0.77 

Systolic BP mmHg -0.15 (-2.30, 2.00) -0.13 (-2.06, 1.79) 0.89 

Diastolic BP mmHg 1.62 (-0.01, 3.25) 2.67 (-0.01, 5.34) 0.06 

Pulse Pressure mmHg -1.66 (-3.74, 0.43) -3.27 (-7.39, 0.85) 0.12 

Heart rate /min -1.47 (-3.72, 0.79) -2.02 (-5.12, 1.09) 0.21 

IL-6 pg/ml 0.03 (-0.47, 0.52) 0.98 (-16.03, 17.98) 0.91 

sCD62P ng/ml 0.93 (-6.54, 8.39) 1.28 (-8.98, 11.54) 0.81 

VWF µg/ml -1.66 (-3.65, 0.32) -17.53 (-38.48, 3.42) 0.11 

Urinary free MDA 
(adjusted for SG) nM 55.31 (-231.54, 342.17) 3.93 (-16.47, 24.34) 0.71 

10 hours after the end of filtration intervention 

FeNO ppb 0.16 (-0.77, 1.09) 1.43 (-6.98, 9.84) 0.74 

Urinary free MDA 
(adjusted for SG) nM 144.48 (-191.32, 480.28) 10.28 (-13.61, 34.16) 0.40 

24 hours after the end of filtration intervention 

IL-6 d pg/ml -0.21 (-0.78, 0.37) -7.10 (-26.80, 12.60) 0.48 

sCD62P d ng/ml -1.90 (-10.47, 6.67) -2.61 (-14.39, 9.17) 0.67 

VWF d µg/ml -2.55 (-4.4, -0.7) -26.87 (-46.40, -7.34) 0.008 

Urinary free MDA 
(adjusted for SG) nM 72.59 (-224.21, 369.38) 5.16 (-15.95, 26.27) 0.63 

 
Definition of abbreviations: FVC=forced vital capacity; FEV1=forced expiratory volume 
during the 1st second; MMEF75-25=maximal mid-expiratory flow; Z5=respiratory 
impedance measured at 5Hz; R5=airway resistance measured at 5Hz; X5=airway 
reactance measured at 5Hz; R20= airway resistance measured at 20Hz; R5-R20= small 
airway resistance; Fres=resonant frequency; FeNO=fractional exhaled nitric oxide; 
AI=augmentation index; PWV=pulse wave velocity; SEVR=subendocardial viability 
ratio; IL-6=interleukin-6; sCD62P=soluble P-selectin; VWF=von Willebrand factor; 
MDA=malondialdehyde; SG=specific gravity. 
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a This β represents the absolute difference between the change of health indicators 
(Δbiomarker) under true filtration and the Δbiomarker under sham filtration, 
indicating the additional health impact of true filtration when compared to sham 
filtration. It was calculated following Equation 3 as β1. 
 
b The percentage difference was calculated by taking the absolute difference between 
the change of health indicators (Δbiomarker) under true filtration and the 
Δbiomarker under sham filtration (this absolute difference was calculated following 
Equation 3 as β1), dividing that by the average of this biomarker among all 
participants, and multiplying by 100%. 
 
c p value was calculated using the lmeTest package in R.  
 
d The post-intervention assessment of IL-6, sCD62P, and VWF 24h after the end of 
filtration intervention (at post-intervention visit 3) were conducted among the 
second batch of participants who received filtration intervention during the 3rd and 
4th overnight filtration periods (N= 39). This assessment was not performed on the 
rest of the participants.  

 

2.3.5 Gender-stratified Analysis 

The impact of indoor air filtration was examined in male and female participants 

separately in gender-stratified analyses. Compared to sham filtration, true filtration was 

associated with a 3.3% [95% CI: 0.8%, 7.4%] greater decrease in pulse pressure in female 

participants only (Figure 6 and Table 15). In contrast, true filtration was associated with 

a significant 42.4% [95% CI: 17.4%, 67.4%] greater decrease in plasma VWF and a 22.6% 

[95% CI: 0.4%, 44.9%] greater decrease in plasma IL-6 at 24 hours after the end of the 

filtration intervention in male participants only. The interaction term between gender 

and filtration indicated non-significant effect modification for IL-6 at 24 hours after the 

end of filtration (p=0.07), for VWF at 24 hours after the end of filtration (p=0.13) and 

pulse pressure immediately after the end of filtration (p=0.17). There was no significant 
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effect modification by gender on indicators of airway mechanics (including Z5, R5, R5 – 

R20, and Fres).  

 
Figure 6: Differences in changes of airway mechanics and cardiovascular markers 
between true filtration and sham filtration in female, male and all participants 

Definition of abbreviations: VWF=von Willebrand factor; IL-6=interleukin-6; PP=pulse 
pressure; sBP=systolic blood pressure; dBP=diastolic blood pressure; Z5=total airway 
impedance measured at 5Hz; R5=airway resistance measured at 5Hz; R20=airway 
resistance measured at 20Hz; R5-R20=small airway resistance; Fres=resonant frequency. 
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Error bars indicate 95% confidence intervals. The measurements of VWF and IL-6 at 
post-intervention visit 3 (24hour after the end of filtration) were made only in the second 
batch of subjects who received filtration intervention at the 3rd and 4th overnight 
filtration periods (N= 39), whereas the post-intervention measurements of Z5, R5, R5-R20, 
Fres, PP, sBP, and dBP were made at 0 hour after the end of filtration for all participants. 
 
Table 15: Differences in changes of health indicators between true filtration and sham 
filtration, stratified by gender 

 Unit 
Female Male 

Gender × 
Filtration 

Interaction 
β a 95% CI p β a 95% CI p β b p c 

Airway mechanics 
Z5 cmH2O/(L/s) -0.31 (-0.57, -0.04) 0.03 -0.20 (-0.37, -0.03) 0.03 -0.02 0.90 
R5 cmH2O/(L/s) -0.30 (-0.56, -0.04) 0.03 -0.18 (-0.37, 0.01) 0.07 -0.02 0.91 

R5-R20 cmH2O/(L/s) -0.13 (-0.31, 0.05) 0.16 -0.12 (-0.24, -0.01) 0.04 0.07 0.56 
Fres Hz -0.76 (-1.58, 0.07) 0.08 -0.33 (-0.80, 0.15) 0.19 -0.26 0.63 

Cardiovascular function 
PP mmHg -3.58 (-6.24, -0.92) 0.01 0.55 (-2.53, 3.64) 0.73 -2.85 0.17 
sBP mmHg -1.32 (-4.02, 1.38) 0.34 0.98 (-2.45, 4.41) 0.58 -1.47 0.50 
dBP mmHg 2.28 (0.01, 4.54) 0.06 0.64 (-1.80, 3.07) 0.61 1.46 0.38 

Systemic inflammation and coagulation 
IL-6 d pg/ml 0.24 (-0.64, 1.12) 0.59 -0.66 (-1.30, -0.01) 0.05 1.05 0.07 
VWF d µg/ml -1.45 (-4.13, 1.24) 0.30 -4.02 (-6.39, -1.65) 0.002 2.91 0.13 

 
Definition of abbreviations: Z5=total respiratory impedance measured at 5 Hz; R5=airway 
resistance measured at 5 Hz; R5-R20=small airway resistance; Fres=resonant frequency; 
PP=pulse pressure; sBP=systolic blood pressure; dBP=diastolic blood pressure; IL-
6=interleukin-6; sBP=systolic blood pressure; VWF=von Willebrand factor. 
 
a This β is the absolute differences between the change of health indicators (Δbiomarker) 
under true filtration and the Δbiomarker under sham filtration, representing the 
additional health impact of true filtration when compared to sham filtration. It was 
calculated following Equation 3 as β1. 
 
b This β is the coefficient of the gender by filtration interaction term, representing the 
difference between the health impact of true filtration (when compared to sham 
filtration) in female participants and the health impact of true filtration (when compared 
to sham filtration) in male participants. It was calculated following Equation 4 as β7. 
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c p value was calculated for the coefficient of the gender by filtration interaction term (β7 

in Equation 4) using the lmeTest package in R.  
 
d The post-intervention assessment of VWF and IL-6 was conducted 24h after the end of 
filtration (post-intervention visit 3) in the second batch of subjects who received 
filtration intervention at the 3rd and 4th overnight filtration periods (N = 39) (this 
assessment was not performed on the rest of the participants). The post-intervention 
assessment of Z5, R5, R5-R20, Fres, PP, sBP and dBP was conducted at 0h after the end of 
filtration intervention (post-intervention visit 1) in all participants. 

 

2.3.6 Sensitivity Analysis 

For sensitivity analyses, filtration effect was analyzed following Equation 3 and 

the results were compared when including all participants (N=70) and only including 

participants who did not have a respiratory infection and did not take medication 

throughout the study (N=53). The results were highly in agreement with each other 

(Figure 7 and Figure 8). Additionally, filtration effect was analyzed controlling for the 

level of ambient gaseous pollutants (ozone and nitrogen dioxide) as fixed-effect 

covariates following Equation 5 and Equation 6, respectively. Models that controlled for 

ambient gaseous pollutants (Equation 5 and Equation 6) generated similar results as the 

original model (Equation 3) (Figure 9). 
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Figure 7: Sensitivity analysis for the differences in changes of airway mechanics and 
cardiovascular function indicators between true and sham filtration  

Definition of abbreviations: FVC=forced vital capacity; FEV1=forced expiratory volume 
during the 1st second; Z5=airway impedance measured at 5Hz; R5=airway resistance 
measured at 5Hz; X5=airway reactance measured at 5Hz; R20= airway resistance 
measured at 20Hz; R5-R20= small airway resistance; Fres=resonant frequency; 
AI=augmentation index; PWV=pulse wave velocity; SEVR=subendocardial viability 
ratio; sBP=systolic blood pressure; dBP=diastolic blood pressure; PP=pulse pressure; 
HR=heart rate; URI=upper respiratory infection. 
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Error bars reflect 95% confidence intervals. “Participants without URI & med (N=53)” 
indicates the result of sensitivity analysis conducted in participants who did not have 
an upper respiratory tract infection and did not take medication throughout the study 
(N=53). Post-intervention measurements of all the outcomes were conducted 
immediately after the end of filtration intervention (at post-filtration visit 1). 

 

 
Figure 8: Sensitivity analysis for the differences in changes of respiratory 
inflammation and systemic health indicators between true and sham filtration 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; IL-6=interleukin-6; 
sCD62P=soluble P-selectin; VWF=von Willebrand factor; MDA= malondialdehyde; 
URI=upper respiratory infection. 
 
Error bars indicate 95% confidence intervals.*Urinary MDA indicates urinary free 
malondialdehyde adjusted by specific gravity. Post-intervention biomarker 
measurements were performed at multiple time points as labeled. “Participants without 
URI & med (N=53)” indicates the result of sensitivity analysis conducted in participants 
who did not have an upper respiratory tract infection and did not take medication 
throughout the study (N=53). The post-intervention assessment of IL-6, sCD62P, and 
VWF 24h after the end of filtration (post-intervention visit 3) was conducted only in the 
second batch of subjects who received filtration intervention at the 3rd and 4th overnight 
filtration periods (N = 39) (this assessment was not performed on the rest of the 
participants).  
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Figure 9: Differences in changes of airway mechanics and cardiovascular markers 
between true and sham filtration when controlling for ambient gaseous pollutants 
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Definition of abbreviations: VWF=von Willebrand factor; IL-6=interleukin-6; PP=pulse 
pressure; sBP=systolic blood pressure; dBP=diastolic blood pressure; Z5=total airway 
impedance measured at 5Hz; R5=airway resistance measured at 5Hz; R20=airway 
resistance measured at 20Hz; R5-R20=small airway resistance; Fres=resonant frequency. 
 
Error bars indicate 95% confidence intervals. The post-intervention measurements of 
VWF and IL-6 24 hour after the end of filtration were made only in the second batch of 
subjects who received filtration intervention at the 3rd and 4th overnight filtration periods 
(N= 39), whereas the post-intervention measurements of Z5, R5, R5-R20, Fres, PP, sBP, and 
dBP were made immediately after the end of filtration for all participants.  
 
“Formula 3” indicates the filtration effect analysis following Equation 3, which does not 
control for ambient gaseous pollutants. “+ O3” indicates filtration effect analysis 
following Equation 5 which controls for ambient ozone concentration. “+ NO2” indicates 
filtration effect analysis following Equation 6 which controls for ambient nitrogen 
dioxide concentration.  
 

2.4 Discussion 

In this study, we utilized a randomized crossover study design to examine the 

cardiorespiratory impact of indoor air filtration with a combination of HEPA and 

activated carbon filters. The reduction of indoor particle number concentrations in 

dormitory rooms with true filtration indicates a reduction in indoor ultrafine particle 

concentration because ultrafine particles dominate total particle number concentrations 

in general 241-243, and because HEPA filters can effectively remove ultrafine particles 244. 

The filtration interventions were carried out in young, healthy participants who lived in 

dormitories without indoor sources of PM2.5. The crossover design of the study 

facilitated comparison within participants, and we took advantage of the fact that the 

participants lived in the same building, studied and worked in the same hospital, and 

had similar time-activity patterns. In contrast to previous studies of indoor air filtration 
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of multiple days/weeks 140,168, our study evaluated a single overnight intervention that 

better approximates the real-world scenario where people only have indoor air filtration 

at their residence for part of the day when they are home. This study design is also 

relevant to the situation where people may only want to use indoor air filtration on days 

when air pollution levels are elevated. It is interesting to note that the beneficial effect of 

filtration was observed after an overnight filtration intervention, during which the study 

participants were sleeping or at rest, with a relatively lower inhalation rate compared to 

when physically active. 

Owing to the use of the state-of-art impulse oscillometry (IOS) that can provide a 

more sensitive assessment of airway pathophysiology than the conventional spirometry, 

our study was the first to demonstrate significant improvements in airway mechanics, 

especially in the small airways brought by overnight indoor air filtration in healthy 

young adults. We conducted post-hoc power calculations for ΔR5 (the change in R5 

before and immediately after the end of filtration intervention) by Monte Carlo 

simulations, using the power.sim.normal function of the clusterpower R package 245 (Table 

16). Given our experimental conditions, we had a statistical power of 0.95 to detect the 

observed change in R5 value. Small airways, defined as airways that are less than 2mm 

in diameter, have been reported to be the main site of airway obstruction in lung 

diseases including chronic obstructive lung disease (COPD) and asthma 107. Pathological 

changes of these diseases often occur in small airways earlier than the onset of changes 

detectable with spirometry and thoracic imaging 107,119. This is consistent with our null 
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findings in the present study on large airway resistance (R20) and lung function 

measures including FEV1 and FVC. As PM2.5, especially ultrafine particles, can penetrate 

deep into the respiratory tract and deposit in the small airways 40, it is biologically 

plausible that indoor air filtration capable of reducing PM2.5 and ultrafine particle 

concentrations, resulted in the improvement of small airway mechanics and 

consequently total airway resistance and impedance. If maintained long-term, the 

improvement in small airway mechanics may potentially help resist the progressive 

decrement of lung function caused by air pollution. For example, Weichenthal et al. 

(2013) observed a 217 ml increase in FEV1 after a longer duration (one week) of indoor 

air filtration in participants aged 11 to 64, most of whom were active smokers (64%) 

and/or were exposed to indoor smoking at home (74%) 171. 

Table 16: Post-hoc power calculations for ΔR5 (the change in R5 before and 
immediately after the end of filtration intervention) a 

Parameters Values Interpretation 
Power 0.95 The probability of correctly rejecting the null 

hypothesis when it is false 
n.sim 100 Number of datasets to simulate 
effect.size -0.25 The difference between ΔR5 during true 

filtration and ΔR5 during sham filtration 
alpha 0.05 Desired type I error rate 
n.clusters 31 Number of clusters 
n.periods 2 Number of periods of study 
cluster.size b 2 The number of individuals in each cluster 
btw.clust.var 0.02 The between-cluster variance 
indiv.var 0.002 The individual level variance 
ICC 0.15 Intraclass correlation 
period.effect ln(0.06) The period effect 
period.var 0 The variance of period effect 
estimation.function random.effect The function used to run the power 

calculation 
permute FALSE Whether to run permutation inferences 
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a In the power calculation, we used power.sim.normal function of the clusterpower R 
package 14.  
b The cluster size indicated the number of study participants in one dorm. In this 
study, the average number of study participants in one dorm was 2.22. We used 2 as 
the cluster size, which was 2.22 rounded to the closest integer. 

 
We did not see a significant reduction in airway inflammation (FeNO) by true 

filtration compared to sham filtration. This is opposite to the findings by Chen et al. 

(2015) that a 17% reduction in FeNO was observed after a 48-hour indoor filtration 

intervention 140. Inducible NO synthase (iNOS) is the key enzyme for the synthesis of 

NO in the airways and therefore directly affects the level of FeNO. As air pollution 

increases FeNO by inducing inflammation that upregulates iNOS 246, it is possible that 

an overnight reduction in particulate matter exposure was too short to downregulate the 

expression of iNOS to an extent detectable with the sample size used in this study. 

Furthermore, the improvement in airway resistance and impedance brought by true 

filtration in our study was not accompanied by a decrease in FeNO concentration. This 

de-coupling of airway mechanics and respiratory inflammation was similarly observed 

in mice administered silver nanoparticles 247. This supports a physiological mechanism 

by which changes in airway resistance and impedance occur via the direct impact of 

particulate matter (possibly on the autonomic nervous system), which side-steps 

respiratory inflammation as the intermediate step of triggering changes in airway 

mechanics. 

Von Willebrand factor (VWF) has a central role in mediating platelet adhesion to 

sites of vascular injury and initiating platelet aggregation. VWF release is increased 
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during endothelium damage and is a marker for endothelial dysfunction 248. 

Longitudinal studies have found that elevated VWF predicts an increased risk of stroke, 

myocardial infarction, and mortality 249,250. In our study, overnight indoor air filtration 

was associated with decreased levels of VWF at 24 hours after the end of filtration. This 

filtration effect was consistent with the study by Chen et al. (2015), which also observed 

significant decreases of circulatory inflammation and thrombogenic markers (monocyte 

chemoattractant protein-1, interleukin 1β, myeloperoxidase, and soluble CD40 ligand) 

after a continuous 48-hour indoor air filtration intervention 140. In addition, short-term 

exposure to particulate matter, including PM2.5 and ultrafine particles, has been shown to 

be associated with endothelial dysfunction and increased levels of VWF 251-253. The 

decrease in VWF observed in our study might be the result of a reduction in PM2.5 and/or 

particle number concentration (>70% anticipated to be ultrafine particles) 241-243 by indoor 

air filtration. 

Previous studies on the association between PM2.5 exposure and diastolic blood 

pressure have generated inconsistent findings. Chen et al. (2015) found that a 48-hour 

continuous indoor air filtration introduced a 4.8% decrease in diastolic blood pressure 

140. On the contrary, Dvonch et al. (2009) observed that a 10µg/m3 decrease in outdoor 

PM2.5 concentration on lag day one was associated with a 2.27mmHg increase in diastolic 

blood pressure in participants who did not take blood pressure medications 152. Ibald-

Mulli et al. (2004) examined 131 coronary heart disease patients and found that a 

10µg/m3 decrease in PM2.5 concentration on lag day 0 was significantly associated with a 
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0.44mmHg increase in diastolic blood pressure 254. In our study, true filtration 

introduced a marginally significant 1.62 [-0.01, 3.25] mmHg increase in diastolic blood 

pressure (Figure 3), similar to the findings by Dvonch et al. (2009) 152 and Ibald-Mulli et 

al. (2004) 254. While diastolic blood pressure has been long regarded as a predictor of 

cardiovascular mortality and morbidity, recent studies supported the existence of a J 

curve where decreases in diastolic blood pressure in the low range (< 60 mmHg) were 

associated with subclinical myocardial damage and increased risk of coronary heart 

events, possibly due to insufficient coronary perfusion 255,256. In our study, the baseline 

diastolic blood pressure of participants was 61 ± 5 mmHg, which can partially fall into in 

the low range of the J curve where a further decrease in diastolic blood pressure might 

be detrimental instead of beneficial 255. Considering this, the marginally significant 

increase in diastolic blood pressure observed with overnight true filtration in our study 

might not be indicative of adverse cardiovascular impacts.  

In this study, there was limited evidence of differential responses in male and 

female participants. First, true filtration resulted in a significant reduction in pulse 

pressure in females but not in males. Elevated pulse pressure has been associated with 

risk for adverse cardiovascular events including myocardial infarction, stroke, 

cardiovascular disease hospitalization, and mortality 257-259. Short-term exposure to air 

pollution, particularly PM2.5, has been associated with increases in pulse pressure 

152,235,260. As blood pressure regulation is a complex physiologic process affected by 

vascular resistance and cardiac output, it has been postulated that exposure to 
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particulate matter may affect cardiovascular hemodynamics via introducing endothelial 

dysfunction and systemic oxidative stress, as well as altering cardiovascular autonomic 

nervous system balance 151,152,261. Female and male individuals have been reported to 

have different myocardial structure, microvasculature, and dynamics in balancing 

vasoconstriction and vasodilation 236,262. The roles of testosterone and estrogen have also 

been suggested to account for differences in the regulation of cardiac contractility and 

blood pressure in men and women 237,263. Although gender was not a significant effect 

modifier in our study, these factors might be the reason why the improvement of pulse 

pressure with overnight indoor air filtration was observed only in female participants. 

Second, true filtration resulted in a significant reduction in plasma VWF and IL-6 at 24 

hours post-intervention in male participants only, while the effect modification by 

gender was not statistically significant. This is consistent with the findings of Allen et al. 

(2011), which reported that the improvement in vascular endothelial function and 

systemic inflammation after a one-week indoor air filtration was more pronounced in 

healthy males than healthy females living in a woodsmoke-impacted community 

(however effect modification by sex was not statistically significant) 159. Similarly, 

Hoffmann et al. (2009) also observed that increases in PM2.5 were associated with 

increases in systemic inflammation (hs-CRP) and blood coagulation (fibrinogen) in men 

but not women 264.  

In this study, we analyzed filtration effect on multiple health indicators using 

linear mixed-effects models. Among the 25 health indicators examined (in Figure 2 and 
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Figure 3), 4 demonstrated significant filtration effect. After adjusting for the false 

discovery rate using the Benjamini–Hochberg procedure, the p values of filtration effect 

on Z5 and R5 immediately after the end of filtration as well as VWF at 24 hours after the 

end of filtration were 0.07. This indicates that the study results are still suggestive of 

filtration effects, even after adjusting for the false discovery rate that may arise from 

multiple comparisons. 

There are several limitations to this study. First, we did not measure indoor 

gaseous pollutants, which may have been reduced by the activated carbon filter used in 

this study. The physiological and biomarker responses to true filtration may reflect the 

effect of the air purifier as a whole, not just the HEPA filter. Second, IL-6, VWF, and 

sCD62P in plasma at 24 hours after the end of filtration were measured only in the 

second batch of study participants (N= 39) but not all study participants, resulting in a 

smaller sample size and reduced statistical power when examining the effect of filtration 

on these parameters at this time point. Third, the within-participant differences in time 

points for cardiovascular function measurements were up to 7 hours for certain 

participants (see Table 11), although the difference averaged across all participants was 2 

hours. The diurnal variations in outcomes may introduce potential confounding to the 

filtration effect. Fourth, most of the biomarkers used in the present study are sensitive 

indicators reflecting preclinical molecular or functional changes. Going forward, it 

would be valuable to examine clinical outcomes such as the development of 

cardiopulmonary diseases and related mortality in response to long-term indoor air 
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filtration. Fifth, our study mainly focused on healthy young adults that were relatively 

homogeneous in their age, body mass index (BMI), and time-activity patterns, which 

may limit the generalizability of the findings to broader populations. However, previous 

studies of indoor air filtration, some of which reported findings consistent with these 

from the present study, have included susceptible populations such as older adults and 

individuals with preexisting cardiopulmonary diseases 160,166,175,185. 

Outdoor PM2.5 concentrations during this study ranged from 18.6 - 106.9 µg/m3, 

which overlap with outdoor PM2.5 concentrations measured not only in urban areas of 

developing countries, but also in more polluted cities in Western Europe and North 

America 265-267. The findings of this study, hence, support the broader use of indoor air 

purifiers, even on a sporadic basis (such as a single overnight use), in reducing 

cardiorespiratory health risks associated with outdoor PM2.5 pollution. 

2.5 Conclusion 

The study was conducted in a suburb of Shanghai, China, during a period when 

ambient PM2.5 levels overlapped with these found in more polluted cities in Western 

Europe and North America. The findings support that the residential use of an air 

purifier, even on a sporadic basis, can lead to improved airway mechanics and reduced 

thrombosis risk. The study findings also demonstrate the usefulness of impulse 

oscillometry in detecting changes in airway resistance and impedance (more sensitive 

measures of lung function) in response to air quality intervention. 
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Chapter 3. The respiratory health impact of indoor air 
filtration in asthmatic children: A Double-Blind 
Randomized Crossover Study 

3.1 Introduction 

Asthma is no longer a disease stereotyped of high-income countries, as the 

prevalence of asthma in low and middle-income countries has been rising in recent 

years 268,269. Unfortunately, these areas also happen to have moderate to high levels of 

ambient air pollution 1. For asthmatic children living in these areas, both allergen and air 

pollution exposure are the risk factors for asthma aggravation 238. The various 

components of air pollution, particularly particles smaller than 2.5µm (PM2.5), can 

introduce additional oxidative stress, exacerbate respiratory inflammation, decrease 

lung function and promote airway remodeling 89,238,270. As the ultimate reduction of 

ambient air pollution may take considerable time, an immediate solution is in urgent 

need. As children typically spend as much as 90% of their time indoors 37, improvement 

of indoor air quality has been proposed as a means to reduce overall personal exposure.  

Air filtration technologies have been shown to reduce airborne allergens and air 

pollution in indoor air 189,271, however the health impact of indoor air filtration in 

removing infiltrated outdoor air pollutants has not been examined in individuals with 

asthma. Previous studies on indoor air filtration were conducted only asthmatic 

individuals living in places with relatively low levels of outdoor air pollution. In these 

studies, indoor air filtration was used to remove airborne allergens and environmental 

tobacco smoke (ETS) in indoor air 166,167,272. With durations of filtration ranging from 2 
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weeks to 12 months, most of these studies observed improvements in subjective 

outcomes including asthma symptoms 183,184,186-188,191 and quality of life 182,183,192. A few 

studies also reported improvements in objective health indicators, including improved 

lung function showing increased FEV1 179 and peak expiratory flow (PEF) 180,188 and 

decreased respiratory oxidative stress and airway inflammation 180,182,192. In contrast, in 

areas with high levels of ambient air pollution, indoor air filtration was typically used to 

reduce airborne pollutants that penetrated from outdoors in addition to allergen 

removal 140,168,273. This use of indoor air filtration has been examined only in healthy 

individuals, where improvements in respiratory inflammation, circulating inflammatory 

cytokines and thrombogenic markers were reported 140,168,273. It is not clear whether the 

use of residential air filtration targeted for reducing exposure to outdoor infiltrated 

particulate matter can bring health benefits to children with preexisting asthma.  

Asthmatic individuals are sensitive to the dynamic changes of air pollution 

exposure 69. McCreanor et al. (2007) demonstrated that a walk in a city street with high 

diesel traffic for two hours could decrease FEV1 and FVC by > 5% and increase airway 

neutrophilic inflammation in asthmatic adults 87. This suggests that asthmatic 

individuals can respond rapidly to increased levels of air pollution. Considering this, it 

is not clear whether the health benefits of residential air filtration in asthmatic children 

can be “canceled out” or overwhelmed by shorter-duration exposures to air pollution in 

microenvironments (e.g., outdoors, schools) other than inside of their residences 238.  
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With this question in mind, we conducted a randomized, double-blind, placebo-

controlled crossover study in asthmatic children residing in suburban Shanghai in the 

spring of 2017 when air pollution levels were lower than in the winter months. Daily 

PM2.5 averages measured in this study overlapped with high levels reported in cities of 

Western Europe and North America 265-267. We examined the use of an air filtration 

device in their bedroom for two weeks. Study participants were assessed for lung 

function, airway obstruction, respiratory inflammation and asthma symptoms. We also 

explored individual differences in health responses by baseline blood eosinophil count 

and allergy profile using effect modification and stratified analyses.  

3.2 Methods 

3.2.1 Study Design and Participants Enrollment 

In this double-blind, randomized crossover trial, we recruited participants from 

individuals that attended the outpatient clinic of Shanghai First People’s Hospital. The 

study protocol was approved by the Ethics Committee of Shanghai First People’s 

Hospital and registered at ClinicalTrials.gov (NCT03282864). In order to be eligible, 

participants need to be aged 5 to 14, had physician-diagnosed asthma and had at least 

one asthma attack during the past 12 months. We excluded individuals who had chronic 

diseases other than asthma. All participants provided oral assent, and their guardians 

gave written consent.  

https://clinicaltrials.gov/ct2/show/NCT03282864
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3.2.2 Allergen-specific Immunoglobulin E (IgE) Test and Blood 
Eosinophil Count 

Upon enrollment, each participant underwent venipuncture and provided blood 

samples for analyses of allergy profile and eosinophil count at baseline. An allergen-

specific immunoglobulin E (IgE) test (AllergyScreen®, Mediwiss Analytic GmbH, 

Germany) was used to ascertain the allergy profile of each participant. The 19 allergens 

tested included dust mite, room dust (see Appendix B2 for more details), mold, cat 

dander, dog dander, roach, as well as various types of tree pollens and foods (egg, milk, 

beef, shrimp, etc). Blood IgE levels > 0.35 kU/L were considered positive.   

3.2.3 Indoor Air Filtration 

Every study participant received two indoor air filtration intervention sessions 

between February 14 and April 24, 2017 (Figure 10). The 43 study participants were 

divided into four batches (N=11, 11, 11 and 10, respectively). Each batch started their 

trials one week after the previous batch (Figure 11). On average, each indoor air 

filtration session lasted 14 days.  

 

 

Figure 10: The randomized, double-blind placebo-controlled crossover study 
of indoor air filtration interventions in the 43 study participants 



 

85 

 

During one session, the study participants used a commercially available air 

filtration device (Atmosphere®, Amway, USA) in their bedroom. This device processed 

indoor air through a pre-filter, a high-efficiency particulate air (HEPA) filter, and an 

active carbon filter continuously at the flow rate of 2.8 m3/ min. This intervention was 

termed true filtration. During the other session, the participants used a sham air 

filtration device which did not contain the HEPA filter and active carbon filter. The true 

filtration and the sham filtration devices looked identical. The sequence of receiving the 

true and sham filtration interventions was randomized for each participant by a card-

drawing method. A washout period of approximately 14 days separated the two 

intervention sessions. The study participants, their guardians and research staff who 

evaluated the health indicators of the study subjects were blinded to this sequence until 

the end of the study. During the intervention sessions, the participants and their families 

were instructed to keep doors and windows in the bedroom closed, and refrain from 

smoking indoors at home.  
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Figure 11: The execution of the randomized, double-blind placebo-controlled 
crossover study of indoor air filtration interventions in four batches 

3.2.4 Exposure Assessment 

Using a filter-based sampling method, we monitored PM2.5 concentrations 

indoors and outdoors, and measured personal exposure to PM2.5 simultaneously during 

one 48-hour period randomly selected under true filtration, and another 48-hour period 

randomly selected under sham filtration. A personal sampling pump (XR5000, SKC 

AirCheck, USA) pulled air through a PM2.5 personal modular impactor (PMI) (SKC, 

USA) at 3L/min. PM2.5 was collected onto 37 mm polytetrafluoroethylene (PTFE) filters 

(Pall Laboratory, USA). The flow rate of the pump was measured before, and after each 

sampling session (Defender 520, Mesa Laboratories), the average of these two 

measurements were used as the flow rate during sampling. PTFE filters were weighed 
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using a microbalance with a precision of 0.001 mg before and after sample collection. All 

filters were equilibrated under controlled conditions (i.e., 22–24 °C, 40–50% relative 

humidity) for at least 24 hours before being weighed.  

Indoor PM2.5 sampling was conducted in the bedroom with the air purifier, with 

the filter placed at approximately the breathing height. Outdoor sampling of PM2.5 was 

conducted with the filter placed outside of a window or on the balcony. A large plastic 

funnel was used to protect the outdoor filters from the rain. Concurrent with indoor and 

outdoor sampling of PM2.5, the participant was asked to carry a small bag with the same 

type of PM2.5 sampling instruments. When sleeping, the participants were asked to place 

the small bag with the PM2.5 sampling instruments next to the bed at approximately the 

breathing height. 

During the study, we used the outdoor ozone and temperature and relative 

humidity monitored by the local environmental monitoring station, which was located 

in Qingpu District, Shanghai, within 23km from the participants’ homes. Ozone 

concentration was monitored using an ultraviolet photometer (Thermo Scientific Model 

49i Ozone Analyzer, USA). The measurements of ozone were calibrated using a UV 

photometric primary standard (Thermo Scientific Model 49i-PS Ozone Primary 

Standard, USA) and a multi-gas calibrator (Thermo Scientific Model 146i Multi-Gas 

Calibrator, USA). 



 

88 

 

3.2.5 Health Measurements 

3.2.5.1 Spirometry and Impulse Oscillometry 

We assessed the lung function of the participants within 24 hours before and 

after filtration intervention using both spirometry and impulse oscillometry. Standard 

spirometry was performed following American Thoracic Society (ATS)/European 

Respiratory Society (ERS) recommendations 274 using Jaeger MasterScreen™ PFT system 

(Becton, Dickinson and Company, Germany). Volume calibration was performed using 

a 3-liter calibration syringe daily before the measurements. Participants underwent 

spirometry measurements in a sitting position with nose clips in place. For each attempt, 

the participants were encouraged to produce the greatest expiratory flow. Each 

participant provided multiple attempts until the variation among three measurements 

was lower than 5%. The best value among these three measurements and recorded for 

subsequent data analysis. 

Airway reactance and resistance were measured using a Jaeger MasterScreenTM 

impulse osillometer (IOS) (Becton, Dickinson and Company, Germany) 117. Participants 

were measured in a sitting position wearing nose clips with both cheeks supported by 

their hands. During the measurements, they wrapped lips around the mouthpiece of 

pneumotachometer and assumed tidal breathing. Each measurement lasted for 30 to 40 

seconds. Every day before the start of measurements, volume calibration was performed 

using a 3-liter calibration syringe.  
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3.2.5.2 Fractional exhaled nitric oxide (FeNO) 

The concentration of nitric oxide in the exhaled breath, fractional exhaled nitric 

oxide (FeNO), is a marker of respiratory inflammation 275. We measured FeNO using a 

NIOX VERO (Circassia Pharmaceuticals Inc., USA) within 24 hours before and after 

filtration intervention following the American Thoracic Society/ European Respiratory 

Society (ATS/ERS) recommendations 275.  

3.2.5.3 Childhood Asthma Control Test (C-ACT) 

To assess asthma control, participants aged 4 to 11 (N=37, 86% of the 43 

participants) and their guardians filled out the Mandarin version of childhood asthma 

control test TM (C-ACT) within 24 hours after the end of filtration intervention 233. The C-

ACT has been validated in children aged 4-11 years for characterizing asthma symptoms 

during the previous four weeks 234. The C-ACT consists of four questions filled out by 

the child (on asthma control, limitation of physical activities, coughing and waking up at 

night, each with scores ranging from 0 to 3) and three questions filled out by the 

caregiver (on daytime symptoms, daytime wheezing, and waking up at night, each with 

scores ranging from 0 to 5) 233. The C-ACT score was calculated by summing up the 

scores of all seven questions. A higher score indicated better control of asthma. 

3.2.5.4 Peak expiratory flow (PEF) 

During the study, the participants measured their peak expiratory flow (PEF) 

daily at 7 am and 9 pm using a handheld PEF meter (Koka PEF-3, China) while assisted 

by their guardians. Upon enrollment, participants and their guardians were trained by a 
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physician on how to measure PEF correctly. The participants were instructed to inhale 

as much as possible and exhale as fast as possible into the mouthpiece. The maximum 

PEF value of three consecutive maneuvers was recorded. Participant’s caregiver plotted 

the maximum PEF by hand on a PEF data chart in the asthma diary provided by the 

research project.  

3.2.6 Statistical Analysis 

3.2.6.1 Sample Size Calculation 

We calculated a sample size of 40 using fractional exhaled nitric oxide (FeNO) as 

the primary outcome, with statistical significance at 0.05 and power at 90%; the between-

subject variance and covariance of FeNO were estimated based on literature 140,276. Four 

participants (10%) were added to the sample size to allow for potential dropouts.  

3.2.6.2 Linear Mixed-Effects Models 

After data collection, we conduct within-participant comparisons of health 

indicators using linear mixed-effects models to account for measurements from the same 

participants. Depending on the data structure of the various health indicators, we used 

slightly different modeling approaches (Equations 7 to 9). For biomarker that were 

measured before and after filtration interventions (including lung function, respiratory 

inflammation, and systemic oxidative stress), the changes in biomarkers (Δbiomarkers) 

for true filtration were compared with Δbiomarkers for sham filtration following 

Equation 7. For the PEF measurements conducted at home, we compared measurements 

during true filtration with PEF measurements during sham filtration following Equation 
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8. As C-ACT score evaluates asthma symptoms during the previous four weeks, we 

compared the C-ACT score assessed within 24 hours after true filtration and the C-ACT 

score assessed within 24 hours after sham filtration following Equation 9. All models 

adjusted for the number of hours that windows were open, the duration of time spent 

outdoors, outdoor ozone concentration, sleep duration, and the use of medications. 

Equation 7 and Equation 9 also controlled for duration of filtration intervention. In 

addition, we explored effect modification by blood eosinophil counts and allergen 

profile at baseline and conducted stratified analyses following Equation 10 to 12. 

Statistical analyses were performed using the lme4 and lmeTest packages of the R 

software (version 3.4.0, R Development Core Team) 277-279.  

Equation 7 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +   𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                               + 𝛽𝛽5�𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖 0� 

                               + 𝛽𝛽6 (𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷2𝑤𝑤 𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷2𝑤𝑤 𝑖𝑖𝑖𝑖0)                                      

                               + 𝛽𝛽7�𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖 0� 

                               
 

+ 𝛽𝛽8
�𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖 0� +𝑊𝑊𝑖𝑖 +  Ɛ  

 

Equation 8 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +   𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                  + 𝛽𝛽5𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈4𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛽𝛽6 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷4𝑤𝑤 𝑖𝑖𝑖𝑖𝑖𝑖 +  𝛽𝛽7𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿4𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖  

 
                  + 𝛽𝛽8

𝑅𝑅14𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑊𝑊𝑖𝑖 +  Ɛ  
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Equation 9 

𝑌𝑌𝑖𝑖𝑖𝑖𝑠𝑠 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 + 𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 + 𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                   + 𝛽𝛽5𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑠𝑠 + 𝛽𝛽6 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑠𝑠 +  𝛽𝛽7𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖𝑠𝑠  

 
                    + 𝛽𝛽8

𝑅𝑅1𝑖𝑖𝑖𝑖𝑠𝑠 + 𝑊𝑊𝑖𝑖 +  Ɛ  

 

Equation 10 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 + 𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                               + 𝛽𝛽5�𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖 0� 

                               + 𝛽𝛽6 (𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷2𝑤𝑤 𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷2𝑤𝑤 𝑖𝑖𝑖𝑖0)                   

                               + 𝛽𝛽7�𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖 0� 

                               
 

+ 𝛽𝛽8
�𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖 0� 

 
                               + 𝛽𝛽9

𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖
 

+ 𝛽𝛽10
𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖 × 𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 + 𝑊𝑊𝑖𝑖 +  Ɛ  

 

Equation 11 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                   + 𝛽𝛽5𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈4𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛽𝛽6 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷4𝑤𝑤 𝑖𝑖𝑖𝑖𝑖𝑖 +  𝛽𝛽7𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿4𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖  

 
                   + 𝛽𝛽8

𝑅𝑅14𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖
 

 + 𝛽𝛽9
𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖

 
+ 𝛽𝛽10

𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖 × 𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 + 𝑊𝑊𝑖𝑖 +  Ɛ  

 

 

Equation 12 

𝑌𝑌𝑖𝑖𝑖𝑖𝑠𝑠 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 + 𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 + 𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                   + 𝛽𝛽5𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈𝑠𝑠𝑠𝑠𝑙𝑙 0𝑖𝑖𝑖𝑖𝑠𝑠 + 𝛽𝛽6 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑠𝑠 +  𝛽𝛽7𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖𝑠𝑠  

 
                   + 𝛽𝛽8

𝑅𝑅1𝑖𝑖𝑖𝑖𝑠𝑠
 

 + 𝛽𝛽9
𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖

 
 + 𝛽𝛽10

𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖 × 𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +𝑊𝑊𝑖𝑖 +  Ɛ  
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Equation 13 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖0 = 𝛽𝛽0 + 𝛽𝛽1𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 +  𝛽𝛽2 𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 + 𝛽𝛽3 𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 +  𝛽𝛽4 𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖  

                               + 𝛽𝛽5�𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖 0� 

                               + 𝛽𝛽6 (𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷2𝑤𝑤 𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷2𝑤𝑤 𝑖𝑖𝑖𝑖0)  

                               + 𝛽𝛽7�𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖 0� 

         
 

                      + 𝛽𝛽8
�𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖 0� 

 
+ 𝛽𝛽9

�𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝑂𝑂𝐹𝐹2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝑂𝑂𝐹𝐹2𝑤𝑤𝑖𝑖𝑖𝑖 0�+ 𝑊𝑊𝑖𝑖 +  Ɛ  

 

 

𝑖𝑖 = the participant id number (𝑖𝑖 = 1, 2, …, 43) 

𝑖𝑖 = the two filtration intervention sessions (𝑖𝑖 = 1, 2) 

𝑌𝑌𝑖𝑖𝑖𝑖0= the level of biomarker at the pre-intervention clinical visit 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = the level of biomarker at the post-intervention clinical visit  

𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 = the type of filtration intervention (1= true filtration, 0=sham filtration) 

𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 = the duration of filtration intervention session j (unit: day) 

𝑊𝑊𝐹𝐹𝐺𝐺𝐷𝐷𝑂𝑂𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 = the duration of windows being open during filtration intervention session j 

(unit: day) 

𝑂𝑂𝐷𝐷𝑇𝑇𝐷𝐷𝑂𝑂𝑂𝑂𝐷𝐷𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 = the duration of staying outdoors during filtration intervention session j (unit: 

hour) 

𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 −𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈2𝑤𝑤𝑖𝑖𝑖𝑖 0= the average outdoor O3 concentration during the two weeks before 

the post-intervention clinical visit minus the average outdoor O3 concentration during the two 

weeks before the pre-intervention clinical visit (unit: ppb) 

𝑂𝑂𝑂𝑂𝑂𝑂𝐺𝐺𝑈𝑈4𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 = the average outdoor O3 concentration during the four weeks before the post-

intervention clinical visit (unit: ppb) 
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𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷4𝑤𝑤 𝑖𝑖𝑖𝑖𝑖𝑖 = the duration of sleep during the four weeks before the post-filtration clinical 

visit (unit: hour) 

𝑂𝑂𝐹𝐹𝑈𝑈𝑈𝑈𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖𝑠𝑠  the duration of sleep during the night before the mth PEF measurement (unit: hour) 

𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿2𝑤𝑤𝑖𝑖𝑖𝑖 0 = changes in the use of medications that contained both 

inhaled corticosteroid (ICS) and long-acting beta agonist during the two weeks before the post-

intervention clinical visit (0=no, 1=yes) and the pre-intervention clinical visit (0=no, 1=yes) 

𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿4𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 = the use of medications that contained both inhaled corticosteroid (ICS) and 

long-acting beta agonist during the four weeks before the post-intervention clinical visit (0=no, 

1=yes) 

𝐹𝐹𝐼𝐼𝑂𝑂&𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖𝑠𝑠 = the use of medications that contained both inhaled corticosteroid (ICS) and 

long-acting beta agonist on the day before the mth PEF measurement (0=no, 1=yes) 

𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅12𝑤𝑤𝑖𝑖𝑖𝑖 0 =changes in the use of H1 receptor agonist medication during the two weeks 

before the post-intervention clinical visit and the pre-intervention clinical visit 

𝑅𝑅14𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 = the use of H1 receptor agonist medication during the four weeks before the post-

intervention clinical visit (0=no, 1=yes) 

𝑅𝑅1𝑖𝑖𝑖𝑖𝑠𝑠 = the use of H1 receptor agonist medication on the day before the mth PEF measurement 

(0=no, 1=yes) 

𝑂𝑂𝐹𝐹𝐿𝐿𝐼𝐼𝑇𝑇𝑂𝑂𝐷𝐷𝑖𝑖= the stratifying factor for participant i used in effect modification analysis. It can be 

blood eosinophil count at baseline (0 indicates ≤ 500/mm3, 1 indicates > 500/mm3) or dust mite 

allergy (0 =not allergic, 1 =allergic), or room dust allergy (0 =not allergic, 1 =allergic) 
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𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝑂𝑂𝐹𝐹2𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝑂𝑂𝐹𝐹2𝑤𝑤𝑖𝑖𝑖𝑖 0 =changes in a certain factor (for sensitivity analyses) during the two 

weeks before the post-intervention clinical visit and the pre-intervention clinical visit. This 

factor can be fever (0=no, 1=yes), asthma flare-up (0=no, 1=yes), passive smoking in the 

household (0=no, 1=yes), or the use of inhaled corticosteroid medication (0=no, 1=yes) 

𝑊𝑊𝑖𝑖= individual-specific random intercept 

Ɛ = residual 

 

3.2.6.3 Sensitivity Analysis 

We conducted sensitivity analyses to confirm that the filtration effects observed 

were real effects attributable to filtration intervention, instead of the effects of 

confounding factors. For sensitivity analyses regarding fever, we compared the results 

of filtration effect analyzed by three approaches: (1) using Equation 7 in all participants, 

(2) using Equation 13 which added an additional covariate to control for the change in 

the occurrence of fever before the pre-filtration and post-filtration clinical visits, and (3) 

using Equation 7 while excluding individuals that had fever during the study. Similarly, 

sensitivity analyses were performed for asthma flare-up (N=6, 14.0%), the switching-on-

and-off of ICS (N=10, 23.2%) and passive smoking at home (N=14, 32.6%) using these 

three approaches, respectively.  

3.3 Results  

3.3.1 Characteristics of Study Participants at Baseline 

We assessed the eligibility of 44 individuals, all of whom were eligible and 

recruited into the study. One participant dropped out after the screening visit due to a 
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scheduling conflict. Forty-three participants completed the study and were included in 

the main analyses set. Their baseline characteristics are summarized in Table 17. The 

study participants were aged between 5 to 13 years, 40% of them were females (N=17). 

Eighty-four percent of the study participants’ mothers education equal to or beyond 

college.  

According to the Global Initiative for Asthma (GINA) 228, the study participants 

had mild to moderate asthma. At baseline, 12 participants (28%) did not take any long-

term asthma control medications. The rest of participants (N=31) took long-term asthma 

control medications daily; the categories ranged from inhaled corticosteroid (ICS), long-

acting beta agonist (LABA), leukotriene receptor antagonist and H1 receptor antagonist. 

All participants lived within 16km from the hospital in the suburban areas of Shanghai 

(Songjiang and Qingpu Districts). For cooking fuel, almost all households used natural 

gas except one household that used coal. At baseline, 13 households (30%) of study 

participants reported passive smoking at home. The family members of the study 

participants were advised not to smoke at home during the study. Their compliance was 

recorded using self-reported questionnaires at clinical visits.  

At baseline, the average blood eosinophil count of the study participants was 

378.8/mm3 (range: 80.0 – 126.0/mm3) (See Figure 12). Twenty-one percent of participants 

(N=9) had blood eosinophil count > 500mm3. Sixty-three percent (N=27) of participants 

reported that they typically experience seasonal allergies in February, March or April 

(the months when this study was conducted). Based on the blood IgE test at baseline, 
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82% of the participants were atopic (N=35). The most prevalent allergen was dust mite 

(N=27, 62.8%), followed by room dust (N=10, 23.2%) and mold (N=9, 20.9%). Only one 

participant was allergic to the 14 types of plants and tree pollens tested. The detailed 

results of blood IgE test were listed in Table 18.  

 

Figure 12: Blood eosinophil count at baseline in 43 participants 



 

98 

 

Table 17: Baseline characteristics of the 43 study participants 

Female (#, %) 17 (40.0%) 
Age (mean, range) 7.8 (5, 13) 
Height (cm) 132 ± 13 
Weight (kg) 31.2 ± 10.3 
Mother: ≥ College a 36 (84%) 
Lung Function  
  FEV1 (L) 1.74 ± 0.52 (0.93, 3.33) 
  FEV1 (%) 102.96 ± 16.52 (65.49, 143.00) 
  FVC (L) 2.11 ± 0.67 (1.23, 4.42) 
  FVC (%) 104.78 ± 12.00 (81.10, 140.28) 
  FEV1/FVC (%) 83.34 ± 8.12 (60.84, 93.79) 
Respiratory Inflammation  
 FeNO (ppb) 23.5 ± 22.6 (5, 120) 
C-ACT Score b 23.3 (17, 27) 
Blood eosinophil >500/mm3 (#, %) 9 (20.9%) 
Medication  
 None 12 (28.0%) 
 ICS 10 (23.3%) 
 LABA 0 (0 %) 
 ICS + LABA 25 (58.1%) 
 H1 receptor antagonist 7 (16.3%) 
 Leukotriene receptor antagonists 2 (4.6%) 
Allergens  
 Dust mite 27 (62.8%) 
 Dust 10 (23.2%) 
 Mold 9 (20.9%) 
Passive smoking in the household b 13 (30.2 %) 
Cooking Fuel  
 Natural gas 42 (97.7%) 
 Coal 1 (2.3%) 
Air conditioning 40 (93.0%) 
Pests  
 Roach 6 (14.0%) 
 Rodents 1 (2.3%) 
Pets  
 Dog 1 (2.3%) 
 Bird 2 (4.6%) 
 Other 2 (4.6%) 
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Data is listed in the format of mean ± SD (range), or number (percentage, %). 
Definition of abbreviations: FEV1 = forced expiratory volume during the 1st second; FVC = 
forced vital capacity; C-ACT= Childhood Asthma Control Test; ICS =inhaled 
corticosteroids; LABA= long-acting beta-agonist.  
a The highest level of education attained by the mother of the study participant 
b Summary statistics of C-ACT scores in participants aged 4 to 11 (N=37) are listed here.  
c This indicated passive smoking in the household at the baseline. Once enrolled into the 
study, the families that resided with the study participants were advised to refrain from 
smoking inside their home during the study. 

Table 18: Blood IgE allergy test results in the 43 participants at baseline 

Allergen Positive (#, %) a 
  Dust mite 27 (62.8%) 
  Room dust 10 (23.2%) 
  Mold 9 (20.9%) 
  Cat dander 3 (7.0%) 
  Dog dander 3 (7.0%) 
  Roach 0 (0.0%) 
Foods  
  Egg 4 (9.3%) 
  Milk 9 (20.9%) 
  Beef 0 (0.0%) 
  Shrimp 2 (4.6%) 
  Crab 2 (4.6%) 
  Scallop 0 (0.0%) 
  Cashew 6 (14.0%) 
  Mango 1 (2.3%) 
  Pineapple 0 (0.0%) 
Plants/ pollens  
  Ragweed/ artemisia/ humulus/ pigweed 1 (2.3%) 
  Trees including cypress, elm, willow,    
  oak, birch, maple, pecan, plane, poplar 

0 (0.0%) 

  Mulberry tree 0 (0.0%) 
  Amaranth 0 (0.0%) 
Total IgE  
(mean ± SD, range) 

82.4 ± 82.1 
(0, 353.3) 
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1 Blood IgE levels above 0.35 kU/L were considered positive for allergy. 

3.3.2 Indoor Air Filtration  

Between February 14 and April 23, 2017, forty-three participants received indoor 

air filtration intervention. Twenty-one participants received interventions in the order of 

true-washout-sham, and the other twenty-two participants in the order of sham-

washout-true. The summary statistics of outdoor air pollution concentrations, relative 

humidity, and temperature during the study are listed in Table 19.  

Table 19: Outdoor PM2.5, O3, NO2, temperature and relative humidity 
during the study 

 Unit Mean ± SD Range 

PM2.5 µg/m3 56.5 ± 27.8 (3.0,185.0) 

O3 ppb 40.3 ± 23.4 (3.5, 124.0) 

NO2 ppb 26.7 ± 13.2 (2.7, 91.0) 

Temperature ◦C 11.3 ± 5.7 (-0.1, 31.9) 

Relative Humidity % 72.9 ± 18.2 (20.6, 99.3) 

 

Compared to sham filtration, true filtration on average resulted in a significant 

reduction of indoor PM2.5 concentration by 53.3% (P<0.001) (Figure 13, Figure 14, and 

Table 20). The average PM2.5 concentrations in participants’ bedrooms during sham 

filtration and true filtration were 34.1µg/m3 and 14. 8µg/m3, respectively. The geometric 

 

 



 

101 

 

mean of personal exposure to PM2.5 during true filtration was lower than the geometric 

mean of personal exposure to PM2.5 during sham filtration, however this comparison was 

not statistically significant (P=0.36). 

 

Figure 13: Indoor PM2.5, personal exposure to PM2.5 and outdoor PM2.5 levels 
during sham filtration and true filtration interventions 

The sampling of indoor PM2.5, personal exposure to PM2.5 and outdoor PM2.5 
levels were conducted simultaneously during a 48-hour period randomly 
selected during the two weeks of sham filtration intervention, and another 48-
hour period randomly selected during the two-weeks of true filtration 
intervention. Filter-based PM2.5 sampling was used for the monitoring of indoor 
PM2.5, personal exposure to PM2.5 and outdoor PM2.5 levels. 
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Figure 14: Indoor PM2.5, personal exposure to PM2.5 and outdoor PM2.5 during sham 
filtration and true filtration, stratified by the four batches of study participants 

The sampling of indoor PM2.5, personal exposure to PM2.5 and outdoor PM2.5 levels 
were conducted simultaneously during a 48-hour period randomly selected during 
the two weeks of sham filtration intervention, and another 48-hour period randomly 
selected during the two-weeks of true filtration intervention. Filter-based PM2.5 

sampling was used for the monitoring of indoor PM2.5, personal exposure to PM2.5 

and outdoor PM2.5 levels. 
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Table 20: Indoor PM2.5, personal exposure to PM2.5 and outdoor PM2.5 levels during 
sham filtration and true filtration interventions, in the four batches of study 
participants 

  Overall Batch 1 Batch 2 Batch 3 Batch 4 

Indoor  Sham 34.1±16.3 
(29.0) 

30.5±12.8 
(28.72) 

40.4±18.1 
(33.46) 

36.1±20.6 
(28.20) 

29.5±11.9 
(24.29) 

True 14.8±11.0 
(12.0) 

13.1±8.5 
(10.01) 

12.7±9.7 
(10.22) 

19.5±14.7 
(20.04) 

13.8±10.0 
(10.35) 

Reduction 
(%) a 

53.3±37.9 
(60.0) 

55.5±30.7 
(64.52) 

70.7±16.3 
(73.57) 

37.8±52.4 
(47.75) 

50.7±39.1 
(60.70) 

p b <0.001 <0.001 <0.001 0.02 0.008 

Personal 
exposure 

Sham 67.6±26.3 
(63.3) 

62.7±29.9 
(48.55) 

82.9±21.6 
(81.45) 

62.6±32.0 
(61.59) 

62.9±15.8 
(58.23) 

True 65.1±39.2 
(49.2) 

61.3±38.6 
(44.96) 

60.5±35.4 
(49.17) 

82.5±49.3 
(68.82) 

55.9±31.8 
(49.58) 

Reduction 
(%) c 

-18.2±110.4 
(13.0) 

-15.3±84.2 
(6.59) 

25.3±41.8 
(25.89) 

-82.6±179.5 
(-8.09) 

7.1±41.4 
(19.46) 

p d 0.36 0.75 0.13 0.30 0.31 

Outdoor  Sham 56.4±18.9 
(55.4) 

62.3±19.7 
(65.57) 

69.4±16.6 
(68.46) 

43.7±15.2 
(37.58) 

50.3±13.8 
(50.87) 

True 52.9±18.0 
(52.3) 

50.1±17.7 
(48.93) 

64.8±23.5 
(66.51) 

48.2±16.3 
(48.88) 

49.4±8.3 
(50.64) 

p e 0.34 0.21 0.44 0.46 0.88 

Data are mean ± standard deviation (median). 
 

a Reduction (%) indicates the percentage reduction of indoor PM2.5 concentrations in 
participants’ bedroom during true filtration compared to indoor PM2.5 concentrations in 
participants’ bedroom during sham filtration. It was calculated by indoor PM2.5 

concentrations in participants’ bedroom during sham filtration minus indoor PM2.5 

concentrations in participants’ bedroom during true filtration, divided by indoor PM2.5 

concentrations in participants’ bedroom during sham filtration, multiplied by 100%. 
 
b p value was calculated using paired T-test for the comparison of natural-log 
transformed indoor PM2.5 concentrations during true filtration and during sham 
filtration, paired within the same participant.  

 
c Reduction (%) indicates the percentage reduction of personal exposure to PM2.5 during 
true filtration compared to personal exposure to PM2.5 during sham filtration. It was 
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calculated personal exposure to PM2.5 during sham filtration minus personal exposure to 
PM2.5 during true filtration, divided personal exposure to PM2.5 during sham filtration, 
multiplied by 100%. 

 
d p value was calculated using paired T-test for the comparison of natural-log 
transformed PM2.5 personal exposure during true filtration and sham filtration, paired 
within the same participant. 

 
e p value was calculated using paired T-test for the comparison of natural-log 
transformed outdoor PM2.5 concentrations during true filtration and sham filtration, 
paired within the same participant. 

 

3.3.3 Lung Function and Respiratory Inflammation 

Compared to the changes in health indicators during sham filtration, true 

filtration resulted in significantly greater reductions in airway impedance at 5Hz (Z5), 

respiratory resistance at 5Hz (R5) and small airway resistance (R5-R20), by 14.7% [95% CI: 

3.7%, 25.8%], 22.4% [95% CI: 9.6%, 35.2%] and 40.6% [95% CI: 10.2%, 70.9%], respectively 

( Table 21, Figure 15, and Table 22). True filtration also marginally decreased airway 

reactance at 5Hz (X5) by 72.4% [95% CI: -0.6%, 145.4%] and Fres by 19.9% [95% CI: -0.2%, 

40.0%]. For respiratory inflammation, true filtration resulted in a significantly bigger 

decrease in fractional exhaled oxide (FeNO) by 5.1 [95% CI: 0.5, 9.6] ppb.  
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Table 21: The change in biomarker before and after filtration intervention 
(ΔBiomarker) during true filtration and sham filtration 

 Unit 
True Filtration Sham Filtration 

Pre-filtration ΔBiomarker Pre-filtration ΔBiomarker 

FeNO ppb 20.81 ± 15.09 
(5, 82) 

-0.81 ± 9.73 
(-22, 18) 

22.69 ± 20.80 
(5, 107) 

2.24 ± 11.74 
(-34, 28) 

FEV1 L 1.73 ± 0.55 
(0.93, 3.33) 

-0.03 ± 0.19 
(-0.49, 0.52) 

1.70 ± 0.48 
(1.05, 3.18) 

-0.01 ± 0.17 
(-0.54, 0.37) 

FVC L 2.08 ± 0.65 
(1.24, 4.28) 

-0.026 ± 0.18 
(-0.38, 0.36) 

2.07 ± 0.65 
(1.23, 4.42) 

-0.01 ± 0.16 
(-0.55, 0.36) 

FEV1/F
VC % 83.32 ± 7.52 

(68.54, 94.09) 
-0.30 ± 5.33 

(-10.97, 16.12) 
83.03 ± 9.59 

(60.84, 97.46) 
0.04 ± 6.39 

(-17.89, 13.65) 

FEF25-75 L/s 1.71 ± 0.66 
(0.66, 3.78) 

-0.05 ± 0.37 
(-0.99, 0.83) 

1.69 ± 0.63 
(0.64, 3.29) 

-0.03 ± 0.38 
(-1.22, 0.68) 

FEF50 L/s 2.00 ± 0.75 
(0.58, 3.95) 

-0.04 ± 0.44 
(-1.26, 0.92) 

1.97 ± 0.71 
(0.96, 4.15) 

-0.07 ± 0.42 
(-1.05, 0.96) 

Z5 
cmH2O/

(L/s) 
8.61 ± 2.37 

(3.60, 13.03) 
-0.03 ± 2.12 
(-9.71, 3.43) 

8.96 ± 2.52 
(4.81, 16.06) 

0.50 ± 2.33 
(-6.29, 4.44) 

R5 
cmH2O/

(L/s) 
8.23 ± 2.18 

(3.60, 12.35) 
-0.39 ± 2.53 

(-10, 3.3) 
8.27 ± 2.52 

(2.76, 15.26) 
0.65 ± 2.56 
(-8.42, 8) 

R20 
cmH2O/

(L/s) 
5.54 ± 1.45 
(2.80, 8.04) 

-0.36 ± 1.52 
(-6.19, 3.65) 

5.57 ± 1.73 
(3.31, 11.1) 

-0.03 ± 1.48 
(-3.95, 2.54) 

R5-R20 
cmH2O/

(L/s) 
2.69 ± 1.38 
(-0.37, 5.8) 

0.33 ± 1.55 
(-3.37, 5.91) 

2.7 ± 1.93 
(-2.05, 9.52) 

0.68 ± 2.51 
(-7.5, 6.13) 

X5 
cmH2O/

(L/s) 
-2.07 ± 1.73 
(-5.63, 4.03) 

-1.93 ± 2.55 
(-7.36, 7.45) 

-1.61 ± 3.06 
(-12.07, 8.21) 

-2.31 ± 2.11 
(-6.15, 5.71) 

Fres /s 19.78 ± 6.19 
(3.85, 32.24) 

-1.12 ± 7.66 
(-18.04, 17.42) 

17.81 ± 6.49 
(3.45, 29.59) 

2.30 ± 8.47 
(-17.71, 23.03) 

 

Data is listed as mean ± standard deviation (range). 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced 
expiratory volume during the 1st second; FVC=forced vital capacity; FEF25-75= the 
average forced expiratory flow during 25% to 75% of FVC; FEF50= forced expiratory 
flow at 50% of FVC; Z5=airway impedance measured at 5Hz; R5=airway resistance 
measured at 5Hz; R20= airway resistance measured at 20Hz; X5=airway reactance 
measured at 5Hz; Fres=resonant frequency;  
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Figure 15: Differences in changes of respiratory inflammation and lung function 
indicators in asthmatic children between true filtration and sham intervention 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FVC=forced vital capacity; FEF25-75=the average forced 
expiratory flow during 25% to 75% of FVC; FEF50=forced expiratory flow at 50% of FVC; 
Z5=airway impedance measured at 5Hz; R5=airway resistance measured at 5Hz; 
R20=airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency. 
 
Error bars indicate 95% confidence intervals. Indicators of respiratory inflammation and 
lung function were measured within 24 hours before and after filtration interventions.  
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Table 22: Differences in the changes of health indicators before and after filtration 
intervention (ΔBiomarkers) during true filtration and during sham filtration 

Health 
Endpoints Unit 

Absolute Difference  Percentage Difference (%) b 
p c 

β a 95% CI β 
/Mean 95% CI 

FeNO Ppb -5.09 (-9.65, -0.53) -23.03 (-43.67, -2.39) 0.03 
FEV1 Ml 13.20 (-72.80, 99.19) 0.77 (-4.27, 5.82) 0.76 
FVC Ml 2.14 (-79.80, 84.08) 0.10 (-3.86, 4.07) 0.96 
FEV1 /FVC % 0.66 (-2.01, 3.33) 0.80 (-2.41, 4.01) 0.63 
FEF25-75 ml/s 97.53 (-68.73, 263.80) 5.80 (-4.09, 15.68) 0.25 
FEF50 ml/s 154.87 (-41.41, 351.16) 7.91 (-2.12, 17.94) 0.13 
Z5 cmH2O/(L/s) -1.31 (-2.29, -0.33) -14.72 (-25.76, -3.69) 0.01 
R5 cmH2O/(L/s) -1.86 (-2.93, -0.80) -22.40 (-35.16, -9.65) 0.001 
R20 cmH2O/(L/s) -0.47 (-1.24, 0.29) -8.70 (-22.61, 5.22) 0.22 
R5-R20 cmH2O/(L/s) -1.16 (-2.03, -0.29) -40.56 (-70.93, -10.19) 0.01 
X5 cmH2O/(L/s) 1.43 (-0.01, 2.88) -72.40 (0.58, -145.37) 0.06 
Fres /s -3.82 (-7.66, 0.03) -19.94 (-40.05, 0.17) 0.06 

 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FVC=forced vital capacity; FEF25-75= the average forced 
expiratory flow during 25% to 75% of FVC; FEF50= forced expiratory flow at 50% of FVC; 
Z5=airway impedance measured at 5Hz; R5=airway resistance measured at 5Hz; R20= 
airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency;  

a This β represents the absolute difference between the change of health indicators 
(Δbiomarker) under true filtration and the Δbiomarker under sham filtration, indicating 
the additional health impact of true filtration when compared to sham filtration. It was 
calculated following Formula 3 as β1. 

b The percentage difference was calculated by the absolute difference between the 
change of health indicators (Δbiomarker) under true filtration and the Δbiomarker 
under sham filtration (this absolute difference was calculated following Formula 3 as β1), 
divided by the average of this biomarker among all participants, and multiplied by 100%. 

c p value was calculated using the lmeTest package in R. 
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3.3.4 Peak Expiratory Flow 

For PEF measurements conducted at 7 am and 9 pm at home, PEF values during 

true filtration were 3.8L/min (95% CI: 1.8L/min, 6.0L/min) higher than PEF values 

during sham filtration (Figure 16 and Table 23). The impact of true filtration on PEF 

measurements at 7 am and at 9 pm did not differ significantly (P=0.69). The variability of 

PEF quantified by the coefficient of variation during true filtration and sham filtration 

was not significantly different (P=0.60). 

 

Figure 16: Differences between peak expiratory flow (PEF) during true 
filtration and sham filtration  

For the difference between peak expiratory flow (PEF) during true 
filtration and sham filtration, “All” indicate the result when analyzing all 
PEF measurements; “7am” indicates the result when analyzing PEF 
measurements performed at 7am; “9pm” indicates the result when 
analyzing PEF measurements performed at 9pm. 
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Table 23: Differences in peak expiratory flow and childhood asthma control 
symptom test (C-ACT) score between during true filtration and sham filtration 

Health 
Endpoints 

True Filtration  Sham Filtration Difference 

Mean ± SD Range Mean ± SD Range β c 95% CI p d 
Peak expiratory flow (PEF) a, L/min      
   All 253.5 ± 62.3 (100, 450) 245.1 ± 62.4 (90, 450) 3.8 (1.8, 6.0) 0.003 
   7am 253.0 ± 61.9  (100, 440) 244.2 ± 61.8 (90, 440) 4.2 (1.2, 7.2) 0.006 

   9pm 254.0 ± 62.8 (100, 450) 245.9 ± 62.9 (100, 450) 3.7 (0.8, 6.6) 0.01 

C-ACT b 25.0 ± 2.2 (18, 27) 23.8 ± 3.0 (16, 27) -0.1 (-1.2, 1.0) 0.92 
a Peak expiratory flow was measured daily at 7 am and 9 pm during filtration 
interventions. Measurements were performed at home using a handheld device by 
study participants while assisted by their guardians. 

 
b Asthma symptom score was assessed by the childhood asthma control test within 24 
hours after the end of filtration interventions. 

 
c This β represents the difference between the average PEF during true filtration and the 
average PEF during sham filtration, indicating the additional health impact of true 
filtration when compared to sham filtration. It was calculated following Formula 4 as β1. 

d p value was calculated for β1 of Formula 4, indicating the statistical significance for the 
comparison of the average PEF during true filtration with the average PEF during sham 
filtration. 

3.3.5 Asthma Symptoms  

Among participants aged 4 to 11 (N=37), the C-ACT score at the end of a two-

week true filtration session was not significantly different from the C-ACT score at the 

end of a two-week sham filtration session (P=0.92) (Table 23).  

3.3.6 Sensitivity Analysis 

Similarly, sensitivity analyses were performed for fever (N=9, 20.9%), asthma 

flare-up (N=6, 14.0%), the switching on and off of ICS (N=10, 23.2%) and passive 

smoking at home (N=14, 32.6%) using the three approaches outlined in 2.2.6.1, 
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respectively (Table 24 and Table 25). The filtration effects reported by these three 

approaches are highly in agreement with each other (see Figure 17). Therefore, the 

analysis of filtration effect was finalized as Equation 7 using data from all participants.  

Table 24: Participants who had fever, asthma flare-up, or passive smoking in the 
household during the two weeks before the four clinical visits 

 
Clinical 
Visits 

Sham Filtration True Filtration 
P c 

Before a During b Before a During b 

Fever  
 

N (%) 2 (4.6%) 2 (4.6%) 2 (4.6%) 3 (7.0%) 
0.99 

ID 16, 30 8, 33 2, 39 25, 37, 41 

Asthma 
Flare-up  

N (%) 0 (0%) 3 (7.0%) 2 (4.6%) 2 (4.6%) 
0.52 

ID None 8, 33, 42 30, 38 8, 39 

Passive 
Smoking 

N (%) 10 (23.2%) 10 (23.2%) 12 (27.9%) 11 (25.6%) 

0.98 
ID 

3, 12, 13, 
15, 19, 28, 
32, 34, 38, 
40 

3, 12, 13, 
15, 19, 28, 
30, 32, 34, 
40 

1, 3, 9, 12, 
13, 15, 19, 
28, 30, 32, 
34, 40 

3, 9, 12, 
13, 15, 28, 
30, 32, 34, 
35, 40 

  
“Before” indicates the two weeks before the start of an intervention.  
b “During” indicates the two weeks during filtration intervention. 
c p values were calculated using Fisher’s exact test to compare the percentages across 
the four columns. 

 
Table 25: Participants that switched on and off inhaled corticosteroid 
(ICS) between the four clinical visits 

Time Period Before a During b N ID 

Sham Filtration 
Yes No 3 7, 24, 38 
No Yes 3 1, 18, 33 

True Filtration 
Yes No 1 11 
No Yes 0 None 

Washout Period 
Yes No 2 15, 37 
No Yes 1 27 

 

a ”Before” indicates the two weeks before the start of this time period. 
b ”During” indicates the two weeks during this time period. 
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Figure 17: Sensitivity analysis for the differences in the change of airway 
inflammation and lung function indicators during true filtration and sham filtration  

For sensitivity analyses regarding fever, we compared the results of filtration effect 
analyzed (1) using Equation 7 in all participants, (2) using Equation 13 which added an 
additional covariate to Equation 7 that controlled for the occurrence of fever during the 
two weeks before and after filtration intervention, and (3) using Equation 7 in 
participants excluding individuals that had fever during the study. Similar sensitivity 
analyses were performed for asthma flare-up (N=6, 14.0%), switched on and off ICS 
(N=10, 23.2%), and passive smoking at home (N=14, 32.6%) during the study using these 
three approaches, respectively.  
 
Definition of abbreviation: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FEF25-75= the average forced expiratory flow during 25% to 
75% of FVC; FEF50= forced expiratory flow at 50% of FVC; R5=airway resistance 
measured at 5Hz; R20=airway resistance measured at 20Hz; X5=airway reactance 
measured at 5Hz; Fres=resonant frequency. 
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3.3.7 Effect modification and Stratified Analysis 

3.3.7.1 Blood Eosinophil Count at Baseline 

We examined effect modification based on blood eosinophil count at baseline (> 

500/mm3 or ≤ 500/mm3) and conducted stratified analysis (Figure 18, Figure 19, Table 26, 

and Table 27). The impact of true filtration on FEF25-75 was significantly modified by 

blood eosinophil count at baseline (≤ 500/mm3 or > 500/mm3) (P=0.04). This indicates that 

the increases of FEF25-75 by true filtration was significantly bigger in participants with 

blood eosinophil count ≤ 500/mm3, by 24.3% [1.3%, 47.2%] (Table 26).  

 

Figure 18: Stratified analysis of filtration effect on respiratory indicators during 
true and sham filtration based on baseline blood eosinophil count 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced 
expiratory volume during the 1st second; FEF25-75=the average forced expiratory 
flow during 25% to 75% of FVC; FEF50=forced expiratory flow at 50% of FVC; 
R5=airway resistance measured at 5Hz; R20=airway resistance measured at 20Hz. 
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In participants with baseline blood eosinophil count ≤ 500/mm3 (N=25), true 

filtration not only introduced greater improvements on airway mechanics and 

respiratory inflammation (greater decreases in R5, R5-R20, Z5 and FeNO), but also greater 

improvements in spirometry indicators of small airway obstruction, including FEF25-75 by 

11.6% [95% CI: 0.6%, 22.6%], and FEF50 by 13.0% [95% CI: 2.0%, 24.1%] (Table 26). In 

addition, the impact of true filtration on urinary free MDA was non-significantly 

modified by blood eosinophil count at baseline (P=0.13). In participants with baseline 

blood eosinophil count ≤ 500/mm3 (N=25), true filtration significantly increased systemic 

oxidative stress indicated by 36.1% [95% CI: 13.3%, 62.3%] (Table 26).  

Table 26: Differences in changes of health indicators between true filtration and sham 
filtration, stratified by blood eosinophil count at baseline (≤ 500/mm3 or > 500/mm3) 

 Unit 
Blood eosinophil 
≤ 500/mm3 (N=34) 

Blood eosinophil 
> 500/mm3 (N=9) 

Interaction 
Term 

β a 95% CI β a 95% CI β b p c 
FeNO ppb -5.26 (-10.01, -0.52) -2.60 (-21.30, 16.09) 6.29 0.29 
FEV1 ml 45.82 (-55.20, 146.83) -59.18 (-214.97, 96.60) -181.78 0.08 
FEF25-75 ml/s 194.94 (10.54, 379.34) -267.06 (-719.95, 185.83) -407.89 0.04 
FEF50 ml/s 254.98 (38.70, 471.25) -153.77 (-795.66, 488.11) -456.29 0.06 

R5 cmH2O
/(L/s) -2.08 (-3.35, -0.81) -0.99 (-1.76, -0.22) 1.32 0.31 

R5-R20 cmH2O
/(L/s) -1.20 (-2.20, -0.20) -1.41 (-3.44, 0.62) -0.05 0.96 

 
Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FEF25-75=the average forced expiratory flow during 25% 
to 75% of FVC; FEF50=forced expiratory flow at 50% of FVC; R5=airway resistance 
measured at 5Hz; R20=airway resistance measured at 20Hz. 
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Figure 19: Stratified analysis for differences between peak expiratory flow 
(PEF) during true filtration and sham filtration 

Definition of abbreviations: PEF=peak expiratory flow. 
“All” indicate the result when analyzing PEF measurements from all 
participants. Results of stratified analyses conducted in participants with 
baseline blood eosinophil count > 500/mm3 and ≤ 500/mm3 are graphed 
separately under the gray tab “Eosinophil”; results of stratified analyses 
conducted in participants with and without dust mite allergy at baseline are 
graphed separately under the gray tab “Dust mite”; results of stratified 
analyses conducted in participants with and without room dust allergy at 
baseline are graphed separately under the gray tab “Room Dust”. 

≤500mm3 >500/mm3 
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Table 27: Stratified analysis of the difference in peak expiratory flow between 
during true filtration and sham filtration 

Stratified 
Analysis Factor N 

Absolute difference Interaction Term 

β b 95% CI p c β d 95% CI p e 

Blood eosinophil        

  > 500/mm3 9 11.72 (4.46, 18.99) 0.002 2.80 (-2.74, 8.35) 0.32 

   ≤ 500/mm3 34 2.48 (0.19, 4.78) 0.03    

Dust mite        
  + 27 -5.90 (-8.42, -3.37) <0.001 -26.04 (-30.11, -21.97) <0.001 
  - 16 19.88 (16.42, 23.34) <0.001    

Room dust        

  + 10 -6.80 (-10.00, -3.60) <0.001 -14.76 (-19.45, -10.06) <0.001 

  - 33 8.59 (5.98, 11.19) <0.001    
 

a Peak expiratory flow measurements were performed at home using a handheld device 
by study participants while assisted by their guardians. Measurements were conducted 
daily at 7 am and 9 pm. 

b This β represents the difference between the average PEF during true filtration and the 
average PEF during sham filtration, indicating the additional health impact of true 
filtration when compared to sham filtration. It was calculated following Formula 4 as β1. 

c This p value was calculated for β1 of Equation 9, indicating the statistical significance for 
the comparison of the average PEF during true filtration with the average PEF during 
sham filtration. 

d This β is the coefficient of the interaction term of filtration with a stratifying factor. It 
was calculated following Equation 12 in the form of β10. For dust mite, it represented the 
difference between the health impact of true filtration (when compared to sham 
filtration) in participants allergic to dust mite and the health impact of true filtration 
(when compared to sham filtration) in participants not allergic to dust mite. For room 
dust, it represented the difference between the health impact of true filtration (when 
compared to sham filtration) in participants allergic to room dust and the health impact 
of true filtration (when compared to sham filtration) in participants not allergic to room 
dust. For blood eosinophil at baseline, it represented the difference between the health 
impact of true filtration (when compared to sham filtration) in participants with blood 
eosinophil > 500/mm3 and the health impact of true filtration (when compared to sham 
filtration) in participants with blood eosinophil ≤ 500/mm3. 
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c This p value was calculated for β1 of Equation 9, indicating the statistical significance for 
the comparison of the average PEF during true filtration with the average PEF during 
sham filtration. 

2.3.7.2 Dust mite allergy 

We examined effect modification based on dust mite allergy and conducted 

stratified analysis (Figure 20, Table 27 and Figure 19). Compared to participants who 

were not allergic to dust mite, the improvement of PEF by true filtration is smaller in 

individuals who were allergic to dust mite, by 26.0 [95% CI: 22.0, 30.1] L/min; the 

improvement on R5 and R5- R20 is also smaller, by 25.8% [1.9%, 49.7%] and 58.8% [0.8%, 

116.8%], respectively.  

 

Figure 20: Percentage difference in respiratory indicators during true filtration 
and sham filtration in asthmatic children with and without dust mite allergy 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced 
expiratory volume during the 1st second; FEF25-75= the average forced expiratory 
flow during 25% to 75% of FVC; FEF50= forced expiratory flow at 50% of FVC; 
R5=airway resistance measured at 5Hz; R20= airway resistance measured at 20Hz. 
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2.3.7.3 Room dust allergy 

We examined effect modification based on room dust allergy and conducted 

stratified analyses. Dust mite allergy significantly modified the effect of true filtration on 

PEF (P<0.001) (Figure 19 and Table 27). Compare to participants who were not allergic to 

room dust, the impact of true filtration on PEF is smaller in participants who are allergic 

to room dust, by 14.8 [95% CI: 10.1, 19.4] L/min. 

3.4 Discussion 

Both air pollution and allergen exposure are risk factors for asthma aggravation 

238. In this study, we recruited asthmatic children who were living with relatively high 

outdoor air pollution. We took advantage of the randomized, double-blind crossover 

study design and conducted within-participant comparisons of health responses to 

filtration interventions. The two filtration intervention sessions were completed within 

70 days to minimize the impact of seasonal variation. We conducted sensitivity analyses 

to confirm that the filtration effect observed was not due to the effect of confounding 

factors, including fever, asthma flare-up, the switching-on-and-off of ICS medications, 

and passive smoking in the household. We observed that a two-week use of indoor air 

filtration in the bedroom could reduce respiratory inflammation and improve airway 

mechanics, especially in the small airways. These beneficial health effects were achieved 

in spite of the exposure to moderate levels of air pollution at locations outside of the 

bedroom, where air filtration intervention was not available. 
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Small airways are of significant pathophysiological importance in asthma 93,280. 

Small airways are defined as airways with inner diameter < 2mm and have been 

reported to be the major site of airflow limitation due to its small diameter. As the 

combined volume and surface area of the small airways are much greater than the large 

airways 100,101,105, they are also the major site of airway inflammation 100,105,106. In addition, 

early changes in lung function typically emerge in small airways first 107.  

In contrast to their pathophysiological significance, small airways are 

therapeutically difficult to access 281-283. Most asthma medications are delivered via 

inhalation to minimize systemic side effects 72. The size of aerosol particles is crucial in 

determining the site of deposition in the airway 284. The medicine (aerosol) particles 

delivered by the conventional inhalers are too large to achieve effective deposition in the 

small airways 284,285. It has been estimated that most of these particles are intercepted by 

the 90-degree bend of air flow in the oropharyngeal region, with only around 20% 

entering the lung 40,286.  

Given that even asthma medications can hardly access this important region of 

the airway, it is interesting to observe that the use of indoor air filtration was able to 

improve the resistance of the small airway. A closer look at the aerodynamics of the 

PM2.5 and ultrafine particles might provide insights into the mechanisms. In contrast to 

the asthma medication particles, PM2.5 and ultrafine particles are small enough to 

survive potential interception by the twist and turns of the airway, and ultimately reach 

the small airways 5,75. Once deposited, the particles can elicit oxidative stress 42, introduce 
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additional airway inflammation 52,238, alter the composition of surfactants 287, and 

contribute to altered lung mechanics 52,238. For asthmatic individuals living with ambient 

air pollution, the small airways are constantly under the assaults from PM2.5 and 

ultrafine particles. However, with the use of indoor air filtration, the small airways are 

temporarily relieved from the attack of these environmental agents. The monitoring data 

of this study demonstrated reduction of PM2.5 concentrations, and our previous study 

demonstrated that the same device was also capable of reducing the levels of ultrafine 

particles 288. If maintained longer, this improvement of small airway mechanics may 

contribute to the improvement of lung function indicators measured by spirometry, and 

help resist the structural alterations by airway remodeling 60,289. For example, Sulser et al. 

(2009) implemented a longer duration of indoor air filtration (12 months) and observed 

increases in FEV1 in asthmatic children aged 6 to 17 179.  

The detection of small airway responses to air filtration was enabled by the use 

of the impulse oscillometry, a new technology that can detect early lung function 

changes, especially in the small airways 118. Traditionally, the small airways were 

deemed a “silent zone” in asthma due to the lack of detection technologies. In the past 

decade, researchers in respiratory medicine began to realize the value of impulse 

oscillometry in the evaluation of airway mechanics and offering guidance to asthma 

treatment 118,119. Our findings demonstrate that impulse oscillometry is also a promising 

tool for assessing early lung function changes to air quality interventions in asthmatic 

children. As impulse oscillometry measures airway reactance and airway resistance 
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during tidal breathing, it does not need the forced exhalation maneuver required for 

spirometry measurements 118. This further supports its advantageous application in 

pediatric studies.  

The improvement of small airway resistance in our study was further echoed by 

the increase of peak expiratory flow (PEF) by true filtration compared to sham filtration, 

indicating reduced lung obstruction. Existing filtration studies in environments with low 

outdoor air pollution demonstrated inconsistent impacts on PEF. Brehler et al. (2003) 

observed that morning PEF measurements increased in adults with allergic rhinitis and 

asthma after a two-weeks use of a device that delivered filtered outdoor air after 

allergen removal 188. Xu et al. (2010) also reported increases in PEF in asthmatic children 

after a six-week use of HEPA filtration in the bedroom 180. On the other hand, several 

studies showed no increases in PEF after a 10-week use 182 and a 12-month use of indoor 

air filtration 190,192. In our study, as the participants live with moderate levels of ambient 

air pollution, indoor air filtration was used for not just allergen removal, but also the 

reduction of PM2.5 infiltrated from outdoors. As both allergen and air pollution exposure 

are risk factors for asthma exacerbation 238, the significant increase in PEF might be 

achieved as a result of reductions in both risk factors by indoor air filtration. 

FeNO has been used as an indicator of eosinophilic airway inflammation 290. 

Increases in FeNO are typically driven by upregulation of inducible nitric oxide 

synthase (iNOS) 291. PM2.5 exposure can induce iNOS 292 and increase FeNO in asthmatic 

children 89. Exposure to allergens can also increase FeNO in atopic asthmatic children 293. 
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In our study, the decrease in FeNO might be due to reductions in PM2.5 and airborne 

allergens. Chen et al. (2013) observed a 17% reduction in FeNO among healthy adults 

living in the same city after a 48-hour continuous indoor air filtration intervention 140. 

Our finding was also consistent with two studies that reported a 10-week and a 12-

month use of HEPA-filtered laminar flow to the breathing zone during sleep resulted in 

a decrease in FeNO by 6.4ppb 182 and 7.1ppb 192, respectively. It is interesting to note that 

the reduction of respiratory inflammation was accompanied by improvements in airway 

mechanics in our study, suggesting that it may serve as the mechanistic intermediate 

step in the reduction of small airway resistance. 

In this study, in spite of the improvement of objective health indicators including 

small airway mechanics and respiratory inflammation, the subjective measurement of 

asthma symptom by C-ACT did not show a significant improvement. This is consistent 

with findings by Ko et al. (2012), which demonstrated that serial measurements of the 

ACT had relatively lower sensitivity when used for asthma control assessment 294. It 

might be possible that although improvement for airway resistance and respiratory 

inflammation was able to be captured by sensitive pre-clinical markers, the magnitude 

of this improvement was not gross enough to catch the mental awareness of the study 

participants. In our study, only participants aged 4-11 years (N=37) completed C-ACT, 

which provides a smaller sample size compared to the evaluation of all 43 study 

participants for other health indicators. As C-ACT assess asthma symptoms during the 

previous four weeks, we compared C-ACT scores at the end of true filtration and sham 
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filtration. This data structure also holds less statistical power, when compared to other 

health indicators that were measured both before and after filtration interventions.  

Asthma is a heterogeneous disease that has distinct pathophysiological 

phenotypes 295. In asthmatic individuals, the chronic inflammation of the airways can be 

driven by eosinophils, neutrophils or a mixture of both 295. Neutrophilic airway 

inflammation is mainly mediated by the Th17 pathway and is more sensitive to air 

pollution but less responsive to ICS 296-299. In contrast, individuals with eosinophilic 

airway inflammation are mediated mainly by the Th2 pathway; they are responsive to 

allergen exposure and ICS treatment but less sensitive to air pollution 297,300,301. As 

previous studies demonstrated that the upper limit of the normal range of blood 

eosinophils is 350–500/mm3 302-304, we used 500/mm3 as the cut point for blood eosinophil 

count and conducted effect modification and stratified analyses. We observed that 

participants with blood eosinophil count > 500mm3 had significantly smaller 

improvements in small airway obstruction, compared to participants with blood 

eosinophil count ≤ 500/mm3. Given that eosinophil counts in the blood correlate well 

with eosinophil counts in the sputum 305, participants with blood eosinophil count > 

500/mm3 are more likely to have airway inflammation driven by eosinophils. As 

individuals with eosinophilic airway inflammation are less sensitive to air pollution 

297,300,301, it is biologically plausible that the participants with blood eosinophil count > 

500/mm3 experienced smaller improvements of small airway obstruction as result of 

indoor air filtration 297. 
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Dust mite allergens are partially airborne but mainly present as settled particles 

(dust) in mattresses, pillows and carpets 306. Boyle et al. 2012 demonstrated that the 

levels of dust allergens in mattresses were not decreased by indoor air filtration 192. Thus 

it is understandable that the improvements in lung obstruction and small airway 

resistance were smaller in people who had dust mite allergy. Similarly, as filtration 

reduces airborne particles but not settled room dust, the people who are allergic to room 

dust also experienced a smaller increase in PEF in response to indoor air filtration. At 

the same time, we also observed that individuals who were allergic to dust mite and 

individuals who were allergic to room dust had significant reductions in PEF introduced 

by indoor air filtration. However, this deterioration of lung obstruction was not reflected 

in measurements of spirometry and impulse oscillometry. In this study, our data is 

limited in elucidating in the pathophysiological reason for this counter-intuitive 

phenomenon. We hypothesize that this may be due to the immunomodulatory role of 

PM2.5. Existing research showed that PM2.5 exposure pushes the balance of airway 

inflammation towards neutrophilic inflammation 52,87. With the removal of PM2.5 by 

indoor air filtration, it is possible that eosinophilic inflammation may become more 

dominant, thereby introducing more airway inflammation in response to allergens and 

reductions in PEF values.  

Our study has certain limitations. First, the use of indoor air filtration device has 

been shown to PM2.5 and airborne allergens simultaneously 180,190. Due to the use of 

activated carbon filtration, it may also potentially decrease gaseous pollutants including 
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ozone and volatile organic compounds 307,308. Given our study design, the health impacts 

observed should be interpreted with the device as a whole instead of being attributed to 

a particular airborne pollutant. Second, our study recorded medications prescribed by 

the same clinician and the usage reported by the guardians of the participant; however 

the adherence by asthmatic children may deviate from this information 309. Third, 

participants recorded upper respiratory tract symptoms including runny nose, sneezing, 

and phlegm during the study. When these symptoms occur unaccompanied by fever, it 

is clinically difficult to ascertain whether these arise from upper respiratory tract 

infection. Thus, there might be latent infections of the upper respiratory airway that 

cannot be identified and controlled by statistical analysis during the examination of 

filtration effect. However, as all participants received true and sham filtration in a 

randomized order, this study design can help minimize the uneven distribution of this 

latent upper respiratory tract infection during true and sham filtration interventions. 

Fourth, the clinical visits were conducted at different time points of the day within the 

same participants. The average length of this difference is 3.6 hours, while for certain 

participants it can be as high as 7 hours. The impact of diurnal variation may confound 

the examination of filtration effect. However, we also note that the magnitude of 

filtration effects was higher than the magnitude of diurnal variation typically observed 

for these health indicators 310-313.  
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3.5 Conclusion 

A two-week bedroom use of indoor air filtration, capable of significantly 

reducing indoor PM2.5, led to significant improvements of indicators for respiratory 

inflammation, small airway resistance, and lung obstruction in asthmatic children. 
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Chapter 4. Relationship between Free and Total 
Malondialdehyde, A Well-Established Marker of 
Oxidative Stress, in Various Types of Human 
Biospecimens  

4.1 Introduction 

Oxidative stress is a common pathophysiological pathway related to many 

diseases including chronic obstructive pulmonary disease (COPD), asthma, as well as 

the process of natural aging 196,314,315. It is well known that inhalation exposure to air 

pollution also increases levels of oxidative stress in the body 41,316-318. As such, there have 

been tremendous needs for effective biomarkers of oxidative stress in both clinical 

assessments of disease status and pathophysiological research. Malondialdehyde (MDA) 

is a product of lipid peroxidation and has been used as a biomarker of oxidative stress 

204,205. MDA has been widely used in clinical research and environmental epidemiological 

studies, especially in the evaluation of oxidative stress as a response to air pollution 

exposure. The main endogenous production of MDA arises from the oxidation of 

polyunsaturated fatty acids with more than two methylene-interrupted double bonds 

206,207. Besides the unconjugated form (free MDA), MDA can also exist in conjugated 

forms by forming covalent bonds with the -SH and -NH2 groups of proteins and nucleic 

acids 204,220-222. The sum of unconjugated and conjugated MDA is often termed total MDA. 

Previously free MDA has been more commonly used than total MDA as a biomarker of 

oxidative stress 223,224, perhaps due to methodological convenience as total MDA analysis 

requires additional hydrolysis steps. A biological specimen may contain proteins and 



 

127 

 

nucleic acids that can conjugate with free MDA produced via lipid peroxidation 204,205. 

The measurement of total MDA, therefore, involves an acid- or base- hydrolysis at an 

elevated temperature to release conjugated MDA into free MDA. This hydrolysis 

procedure may introduce artifacts through the release of additional MDA molecules 

from compounds other than MDA-conjugates 204.  

Because proteins and nucleic acids can scavenge free MDA, measuring free MDA 

may not accurately reflect the total amount of MDA generated from lipid peroxidation. 

On the other hand, dietary intake can contribute to conjugated MDA 204,319. Therefore, it 

is not clear which of the two forms (free MDA and total MDA) is a better biomarker of 

oxidative stress induced by lipid peroxidation. The first step towards answering this 

question is to understand the relationship between free and total MDA in biological 

specimens. To our knowledge, no studies have measured both free and total MDA 

within the same study to allow for a systematic evaluation.  

Once produced, MDA can diffuse from its source of production into multiple 

biological media such as exhaled breath condensate (EBC) 134,213, nasal fluid, saliva 214,215, 

blood 216,217 and urine 218. EBC consists of particles or droplets aerosolized from the 

airway lining fluid 320 and can be collected non-invasively using a condensation device. 

MDA in EBC has been used as a biomarker of pulmonary oxidative stress, particularly 

as a response to air pollution exposure or the presence of respiratory diseases 134,213. For 

the evaluation of oxidative stress in the upper airway, nasal fluid can be collected using 

nasal lavage or an absorptive sampler 321. In saliva, the concentration of MDA has been 



 

128 

 

used as an indicator of oral and systemic oxidative stress 214,215. On the other hand, MDA 

in blood (plasma or serum) and urine samples has been used as a biomarker of systemic 

oxidative stress 216,218,322. Hence, in the present study, we have examined the relationship 

between free MDA and total MDA in five types of commonly used human biospecimens 

including EBC, nasal fluid, saliva, serum, and urine samples. The results from the 

present study are expected to help with future researchers that plan to use MDA as a 

biomarker of oxidative stress. 

4.2 Materials and Methods 

We took advantage of banked biological samples collected in four studies. All 

studies had their protocols approved by an institutional review board (IRB), and all 

study participants provided informed consent. We received biological samples that had 

been de-identified and were stored in well-sealed containers at low temperature (-80◦C 

to -20◦C) before MDA analysis in our laboratory. However, the present study had no 

access to any individual-level subject information and detailed protocols of the original 

study.  

4.2.1 Human Biospecimens  

In the present study, we used banked biological samples collected in five studies 

(Table 1). All studies have had their protocol reviewed by the Ethics Committee at the 

institution of the study investigators. Informed consent was obtained from all study 

participants. Biological samples had been de-identified and were stored in well-sealed 

containers at low temperature (-80◦C to -20◦C) prior to MDA analysis in our laboratory.  
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4.2.1.1 Exhaled Breath Condensate (EBC) 

We obtained 40 EBC samples from 12 nonsmoking adults aged 45 to 88 years old 

living in London, UK 157. None of them were current smokers. These study participants 

had either ischemic heart disease (IHD), chronic obstructive pulmonary disease (COPD), 

or free from chronic diseases. The EBC samples were collected between December 2012 

and June 2014 using a Jaeger EcoScreen condensing device (Jaeger, Wurzburg, 

Germany). After collection, gaseous helium bubbled through the EBC for 10min to 

replace dissolved oxygen. The aliquots of EBC samples were stored in a −80 °C freezer 

and then a −20 °C freezer until analysis in September 2015. 

4.2.1.2 Nasal Fluid  

We obtained 158 nasal fluid samples from 43 children (5-13 years old) with stable 

asthma. Each nasal fluid sample was collected using a mixed cellulose ester (MSE) 

sampling strip (HAWG047S6, Millipore Sigma, USA) in the size of 5 mm (width) × 40 

mm (length). The sampling strip was inserted approximately 10mm into the nostril. 

After insertion, the study participants pinched their nose with their thumb and index 

finger for 2 minutes. Both left and right nostrils were sampled simultaneously. After 

collection, nasal fluid strips were added with 300ul of deionized water, vortexed for 2 

minutes, and centrifuged for 2 minutes at 6600rpm (BSC1006-B, Benchmark Research 

Products, USA). The supernatant was aliquoted and stored at -20◦C, until analysis 

within two months after collection.  
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4.2.1.3 Saliva  

We obtained 158 saliva samples from 43 children (5-13 years old) with stable 

asthma. Saliva samples were collected using the passive drooling technique. Within 

30min before saliva collection, participants were asked to refrain from eating and 

drinking. Immediately before saliva collection, participants were asked to rinse their 

mouth with distilled water. Saliva samples were stored at a −20 °C for two months 

before being transferred to a −70 °C freezer. Before sample analysis, saliva samples were 

thawed and centrifuged at 6600 rpm (BSC1006-B, Benchmark Research Products, USA) 

for 2 minutes. The supernatant was used for MDA measurements, which was conducted 

within four months after saliva collection. 

4.2.1.4 Serum  

We obtained 232 serum samples from 232 Hispanic adults living in California as 

part of the Asthma Bio-Repository of Integrative Genetic study 323. The study 

participants consisted of 117 individuals with asthma and 115 individuals without 

asthma. Their age range was between 23 to 31 years.  

4.2.1.5 Urine 

We analyzed 429 banked urine samples from three studies. All study participants 

that provided the urine samples were not current smokers. The first study had 50 urine 

samples collected from 27 healthy adults (aged 22 to 27 years old) living in Beijing, 

China 137. The second study provided 114 urine samples collected from 30 adults (aged 

45 to 88 years old) living in London, UK, who had IHD, COPD, or free from chronic 
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diseases 157. The third study provided 265 urine samples collected from 85 adults with 

COPD (aged 46 to 90 years old) living in Eastern Massachusetts, USA 324.  

4.2.2 Analysis of Malondialdehyde (MDA) 

We used a fluorescence-generating agent, thiobarbituric acid (TBA), to derivatize 

MDA; and then analyzed the MDA-TBA adduct using an HPLC- fluorescence technique 

described previously (11). Compared to the conventional colorimetric analysis method 

for MDA-TBA adduct detection, the use of HPLC separation of MDA-TBA adduct in the 

present study minimized interference from TBA-reactive substances (TBARS) and 

achieves improved specificity and accuracy of MDA analysis 325.  

For free MDA analysis, we started with TBA derivatization by mixing a 150µl 

sample aliquot with 750µl phosphoric acid (440mM) and 250µl TBA solution (42mM). 

The mixture was then incubated at 80 °C for one hour to allow for the formation of 

MDA-TBA2. This TBA derivatization process was identical for free MDA and total MDA, 

while total MDA measurement used an extra step of alkaline hydrolysis before TBA 

derivatization. The alkaline hydrolysis procedure for the serum and urine samples 

involved incubating a 20µl sample aliquot with 65µl 1N NaOH at 60 °C for 30min, 

followed by mixing it with 65µl 1N HCl. The hydrolysis procedure for the EBC samples, 

however, was slightly different as follows. A 120µl EBC aliquot was incubated with 15µl 

5N NaOH at 60 °C for 30min, followed by adding 15µl 5N HCl. After TBA 

derivatization, 20µl of the resultant mixture was injected into the HPLC system where 

MDA-TBA2 adduct was isolated using a Nova-Pak C18 column (Waters, USA). The 
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mobile phase of the HPLC system consisted of 40% (v/v) methanol and 60% (v/v) 50 mM 

KH2PO4 solution, its pH was adjusted to 6.8, and then the solution was filtered using a 

0.22µm nylon membrane (Catalog # 58522-N47, Microsolv Tech, USA). The flow rate of 

mobile phase was set at 0.8ml/min. The MDA-TBA2 adduct was quantified using a 

fluorescence detector with excitation wavelength at 532nm and emission wavelength at 

553nm. The method detection limit, extraction recovery, and analytical precision 

(measured as relative standard deviation from eight replicate injections) were 1.8 nM, 

75.9%, and 2.2%, respectively. 

4.2.3 Statistical Analyses 

When multiple samples were collected from the same study participant, the 

average concentrations were calculated to represent the participant. The ratio of free 

MDA to total MDA was calculated to assess the fraction of MDA that existed in the 

unconjugated form. Due to the right-skewed distribution of the free MDA 

concentrations, total MDA concentrations, and the ratio of free MDA to total MDA, we 

performed natural-log transformation before subsequent statistical analyses. Data after 

natural-log transformation demonstrated improved normality, indicated by histogram 

and the P value of Shapiro-Wilk normality test. Simple linear regression analysis was 

used to evaluate the relationship between free MDA and total MDA. For the comparison 

of MDA concentration, T-test was used to compare means between two groups. One-

way analysis of variance (ANOVA) was used to compare the natural log of the ratio of 

free MDA to total MDA across various types of biospecimens in combination with 
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Tukey's test for post-hoc pairwise comparisons. All statistical analyses were conducted 

using the R (Version 3.4.0) 279. 

4.3 Results 

We reported summary statistics of free MDA, total MDA, and the relationship 

between free MDA and total MDA in various types of biospecimens in Table 28. The 

median of the ratio of free MDA to total MDA was 48.1% in EBC, 17.4% in serum, 9.8% 

in urine samples, 5.1% in nasal fluid, and 3.0% in saliva. According to one-way ANOVA 

and post-hoc pairwise comparison by Tukey’s test, the ratio of free MDA to total MDA 

in EBC > serum > urine > nasal fluid > saliva (P<0.001) (Figure 21). The coefficient of 

determination (R2) of linear regression between the natural log of free MDA and the 

natural log of total MDA was 0.61 in EBC, 0.47 in nasal fluid, 0.06 in saliva, 0.22 in serum, 

and 0.59 in urine samples (Table 28 & Figure 22). The R2 values were similar for the 

urines samples collected by two studies (R2=0.73 and 0.69, respectively), but was lower 

in the third study (R2=0.46) (Figure 23).  
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Table 28: Free malondialdehyde (MDA), total MDA and the relationship between free 
MDA and total MDA in human biospecimens 

Human 
Biospecimens Nsam a N b Unit Free MDA d Total MDA d 

The ratio 
of Free 
MDA to 
Total 
MDA (%) d 

R2 e 

Exhaled Breath Condensate      

Adults in UK 157c 40 12 nM 
15.2 

(12.0, 15.5) 
30.8 

(22.9, 36.5) 
48.1 

(38.6, 54.6) 0.61 

Nasal Fluid        

Children in China c 158 43 nM 44.1 
(33.7, 59.0) 

903.6 
(584.6, 1462.0) 

5.1 
(3.9, 6.3) 0.47 

Saliva        

Children in China c 158 43 nM 84.1 
(70.9, 107.3) 

2635.0 
(1769.0, 6995.0) 

3.0 
(1.6, 4.0) 0.06 

Serum        

Adults in the US 323 232 232 µM 1529.0 
(1115.0, 2395.0) 

9531.0 
(7918.0, 1112.0) 

17.4 
(12.7, 25.0) 0.22 

Urine        

Adults in China 137c 50 27 µM 0.7 
(0.5, 1.0) 

3.8 
(2.8, 4.7) 

18.9 
(16.0, 24.3) 0.73 

Adults in UK 157c 114 30 µM 0.6 
(0.4, 0.7) 

5.3 
(3.8, 7.6) 

10.3 
(8.9, 12.8) 0.69 

Adults in the US 324c 265 85 µM 1.1 
(0.8, 1.5) 

13.4 
(9.3, 19.3) 

8.5 
(6.6, 10.0) 0.46 

Pooled 429 142 µM 
0.9 

(0.6, 1.3) 
9.1 

(4.6, 14.7) 
9.8 

(7.7, 13.7) 0.59 

 

a Nsam indicates the number of biological samples. 
b N indicates the number of subjects that provided the biological samples. 
c When multiple samples were from an individual, the average concentration for free 
MDA and the average concentration of total MDA were used for the person in subsequent 
statistical analyses; those averages were used in the identification of the median, Q1, and 
Q3 of free MDA, total MDA, and the ratio of free MDA to total MDA. 
d Data are presented in the format of median (Q1, Q3).  
e Due to the non-normal (right-skewed) distribution of free MDA and total MDA 
concentrations, we took the natural-log transformation of the free and total MDA before 
using simple linear regression to calculate R2. 
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Figure 21: The percentage of free malondialdehyde (MDA) in total MDA in 
human exhaled breath condensate (EBC), serum, urine, nasal fluid and saliva 
samples 
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Figure 22: Scatterplots and simple linear regressions (blue lines) of total 
malondialdehyde (MDA) against free MDA in human biospecimens 

When multiple samples were from an individual, the average concentration 
was used for the person in all analyses. Concentrations were natural-log 
transformed. The gray zones represent the 95% confidence intervals for the 
blue lines.  
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Figure 23: Scatterplots and simple linear regressions (blue lines) of total MDA against 
free MDA in urine samples from three studies 

When multiple samples were from an individual, the average concentration was 
calculated for the person. Concentrations were natural-log transformed for all analyses. 
The blue lines indicated the line of simple linear regression. The gray zone indicated the 
95% confidence interval. 
Definition of Abbreviations: COPD=chronic obstructive pulmonary disease; EBC=exhaled 
breath condensate; IHD=ischemic heart disease; MDA=malondialdehyde. 
 

4.4 Discussion 

Both free MDA and total MDA have been used as a biomarker of oxidative stress 

213,216,218,326,327. In this study, we used hydrolysis to release conjugated MDA to measure 

total MDA in addition to the assessment of free MDA in the biological specimen 

collected. All sample analysis was performed following the same protocol to facilitate 

comparability. Although the conventional spectrophotometric assay was a commonly 

used method of MDA quantification, we did not use it in our study. The conventional 

spectrophotometric assay evaluates the absorbance or fluoresces of the MDA-TBA 

adduct directly without any specific separation steps. Thus it cannot discern the MDA-

TBA adduct from TBA adducts with other TBA-reactive substances that exhibit 

absorbance or fluoresces at the same wavelengths as MDA-TBA. This can introduce 
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additional “false positive” reading for MDA quantification 204,328. In contrast to this 

method, we used HPLC before fluorescence quantification to separate MDA-TBA from 

TBA adducts with other TBA-reactive compounds, to achieve a higher specificity for 

MDA assessment. 

EBC is highly dilute and has a low-protein aqueous matrix. The protein and 

protein adducts in airway epithelial lining fluid have relatively large molecular weight. 

Thus it is relatively difficult for them to be collected as a constituent of EBC 320,329. In the 

present study, we observed a high fraction of unconjugated MDA in total MDA (i.e., free 

MDA to total MDA ratio) in EBC (median = 48.1%), which was the highest among all 

biological samples examined in this study. The concentrations of free MDA and total 

MDA in EBC were significantly correlated with each other, and the relationship between 

ln(free MDA) and ln(total MDA) had an R2 = 0.61. These findings are consistent with 

existing studies, which reported a low level of MDA-reactive substances (such as protein) 

in EBC 204,205,220,320. This lack of MDA-reactive substances limited the formation of MDA 

adducts and thus may contribute to the high percentage of free MDA in total MDA, as 

well as the linear relationship between free MDA and total MDA in EBC samples 

examined in this study. Overall, our findings suggest that using either free MDA or total 

MDA in EBC may not make a difference in reflecting oxidative stress levels, given the 

high correlations between the two forms of MDA. 

Previous studies have collected nasal secretions to gain insight into nasal 

pathophysiology, mainly the evaluation of mucosal inflammation by the measurement 
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of cytokines and inflammatory mediators 321 ,330. To our knowledge, there have been no 

published studies that investigated the level of free MDA or total MDA in nasal fluids. 

In our study, we observed that the percentage of total MDA that existed as free MDA in 

nasal fluid samples was relatively low (median = 5.1%). The R2 of the linear regression 

between ln(free MDA) and ln(total MDA) was 0.47, indicating they were not linearly 

correlated. Previous studies have detected a considerable variety of proteins in nasal 

fluid, including mucus glycoproteins, interleukin (IL)-1β, IL-8, tumor necrosis factor-α, 

eosinophil cationic protein, and tryptase 321,330,331. As MDA can form adducts with 

proteins 204, it is understandable that most of the MDA in nasal fluid samples examined 

in this study existed in a conjugated form. The varying level of nasal mucosal 

inflammation caused by stimulation from bacteria, virus, allergen and other irritants in 

inhaled air may result in varying concentrations of proteins in nasal fluid samples 321,330, 

thus contributing to the non-linear relationship between free MDA and total MDA in 

nasal fluid. Due to the low correlations between free and total MDA in nasal fluid, 

whether free MDA or total MDA better reflects oxidative stress levels needs to be 

evaluated in future studies. 

Despite the traditional perception of saliva as a digestive fluid where its 

endogenous enzymes help break down lipids and starch, studies in recent years have 

found that biomarkers in saliva can reflect oral and systemic health conditions 332,333. 

Previous studies have measured MDA in saliva as indicators of oxidative stress in 

individuals with oral diseases (such as chronic periodontitis) and metabolic diseases 
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(such as diabetes) 214,215. In our study, the saliva samples demonstrated the lowest ratio of 

free MDA to total MDA in all five types of biospecimens examined. The R2 between 

ln(free MDA) and ln(total MDA) was very low (0.06). This is consistent with the complex 

composition of saliva. Previous studies reported that saliva contains glycoproteins that 

protect oral health, including the salivary mucins and proline-rich glycoproteins that 

facilitate remineralization and resist demineralization 334. Inflammatory cytokines have 

also been detected in saliva, including IL-1β, IL-6, IL-8 and tumor necrosis factor 333. The 

presence of these proteins facilitates the formation of MDA adducts, thus resulting in the 

high proportion of conjugated form of MDA in salivary MDA. Variation in the 

concentration of these proteins may have contributed to low correlations between free 

MDA and total MDA in saliva. In addition, although the study participants rinsed their 

mouth with deionized water before saliva collection, it is possible that there might be 

some food residues in saliva. Most MDA in food is in the conjugated form 204, this might 

be another factor that contributes to the high proportion of conjugated form of MDA in 

saliva as observed in our study. As free and total MDA exhibited low correlations in 

saliva, which one better reflects the levels of oxidative stress remains to be evaluated in 

future studies. 

In serum samples examined in this study, the percentage of total MDA that 

existed as free MDA was relatively low (17.4%, see Table 28 and Figure 21). This is 

consistent with the observation by other researchers that free MDA can react extensively 

with serum albumin in cell culture medium 335. Previous studies in healthy individuals 
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also reported that the binding of MDA with -NH2 group of proteins accounted for 83.2% 

of total MDA in serum, and 83.5% to 92% of total MDA in plasma, respectively 336,337. A 

study by De Vecchi et al. (2009) compared end-stage renal disease patients to healthy 

individuals and found that plasma level of total MDA and bound MDA can be affected 

by both renal clearance and albumin concentrations 338. In this study, the relatively low 

R2 value (R2 = 0.22) between serum free MDA and total MDA may be the result of inter-

person differences in serum albumin concentration and renal clearance of MDA 338. As 

the correlations between free and total MDA were low in the serum samples examined 

in this study, whether free or total MDA in serum better reflects systemic oxidative 

stress levels needs to be evaluated in future studies. 

The sources of urinary MDA included dietary consumption of food that 

contained MDA adducts with proteins and endogenous production of MDA from lipid 

peroxidation and prostaglandin metabolism 203,206,339. In the present study, the percentage 

of total MDA that existed as free MDA was the lowest in urine compared to EBC and 

serum (P<0.001). This was consistent with the finding of previous studies where free 

MDA typically constituted only a small proportion of urinary MDA. The majority of 

urinary MDA exists in the form of adducts with lysine, N-acetylated derivatives of 

lysine, phospholipid bases (serine and ethanolamine) and the nucleic acid bases 

(guanine and deoxyguanosine) 204,212,319. Though dietary intake contributes to a significant 

portion of urinary MDA, increases in total MDA and free MDA in urine have been 

associated with an increase in oxidative stress in vivo 212.  
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Despite the relatively low proportion of free MDA in urinary MDA, the 

concentration of urinary was significantly correlated with urinary total MDA in all three 

studies examined. In most urine samples examined in this study, the relationship 

between the natural-log of free MDA and the natural log of total MDA was moderately 

linear. This might be due to the relatively consistent concentration of amino acids and 

nucleic acids that are typically present in urine samples. Among individuals with 

uncompromised glomerular filtration and renal tubule function, more than 99% of 

amino acid and nucleic acids are reabsorbed in the proximal tubule, leaving only ~1% in 

the final urine 340. This consistent amount of amino acid and nucleic acids excreted into 

the final urine might contribute to the relatively consistent percentage of bound MDA in 

total MDA, thereby resulting in the moderately linear relationship between the natural 

log of free MDA and the natural log of total MDA. The correlation between free and 

total MDA was observed to be high (R2=0.73) in urine samples from healthy study 

participants in China but much lower among the COPD patients in the US (R2=0.46). It 

was beyond the scope of the current study to disentangle the effect of locality and 

disease status on the correlation between free and total MDA in urine samples. Further 

studies would be required to address whether the correlation between free and total 

MDA in urine varies by disease status. 

It is worth noting that dissolved oxygen in biospecimens can contribute to 

additional oxidative stress, which may result in additional production of MDA 341. In this 

study, gaseous helium was bubbled through the EBC immediately after collection to 
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deplete dissolved oxygen. However, none of the rest of the biospecimens examined in 

this study involved procedures to limit dissolved oxygen. Future studies need to 

examine the application of similar procedures in these biospecimens and evaluate 

whether they improve the stability of MDA in stored samples. 

Our study had certain limitations. First, the present study is descriptive in 

nature. We utilized existing banked biospecimens originally collected in several studies 

with distinct aims. This limits our ability to examine the relationships between free and 

total MDA in a more mechanistic fashion. Second, these “convenient” samples used in 

the present study do not necessarily represent the general population where the study 

subjects came from. Third, we did not compare the performance of free and total MDA 

with a “gold standard” biomarker for oxidative stress. However, the knowledge of the 

relationship between free and total MDA in different biological media can serve as the 

first step towards a better understanding of selecting free MDA or total MDA as an 

indicator of oxidative stress. Fourth, for the consideration of free and total MDA as a 

biomarker of lipid peroxidation, it is also important to keep in mind that unbound MDA 

is a toxic molecule that possesses mutagenic and atherogenic potential due to its ability 

to form adducts with nucleic acids and proteins 206,207,319. Hence, the levels of free MDA 

and total MDA in a biological specimen and its role in downstream toxicological 

pathways should be taken into consideration in future studies on this topic.  
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4.5 Conclusion 

For exhaled breath condensate and urine samples, using either free MDA or total 

MDA as a biomarker for oxidative stress may not make a difference given high 

correlations between the two forms of MDA. Given the observed low correlation 

between free and total MDA in the nasal fluid, saliva, and serum, further studies are 

required to elucidate whether the free or total MDA in these specimens best represent 

oxidative stress. 
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Chapter 5. Association between the Childhood Asthma 
Control Test (C-ACT) and Indicators of Lung 
Pathophysiology in Longitudinal Measurements  

5.1 Introduction 

Asthma is a chronic inflammatory disease characterized by airway 

hypersensitivity and airway remodeling 72,228. Due to the complex interactions between 

endogenous and environmental factors, asthmatic individuals display a highly variable 

pattern of airflow limitation and airway inflammation 72,228,342,343. This dynamic nature of 

asthma adds complexity and importance to the correct evaluation of disease control 225. 

Given asthma is a heterogeneous disease, existing clinical evidence is not clear on what 

types of medications are most effective for each subtype of asthma 72,228,230. The Global 

Initiative for Asthma (GINA) recommended periodical assessment of disease control, 

based on which medication use can be adjusted and evaluated, until the optimum 

treatment strategy is identified for each patient 228. Hence, the assessment of asthma 

control constructs an important feedback loop for effective disease management 225. In 

the case of suspected asthma aggravation, the correct evaluation of the disease condition 

is also crucial for the early discovery of clinically relevant changes, so that asthma relief 

treatment can be delivered timely. 

Several tools are available for asthma control assessment, including subjective 

evaluations by validated questionnaires and objective measurements of lung 

pathophysiology 225,231. The Childhood Asthma Control Test (C-ACT) is a simple, easily 

implemented questionnaire for evaluating disease control in children 4 to 11 years of age 
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232. It includes seven questions that involve collective inputs from both asthmatic 

children and their caregivers 234. The C-ACT score is calculated by summing the score of 

all seven questions, with 27 as the full score 234. A higher C-ACT score indicates better 

asthma control, a score of 19 indicate inadequately controlled asthma  234, and a score of 

12 indicates very poorly controlled asthma 232. Clinically, a change of two points in C-

ACT score is considered as the minimal important difference 344. 

In the meantime, lung pathophysiology can also be evaluated using objective 

measurements for lung function and respiratory inflammation 225. In clinical settings, 

airflow limitations can be assessed by spirometry indicators including FEV1 and FEF25-75 

225,345. Self-administrated peak expiratory flow measurements can also be conducted at 

home to gain insight into the variability of airflow limitations 225,346. In addition, 

respiratory inflammation can be quantified via non-invasive measurements of fractional 

exhaled nitric oxide (FeNO) 290. 

Few studies have validated whether a subjective evaluation of asthma control by 

the C-ACT can reflect changes in lung pathophysiology 232,234. Existing studies of the C-

ACT were mainly conducted to identify cut points for categorizing different degrees of 

asthma control 232,234,347. Using a cross-sectional study design, they also found weak or no 

correlations between the C-ACT and functional measurements including FEV1, PEF and 

FeNO 234,348,349. However, as these analyses were performed using one “snapshot” of 

cross-sectional measurements, their findings cannot address whether changes in C-ACT 

score can reflect changes in lung pathophysiological indicators in longitudinal 
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measurements 232,234,347. Existing evidence on asthma control assessment also suggests 

that there is value in examining relative changes of health indicators within the same 

individual, in addition to the comparison of the absolute value with established cut 

points 350-352. Therefore, it is meaningful to examine the association between C-ACT 

scores and lung pathophysiology indicators using within-participant measurements. 

Impulse oscillometry quantifies respiratory resistance and reactance, which 

enables the examination of small airway mechanics 116. Airway mechanics measurements 

by impulse oscillometry have also been demonstrated to be sensitive indicators for early 

changes in lung function, particularly at the small airways, as shown in Chapter 2 and 3 

as well as in previous publications 117 119. Compared to spirometry, it has a wider age 

range for the evaluation of children due to its easily compliant measurements that do 

not involve forced exhalation 117,118. To my knowledge, no studies have investigated 

whether changes in the C-ACT score is reflective of fluctuations in small airway 

mechanics measured by impulse oscillometry. 

In our study, we utilized longitudinal measurements conducted in 37 children 

with stable asthma to examine whether changes in the subjective evaluation of asthma 

control by the C-ACT are associated with changes in objective indicators of lung 

pathophysiology. Each participant underwent four clinical visits that were scheduled bi-

weekly over six weeks. The C-ACT and evaluations of lung function and airway 

inflammation were performed at each clinical visit. Participants also measured PEF daily 

at home using a handheld meter. We used linear mixed-effects models to facilitate the 
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examination of this relationship using within-participant measurements. The findings 

are expected to inform future researchers on the value of using the C-ACT in relation to 

other tools for asthma control assessment.  

5.2 Methods 

5.2.1 Participants Recruitment 

We utilized longitudinal health measurements of 37 Chinese asthmatic children 

that were collected at four clinical visits that occurred bi-weekly. The participants were 

originally recruited for a randomized, double-blind, crossover trial (NCT03282864) to 

assess the health impact of indoor air filtration, as previously described in Aim 2 

(Chapter 3) of this dissertation. Briefly, children with physician-ascertained asthma were 

recruited from individuals that attended the outpatient clinic of Shanghai First People’s 

hospital in Songjiang District, Shanghai. All participants had at least one asthma flare-up 

during the past 12 months and did not have chronic diseases other than asthma. As 

childhood asthma control test is validated for its use in children aged 4 to 11 years old 

234, the C-ACT was evaluated in a subset of participants that fall into this age range 

(N=37).  The baseline characteristics of these 37 participants are listed in Table 29. Their 

age was 7.1 ± 1.6 (mean ± standard deviation) and ranged from 5 to 10. Forty-three 

percent of participants (N=16) were female. All participants had mild or moderate 

asthma.  

https://clinicaltrials.gov/ct2/show/NCT03282864
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5.2.2 Health Measurements 

The details of health measurements were described in Aim 2 (Chapter 3) of this 

dissertation. Briefly, 37 participants attended four clinical visits that were scheduled bi-

weekly over six weeks. During each clinical visit, participants and one of their caregivers 

filled out the C-ACT. The C-ACT includes four questions answered by the child on 

asthma control, limitation of physical activities, coughing and waking up at night 233. It 

also includes three questions filled out by the caregiver on daytime symptoms, daytime 

wheezing, and waking up at night 233. Participants were also evaluated for lung function 

by spirometry and impulse oscillometry, and respiratory inflammation by fractional 

exhaled nitric oxide (FeNO). In addition, within two weeks before each clinical visit, 

participants measured peak expiratory flow (PEF) at 7 am and 9 pm daily at home using 

a handheld device.  

5.2.3 Statistical Analysis 

We used linear mixed-effects models to examine the relationship between C-ACT 

scores and objective measurements of lung pathophysiology using longitudinal 

measurements from the same participant (Equation 1). The raw values (instead of percent 

predicted values) of lung function measurements by spirometry and impulse 

oscillometry were used in this analysis. For PEF measurements within two weeks 

between each clinical visit, the coefficient of variation (CV) was calculated to 

characterize variability. As a change of two points in the C-ACT score is considered as 

the minimal clinically important difference 344, we reported the change in biomarkers 
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associated with a two-point decrease in C-ACT score, by multiplying β1 in Equation 1 

with -2. Percentage change in biomarkers was calculated using Equation 2, where the 

absolute change was divided by the mean of this biomarker ( ), and multiplied by 100%. 

Statistical analyses were performed using the lme4 and lmeTest packages of the R 

software (version 3.4.0, R Development Core Team) 277-279.  

Equation 14 

𝑌𝑌𝑖𝑖𝑠𝑠  = 𝛽𝛽0 + 𝛽𝛽1𝐼𝐼𝐿𝐿𝐼𝐼𝑇𝑇𝑖𝑖𝑠𝑠 + 𝑊𝑊𝑖𝑖 +  Ɛ  
 

Equation 15 

Percentage change per two-point decrease in C-ACT score 

=  
 𝛽𝛽1

𝑦𝑦𝑦
 × (−2) × 100% 

 
_______________________________________________________________________ 
𝑖𝑖 = the ith participant (𝑖𝑖 = 1, 2, …, 37) 

𝑠𝑠 = the mth clinical visit (𝑖𝑖 = 1, 2, 3, 4) 

𝑌𝑌𝑖𝑖𝑠𝑠= health indicators measured at the mth clinical visit for the ith participant, or the coefficient of 

variation calculated for PEF measurements taken within two weeks before the mth clinical visit 

𝐼𝐼𝐿𝐿𝐼𝐼𝑇𝑇𝑖𝑖𝑠𝑠 = asthma symptom evaluated by childhood asthma control test (C-ACT) at the mth 

clinical visit for the ith participant 

𝑦𝑦� = the mean of all measurements of biomarker y conducted in all participants 

𝑊𝑊𝑖𝑖= individual-specific random intercept 

Ɛ = residual 
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5.2.3.1 Sensitivity Analysis 

For lung function indicators measured by spirometry and impulse oscillometry, 

we compared the results of analyses using the raw values versus using the percent 

predicted values. In addition, we compared the results of analyses performed in all 

participants (N=37) versus in participants who did not have asthma flare-up during the 

study (N=31). 

5.3 Results  

5.3.1 C-ACT score 

Seventy percent of participants undertook C-ACT at all four clinical visits. The 

rest of the participants provided C-ACT measurements during two or three of the 

clinical visits. Overall 133 person-visits of C-ACT were collected. On average, each 

participant provided 3.5 C-ACT assessments. The summary statistics of the C-ACT 

scores were calculated in Table 29. The average score was 24.6, with a range of 16 to 27. 

To visualize intra-participant variability, C-ACT scores at four clinical visits were 

plotted for each participant in Figure 24. Fluctuations in the C-ACT score within each 

person enable the examination of their association with fluctuations in lung 

pathophysiology indicators. 
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                   Table 29: Summary statistics for the 37 participants 

 37 

Sample Size 16 (43.2%) 
Age (year) 7.1 ± 1.6 (5, 10) 

Height (cm) 129 ± 10 

Weight (kg) 29.3 ± 9.3 
Mother: ≥ College (#, %) a 32 (86%) 

C-ACT Score b 24.6 ± 2.4 (16, 27) 

Atopic  

  Yes 29 (78%) 

Spirometry b  
   FEV1 (L) 1.59 ± 0.41 (0.88, 3.33) 

   FEV1 (Pred %) 101.67 ± 15.99 (61.97, 143.00) 

   FVC (L) 1.90 ± 0.47 (1.10, 3.70) 
   FVC (Pred %) 103.06 ± 12.41 (70.12, 140.28) 

   FEV1/FVC (%) 83.94 ± 7.71 (62.61, 97.60) 

Respiratory Inflammation b 

  FeNO (ppb)  19.2 ± 13.6 (5, 68) 
 

Data is listed in the format of mean ± SD (range), or number (percentage, %). 
Definition of abbreviations: C-ACT= Childhood Asthma Control Test; FEV1 = 
forced expiratory volume during the 1st second; FVC = forced vital capacity; 
FeNO = fractional exhaled nitric oxide. 
a The highest level of education attained by the mother of the study 
participant 
B The summary statistics of the C-ACT score, spirometry indicators and FeNO 
were calculated from all measurements performed during the study. 
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Figure 24: Childhood asthma control test (C-ACT) scores at four clinical visits 
in 37 participants 

Each cell represents C-ACT scores from a participant, marked by his/her id 
number on top of the cell. V1, V2, V3, and V4 indicate the 1st, 2nd, 3rd and 4th clinical 
visit. Each clinical visit was scheduled two weeks after the previous one. 
Seventy percent of participants attended all four clinical visits. On average, each 
participant provided 3.5 C-ACT assessments. 
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5.3.2 Association with Respiratory Inflammation  

When analyzing FeNO measurements and C-ACT scores conducted 

simultaneously within the same participant, changes in C-ACT score was not 

significantly associated with changes in FeNO (P=0.14) (Figure 25 and Table 30). 

5.3.3 Association with Spirometry Measurements 

For lung function indicators measured by spirometry, a two-point decrease in C-

ACT score was significantly associated with a 1.7% [95% CI: 0.1%, 3.3%] decrease in 

FEV1 and a 1.6% [0.5%, 2.8%] decrease in FVC (Figure 25 and Table 30). However, 

changes in C-ACT score were not significantly associated with other spirometry 

indicators, including FEV1/FVC, FEF25-75, and FEF50.  

5.3.4 Association with Impulse Oscillometry Measurements 

For airway mechanics indicators measured by impulse oscillometry, a two-point 

decrease in C-ACT score was significantly associated with a 3.8% [0.0%, 7.6%] increase 

in airway resistance at 5 Hz (R5) (Figure 25 and Table 30). In contrast, the C-ACT score 

was not significantly associated with indicators of small airway mechanics, including R5-

R20, X5, and Fres. 
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Figure 25: Changes in respiratory inflammation and lung function 
indicators associated with a two-point decrease in childhood asthma 
control test (C-ACT) score 

Error bars indicate 95% confidence intervals. 
Definition of abbreviations: FeNO=fractional exhaled nitric oxide; 
FEV1=forced expiratory volume during the 1st second; FVC=forced vital 
capacity; FEF25-75= the average forced expiratory flow during 25% to 75% of 
FVC; FEF50= forced expiratory flow at 50% of FVC; Z5=airway impedance 
measured at 5Hz; R5=airway resistance measured at 5Hz; R20= airway 
resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency.  
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Table 30: Changes in health indicators associated with a two-point decrease in 
childhood asthma control test (C-ACT) score 

Health 
Endpoints Unit 

Absolute Change  Percentage Change (%) b 
p c 

β a 95% CI β 
/Mean 95% CI 

FeNO ppb -1.05 (0.33, -2.42) -5.46 (1.70, -12.61) 0.14 
FEV1 ml -26.95 (-1.65, -52.25) -1.69 (-0.10, -3.29) 0.04 
FVC ml -30.94 (-8.67, -53.20) -1.63 (-0.46, -2.80) 0.01 
FEV1 /FVC % -0.17 (0.62, -0.96) -0.20 (0.74, -1.14) 0.68 
FEF25-75 ml/s -21.17 (30.27, -72.61) -1.31 (1.87, -4.49) 0.42 
FEF50 ml/s -15.26 (41.50, -72.03) -0.81 (2.2, -3.81) 0.60 
Z5 cmH2O/(L/s) 0.13 (0.42, -0.16) 1.39 (4.54, -1.75) 0.39 
R5 cmH2O/(L/s) 0.33 (0.66, 0.00) 3.81 (7.64, 0.00) 0.05 
R20 cmH2O/(L/s) 0.15 (0.35, -0.04) 2.69 (6.12, -0.75) 0.13 
R5-R20 cmH2O/(L/s) 0.16 (0.42, -0.11) 5.25 (14.1, -3.59) 0.25 
X5 cmH2O/(L/s) -0.04 (0.31, -0.40) 2.01 (-15.26, 19.28) 0.82 
Fres /s -0.43 (0.48, -1.34) -2.29 (2.52, -7.10) 0.35 

Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FVC=forced vital capacity; FEF25-75= the average forced 
expiratory flow during 25% to 75% of FVC; FEF50= forced expiratory flow at 50% of FVC; 
Z5=airway impedance measured at 5Hz; R5=airway resistance measured at 5Hz; R20= 
airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency;  

a This β represents the absolute change of health indicators associated with a two-score 
decrease in the C-ACT, calculated as β1 in Equation 14 multiplied by -2. 

b The percentage difference was calculated using Equation 15, where the absolute change 
of health indicators per two-score increase in C-ACT (β1 in Equation 14 multiplied by -2) 
was divided by the average of this health indicator among all participants, and then 
multiplied by 100%.  

c p value was calculated using the lmeTest package in R. 

 

5.3.5 Association with PEF measurements 

For PEF measurements during the two weeks before C-ACT evaluation, a two-

point decrease in C-ACT score was significantly associated with a 17.3% [95%CI: 6.8%, 
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27.8%] increase in the coefficient of variation (Table 31). In contrast, C-ACT was not 

significantly associated with the average PEF during the previous two weeks (P=0.12). 

Table 31: Changes in peak expiratory flow (PEF) associated with a two-point 
decrease in childhood asthma control test (C-ACT) score 

Peak Expiratory 
Flow 

Absolute Change Percentage Change (%) b 

β a 95% CI β 
/Mean 95% CI p c 

Average (L/min) -3.94 (-8.79, 0.91) -1.67 (-3.74, 0.39) 0.12 
CV (%) 1.23 (0.48, 1.98) 17.29 (6.80, 27.77) 0.002 

a This β represents the absolute change of health indicators associated with a two-
score decrease in the C-ACT, calculated as β1 in Equation 14 multiplied by -2. 

b The percentage difference was calculated using Equation 15, where the absolute 
change of health indicators per two-score decrease in the C-ACT score (β1 in 
Equation 14 multiplied by -2) was divided by the average of this health indicator 
among all participants, and then multiplied by 100%.  

c p value was calculated using the lmeTest package in R. 

 

5.3.6 Examination of Individual Questions 

For selected indicators of lung pathophysiology, we analyzed their association 

with the score for each individual question in the C-ACT. None of the questions 

answered by the caregivers were significantly associated with any among FEV1, FVC, 

FEF25-75, R5, and R20 (Figure 26).  In contrast, three out of the four questions answered by 

the children demonstrated significant or marginally significant associations with FEV1, 

FVC, FEF25-75, R5, and R20 (Figure 26). These three questions include “Q1: How is your 

asthma today?”, “Q2: How much of a problem is your asthma when you run, exercise, 

or play sports?” and “Q3: Do you cough because of your asthma?”. Each question had 
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four options including “very good” (3), “good”(2), “bad”(1), and “very bad”(0). The 

corresponding scores are specified in parenthesis.   

Specifically, for the answer to the question “How is your asthma today?”, a one-

point decrease was significantly associated with significant decreases in FEV1, FVC, and 

FEF25-75 by 16.9% [6.2%, 27.6%], 15.2% [7.4%, 23.0%], and 23.7% [2.3%, 45.2%], 

respectively (Figure 3). It is also associated with a 24.4% [1.4%, 47.4%] increase in the 

coefficient of variation for PEF measurements during the previous two weeks, but not 

with the average PEF (P=0.12). 
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Figure 26: Changes in lung function indicators associated with a one-point 
decrease in childhood asthma control test (C-ACT) score 

Definition of abbreviations: FEV1=forced expiratory volume during the 1st second; 
FVC=forced vital capacity; FEF25-75= the average forced expiratory flow during 
25% to 75% of FVC; R5=airway resistance measured at 5Hz; R20= airway 
resistance measured at 20Hz. Error bars indicate 95% confidence intervals. Q1 to 
Q7 indicate the first question to the seventh question of the childhood asthma 
control test (C-ACT). 
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5.3.7 Sensitivity Analysis 

For lung function measurements by spirometry and impulse oscillometry, the 

results analyzed using raw values (following the original method) and using percent 

predicted values, are highly in agreement with each other (Figure 27). Therefore we 

decided to use the raw values of lung function in statistical analyses performed in this 

study. 

 

Figure 27: Sensitivity analysis for the changes in lung function indicators 
associated with a two-point decrease in C-ACT score using raw values vs 
percent predicted values 
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We also compared the results of analyses performed in all participants (N=37) and in participants who did not have 

asthma flare-up during the study (N=31). The results are generally in agreement with each other (Figure 28). Therefore we 

decided to use data from all participants (N=37) in the statistical analyses performed in this study. 

 

Figure 28: Sensitivity analysis for the changes in health indicators associated with a two-point decrease in C-ACT 
score in all participants vs. those with no asthma flare-up 
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5.4 Discussion 

Childhood asthma control test (C-ACT) is a validated questionnaire for 

subjective assessment of asthma control in children aged 4 to 11 years 234. In this study, 

we used four longitudinal measurements collected from 37 asthmatic children to 

examine whether this subjective evaluation by C-ACT is responsive to changes in the 

objective measurements of lung pathophysiology. The results showed that decreases in 

the C-ACT score were associated with small but significant increases in airflow 

obstruction, respiratory resistance, airflow restriction, and variability for daily 

measurements of airflow limitation. These findings highlight the value of the subjective 

perception of asthma control, as it is capable of reflecting changes in lung 

pathophysiology measurements. On the other hand, the C-ACT score was not 

responsive to changes in respiratory inflammation and small airway mechanics, 

indicating that the use of C-ACT should be complementary to but not a substitute for 

these measurements.  

Nitric oxide (NO) plays an important role in lung pathophysiology as a 

vasodilator, bronchodilator, neurotransmitter, and inflammatory mediator 353.  The 

concentration of NO in exhaled breath (FeNO) has been validated as an indicator of 

airway inflammation 290. Stern et al. (2011) examined 131 atopic asthmatic children daily 

for > 30 weeks and observed that daily measurements of FeNO were strongly associated 

with symptom scores assessed on the same day 354. In contrast, we did not observe 

significant associations between C-ACT score and FeNO in our study. It is possible that 
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in our study, the changes in airway inflammation were subtle and not obvious enough 

to reach the consciousness of the study participants. Hence the changes in FeNO were 

not associated with the changes of C-ACT score. This suggests that FeNO measurements 

may provide complementary information of asthma control assessment that is not 

captured by C-ACT, potentially for pre-clinical changes in airway inflammation. 

Due to the underlying airway inflammation and airway hypersensitivity, asthma 

is characterized by fluctuations in airflow limitations 72,228.The reversible closure of the 

airways due to obstruction can impede the exit of air from alveoli during exhalation, 

thereby resulting in air trapping and reductions in FVC 355,356. In our study, the decreases 

in the C-ACT score were associated with small but significant reductions in both FEV1 

and FVC, while no significant association with FEV1/FVC was observed. This pattern of 

lung function changes is consistent with concomitant airflow obstruction (FEV1) and 

airway restriction (FVC) due to air trapping 355,356. We note that the magnitude of the 

decrease in FEV1 and FVC associated with a two-score decrease in C-ACT  score was 

small (only~1.6%), however their association with individual questions might be larger 

in magnitude, particularly for the questions answered by the children, which were 

around 5% to 10%. Consistent with spirometry findings, impulse oscillometry 

measurements demonstrated that decreases in the C-ACT score were significantly 

associated with increases in the resistance of large airways. In contrast, changes in C-

ACT were not significantly associated with airflow limitation and airway mechanics of 

the small airway (including FEF50, FEF25-75 R5-R20, X5, and Fres). These findings suggest 
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that C-ACT is mainly responsive to airflow obstruction, airflow restriction and 

respiratory resistance in the large airways but not the small airways. The assessment of 

small airways by impulse oscillometry and spirometry indicators provide valuable 

complementary information for asthma control that is not reflected by C-ACT. 

Peak expiratory flow (PEF) is the maximum expiratory flow during a forced 

expiratory maneuver. PEF has been used as an indicator of airflow limitation in asthma 

control assessment 357. Although PEF measurement may have lower accuracy when 

compared to other tools (spirometry and impulse oscillometry) available in clinical 

settings, it can be easily self-administrated at home and thus provide data of higher time 

resolution for daily asthma monitoring 358. Existing studies demonstrated that the 

variability in PEF measurements is reflective of airway pathophysiology and disease 

management 352,359,360. In our study, decreases in the C-ACT score were significantly 

associated with increases in PEF variability. In contrast, decreases in the C-ACT score 

were not significantly associated changes in average PEF. This is consistent with the 

existing studies that reported higher PEF variability reflected worse asthma control 

352,359,360. 

In contrast to the weak correlations between C-ACT and lung function indicators 

observed in cross-sectional studies 234,348,349, our study observed good correlations 

between changes in C-ACT score and airflow limitations in large airways when 

examining longitudinal measurements conducted within the same individual. This is 

consistent with emerging evidence that supports an individualized approach for asthma 
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control assessment, where intra-participant changes of health indicators hold important 

information in addition to the comparison of absolute values with established cut 

points350-352,357. As spirometry is effort-dependent, it is also possible that when people are 

feeling less well about their asthma, this subjective perception make them less motivated 

to blow hard during spirometry evaluation, thus resulting in lower measurement values. 

When examining the association between individual questions of C-ACT and 

measurements of lung function, we noticed that none of the questions filled out by the 

caregivers were associated with any of the lung function indicators, while three out of 

four questions answered by the children demonstrated significant or marginally 

significant associations. The magnitude of association demonstrated by those three 

questions are also larger than when using the total C-ACT score. This suggests that in 

spite of the relatively young age of our participants, their perception of disease control 

provides important information for asthma control assessment. In C-ACT, the caregiver 

is asked to provide information on the child’s asthma symptoms during daytime and 

nighttime 233. It is possible that if the child spends most of the daytime in school, it is 

hard for the caregiver to obtain accurate information of daytime symptoms. As children 

may not share the same bedroom with caregivers and may not report all of their 

experience, the caregiver may also have difficulties in evaluating nighttime symptoms. 

These might be the reasons why the caregiver’ responses were not significantly 

associated with changes in lung function measurements. The findings of our study 

support the importance of input from the pediatric patients themselves in the 
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assessment of asthma control, as those inputs are “backed up by”(reflective of) changes 

in lung pathophysiology indicators. 

Our study has several limitations. First, we analyzed longitudinal measurements 

over a short period of six weeks; thereby the association reported should be interpreted 

as applicable to short-term fluctuations. Individuals with childhood asthma may 

experience transitions between asthma phenotypes resulting from various factors 

including medication use, lung development and airway remodeling 361-363. Future study 

is needed to validate whether the associations observed in this study still hold true in 

measurements that span across a longer period of time. Second, the two-week period 

between clinical visits was shorter than the typical time interval for asthma control 

assessment. For example, GINA recommends periodical clinical evaluations every two 

to three months 228. Thirdly, among 37 participants examined in this study, only five 

participants had asthma flare-up during the study. Therefore the association we report 

might not be representative of the relationship between C-ACT and lung 

pathophysiology during asthma aggravations.  

5.5 Conclusion 

In longitudinal measurements, subjective evaluation of asthma control using the 

childhood asthma control test (C-ACT) is associated with objective measurements of 

lung pathophysiology, including airway obstruction and restriction, respiratory 

resistance, and variation of airflow limitations. However, C-ACT is not responsive to 

changes in respiratory inflammation and small airway mechanics in our study, 
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indicating that its use may be complementary to but not a substitute for these 

measurements. 
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Chapter 6. Conclusions, Implications, and Future 
Research Directions 

6.1 Conclusions 

Research performed in this dissertation demonstrated that the use of indoor air 

purifiers can help reduce cardiorespiratory health risks associated with outdoor PM2.5 

pollution. Both indoor air filtration studies were conducted in the suburban areas of 

Shanghai, during time periods when the levels of outdoor PM2.5 overlapped with 

concentrations measured not only in urban areas of developing countries but also in 

more polluted cities in Western Europe and North America 265-267. The use of air purifier 

in the bedroom of participants is relevant to the real-world scenario where people only 

have indoor air filtration for part of the day when they are home.  

With the combined use of both HEPA and activated carbon filters, significant 

reductions were achieved for the levels of indoor PM2.5 and particle number 

concentration (an indicator for ultrafine particle concentration) 241-243. Analysis of the two 

independent, double-blind, randomized, placebo-controlled, crossover studies shows 

statistically significant changes in indicators of cardiorespiratory physiology in adults 

and respiratory health outcomes in children with asthma, respectively, in response to 

indoor air filtration. In young, healthy adults, a single, sporadic use as short as overnight 

was shown to decrease small airway resistance and reduce the levels of an indicator for 

thrombosis risk. In asthmatic children, a two-week use in the bedroom led to decrement 

in respiratory inflammation, improvement of small airway mechanics and reduction of 
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airflow limitation, in spite of the moderate levels of PM2.5 that exist in other 

microenvironments outside of the bedroom where filtration intervention was available.  

In the examination of the cardiorespiratory responses to air pollution, additional 

research was conducted to better understand the analytical chemistry aspects of 

quantifying malondialdehyde, a biomarker for oxidative stress. High correlations 

between free MDA and total MDA were observed in exhaled breath condensate and 

urine samples, indicating that using either as a biomarker for oxidative stress may not 

make a difference. In nasal fluid, saliva and serum, the correlations between free and 

total MDA were low, suggesting that future research is needed to examine which form 

in these specimens better represent oxidative stress, in a more mechanistic fashion.  

To better understand the performance of asthma control assessment tools, I 

further examined whether subjective evaluations of asthma control by the childhood 

asthma control test (C-ACT) are associated with indicators of lung pathophysiology, 

using longitudinal measurements originally performed in the asthmatic children trial. 

The results showed that decreases in the childhood asthma control test (C-ACT) score, 

reflecting subjective perception of worse asthma control, were significantly associated 

with airflow obstruction, airway restriction, and respiratory resistance in the large 

airways. Decreases in the childhood asthma control test (C-ACT) score were also 

associated with larger variability in the daily measurements of airflow limitations by 

PEF. However, C-ACT is not responsive to changes in respiratory inflammation and 
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small airway mechanics, indicating that its use should be complementary to but not a 

substitute for these measurements. 

6.2 Implications 

6.2.1 Aim 1 and Aim 2 

Over 90% of the world’s population lived in areas with outdoor air pollution 

levels exceeding health-based limits 1. Although the ultimate solution is to control 

emission sources, exposure reduction strategies at the individual level address more 

immediate needs. This dissertation research provides evidence that the use of residential 

air filtration, capable for substantially reduce levels of particulate matter, can reduce the 

cardiorespiratory health risks associated with outdoor PM2.5, even if only used during 

part of the day. It is interesting to note that these beneficial effects were observed with 

filtration intervention at nighttime, during which the study participants were sleeping or 

at rest, with relatively lower respiratory rate compared to when physically active.  

PM2.5 exposure, a risk factor for asthma aggravation 89,238,270, creates additional 

challenges for asthma management in individuals living with moderate levels of 

outdoor PM2.5 238. The findings in Aim 2 suggest that indoor air filtration can help 

counteract the adverse respiratory effects of PM2.5 in asthmatic children. Besides the 

improvements in respiratory inflammation and airflow obstruction, most interestingly, 

improvements in small airway mechanics were achieved after a two-week use of 

residential air filtration. In spite of the importance of small airways in airway 

obstruction and inflammation in asthma, it is difficult to assess using asthma 
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medications due to the relatively large sizes of particle produced by a traditional inhaler  

281-283. Our findings indicate that the residential use of indoor air filtration may provide 

an additional solution for managing the small airways in asthmatic individuals in 

complement to the use of medications.  

The study findings also demonstrate the usefulness of impulse oscillometry in 

detecting changes in airway resistance and impedance (more sensitive measures of early 

changes in lung function) in response to air quality intervention. It is interesting that 

impulse oscillometry is sensitive enough to capture changes in airway mechanics in 

young, healthy adults, a subpopulation that is considered robust and insensitive to 

changes in spirometric lung function indicators introduced by air pollution exposure 140. 

Given similar levels of outdoor PM2.5, the magnitude of improvement in small airway 

mechanics was larger in asthmatic children (Aim 2) than the young, healthy adults (Aim 

1). This is consistent with the knowledge that asthmatic individuals are a sensitive 

subpopulation for the respiratory health effects of air filtration when compared to 

healthy individuals 238. This may also arise from the longer duration of filtration 

intervention in asthmatic children (two weeks) compared to the healthy adults 

(overnight). 

There might be mechanistic differences in the respiratory effects of filtration 

intervention observed in Aim 1 and Aim 2. In the young, healthy adults that received 

overnight air filtration intervention (Aim 1), the improvement in airway resistance and 

impedance was not accompanied by a decrease in respiratory inflammation. This de-
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coupling of airway mechanics and respiratory inflammation supports a physiological 

mechanism, by which changes in airway resistance and impedance occur via the direct 

impact of particulate matter. Existing studies suggest that PM2.5 can directly stimulate 

the autonomic nerve (such as C-fiber), which results in airway constriction 364,365. PM2.5 

can also interact with surfactants in epithelial lining fluid, which contributes to increases 

in surface tension 22,112. It was possible that the removal of PM2.5 by indoor air filtration 

attenuates these processes, therefore resulting in improvement airway mechanics 

without significant reduction in respiratory inflammation.  

In contrast, in asthmatic children, the improvement in small airway mechanics 

coincided with the reduction in respiratory inflammation. In this case, respiratory 

inflammation might be an intermediate or independent step in the incurrent of lung 

function changes. This is consistent with a study by Trenga et al. (2006), where anti-

inflammatory medications attenuate lung function decrement introduced by PM2.5 in 

asthmatic children, indicating the role of respiratory inflammation as an intermediate 

step of PM2.5-related lung function changes 289. McCreanor et al. (2007) also 

demonstrated simultaneous increases in respiratory inflammation and lung function 

decrement introduced by air pollution exposure in asthmatic adults 87. Those 

mechanistic difference in the respiratory responses to air filtration intervention in Aim 1 

and Aim 2 might be the result of different pathophysiology in healthy airways versus 

asthmatic airways. 
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The portable air filtration devices used in both studies operated by filtering 

indoor air and recirculating filtered air. Recirculating air filtration system has been 

shown to work best when air exchange with the outside of the room is minimized 366. 

Hence the device manufacturer recommends device be used with the doors and 

windows closed, which was followed by the participants in this dissertation research. 

During this use, the occupants of the room might find the need to ventilate indoor air 

periodically. Findings in Aim 1 demonstrated that it took 2 to 3 hours for the indoor 

PM2.5 and ultrafine particles to decrease to a stable low level that is typically achieved by 

true filtration. Therefore, when the room needs to be aired, windows can be closed 2 to 3 

hours in advance to prepare for the return of occupants. 

6.2.2 Aim 3 

In Aim 3, the evaluation of the relationship between free MDA and total MDA 

was descriptive without involving mechanistic explorations. These results can offer a 

preliminary reference but limited reference for researchers in the selection between these 

two forms. In statistical analyses performed in environmental epidemiology using linear 

models, typically two variables that are linearly correlated can be used interchangeably 

while arriving at similar results. Therefore, for biospecimens where free MDA and total 

MDA were observed to be linearly correlated (including urine and exhaled breath 

condensate), measuring either one of them can reflective the levels of oxidative stress.  

However, for these types of biospecimens with low correlations between free 

MDA and total MDA (including saliva, nasal fluid, and serum), knowing this 
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mathematical relationship alone (as conducted in Aim 3 of this dissertation) is not 

enough to decide which one should be selected. In this case, researchers need to delve 

into the mechanistic aspects of MDA production and conjugation that influence the 

levels of free and total MDA in these body compartments. This information would help 

judge which forms of MDA is a better indicator of oxidative stress. Also, it is important 

to note that unbound MDA is a toxic molecule that possesses mutagenic and atherogenic 

potential due to its ability to form adducts with nucleic acids and proteins 206,207,319. 

Hence, the levels of free MDA and total MDA in a biological specimen and its role in 

downstream toxicological pathways should be taken into consideration by future 

studies on this topic.  

6.2.3 Aim 4 

Findings of Aim 4 indicate that subjective evaluation of asthma symptom by C-

ACT is reflective of airway obstruction, airway restriction, airway resistance in the large 

airways and the variability of airflow limitations. In contrast to the weak correlation 

between C-ACT and lung function indicators observed in cross-sectional studies 234,348,349, 

Aim 4 observed good correlations between changes in C-ACT score and lung function in 

large airways when examining longitudinal measurements conducted within the same 

individual. This is consistent with emerging evidence that due to heterogeneous nature 

of asthma, a cross-sectional inter-participant comparison may not be as informative; in 

contrast, within participant evaluations of changes in health indicators hold more 

meaningful information for asthma control assessment 357. As increased variation in 
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daily PEF measurements was linked to lower C-ACT score, it also demonstrates that the 

trend of change in an individual is of great value in asthma control assessment 357.  

These findings highlight the value of the subjective perception of asthma control, 

as it is validated by objective measurements of lung pathophysiology. Given that 

changes in the C-ACT score were not reflective fluctuations of respiratory inflammation 

and small airway mechanics, the use of C-ACT should be complementary to but not as a 

substitute for measurements of respiratory inflammation and small airway mechanics. 

6.3 Future Research Directions 

6.3.1 Aim 1 and Aim 2 

Given the findings from the two independent randomized, double-blind, 

crossover trials in this dissertation, what are the biomarkers worth measuring in future 

indoor air filtration intervention studies? Based on this dissertation research, indicators 

for small airway mechanics, respiratory inflammation, blood coagulation and blood 

pressure are promising candidates. Small airway mechanics, measured by impulse 

oscillometry, are indicators of early lung function changes 118. This dissertation research 

generated the first studies that demonstrated significant changes in small airway 

mechanics in response to short-term changes of air pollution levels in healthy adults and 

asthmatic children. Similar findings were reported by Sinharay et al (2017), where 

increases in small airway resistance (R5-R20) was associated with exposure to PM2.5 

during a two-hour walk in older adults with chronic obstructive pulmonary disease 

(COPD) 157. Impulse oscillometry measurements are non-invasive and do not require 
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forced exhalation from the subjects being measured 118, however the instrument itself is 

not very portable, which may limit its use in field work (typical for air pollution 

research). Given this consideration, it is worthwhile to develop more portable impulse 

oscillometry devices that can be used in non-clinical settings.  

Findings from Aim 2 also demonstrated that respiratory inflammation measured 

by FeNO is an important indicator of health response to short-term air pollution 

intervention in asthmatic children. This is consistent with existing studies that reported 

associations between PM2.5 exposure and respiratory inflammation in asthmatic 

individuals 88,89. For cardiovascular endpoints, children are generally considered too 

young to provide meaningful interpretation; in contrast, such examination is important 

in adults. Blood coagulation markers and blood pressure are important markers of the 

cardiovascular effects of short-term changes of air pollution levels, as demonstrated by 

Aim 1 and other air filtration and observational panel studies 140,168,169,171,173 176. Due to the 

relatively short period of indoor air filtration used in this dissertation research 

(overnight and two weeks), the readers need to note that these candidate 

cardiopulmonary markers have shown to be meaningful in examining short-term air 

pollution interventions, but have not been validated for interventions of longer duration. 

In this dissertation, the short-term use of indoor air filtration was shown to bring 

beneficial changes to sensitive pre-clinical markers of cardiorespiratory 

pathophysiology. Future studies can add value to this topic by examining whether the 

long-term use of indoor air filtration can improve clinical outcomes that are typically 
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affected by chronic exposure to PM2.5. Specifically, it will be interesting to see whether 

the improvement in small airway resistance observed in young, healthy adults, when 

maintained long-term, can help resist the progressive deterioration of lung function by 

PM2.5 and reduce the risk of developing COPD later in life 61-63. Given overnight filtration 

was able to reduce VWF levels, it is also meaningful to validate whether the long-term 

use of indoor air filtration can protect against thrombogenesis, atherosclerosis and the 

incidence of myocardial infarction 148,149 and stroke 125,150. Asthmatic children are still in 

the process of lung function development under the chronic impact of both asthma and 

PM2.5 exposure 59. It is meaningful to examine whether the reduction in respiratory 

inflammation introduced by indoor air filtration, if maintained long-term, can translate 

into less structural deteriorations in airway remodeling and reduced deficits of lung 

function in adulthood when compared to their non-asthmatic peers 59.  

Individual susceptibility to the health impacts of filtration intervention is also a 

meaningful topic to examine due to its public health and mechanistic implications. The 

findings of Aim 1 indicate that in young and healthy adults, there was limited (but not 

statistically significant) evidence on more pronounced improvements in systemic 

inflammation and coagulation markers in males. This is consistent with another study 

that implemented indoor air filtration in healthy adults in a woodsmoke-impacted 

community 159. Given the small sample size in this dissertation research that limits the 

examination of effect modification by gender, this topic would benefit from further 

investigations that include a larger sample of male and female participants matched by 
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age, BMI and cardiorespiratory health at baseline. This will also help gain insight into 

the mechanistic basis of gender-based differential health response to PM2.5. 

In areas with moderate levels of outdoor PM2.5, future studies can use filtration 

intervention as a means of decreasing PM2.5 for the evaluation of the time course and 

concentration-response relationship of PM2.5 triggered health changes. Multiple 

“snapshots” (measurements of health indicators) can be taken after filtration 

intervention, to identify the different time points of health response for 

cardiorespiratory processes. By examining the association between the levels of health 

indicators with the time-varying levels of PM2.5 exposure before and after true and 

placebo filtrations, an exposure-response relationship can be evaluated for the health 

effects of PM2.5. This can serve as an important reference for the risk assessment of PM2.5 

which informs the formulation of health-based limits in regulatory standards. 

In addition, the use of indoor air filtration in the bedroom creates a “low-high-

low-high” exposure pattern where nighttime exposure is reduced by indoor air filtration 

while daytime exposure stays higher. This creates a good opportunity to study whether 

this exposure pattern introduced different health impacts when compared to exposure 

with the same dose but delivered at a constant level. Currently, this topic is largely 

under-addressed in both animal toxicological experiments and human epidemiological 

studies. Many biochemical and metabolomic processes in vivo demonstrate a clear 

circadian rhythm 367,368. The diurnal variation of PM2.5 exposure created by residential air 

filtration can differentially impact their circadian rhythm of these metabolomic 
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processes. This might be the mechanism of how this “low-high-low-high” exposure 

pattern can introduce health impacts different from exposure at the same dose but 

delivered at a constant level.  

6.3.2 Aim 3 

Given the low correlations of free and total MDA in certain types of human 

biospecimens, there is a great need to look into the mechanisms that drive the 

concentrations of these two forms in the specific biospecimen of interest. Specifically, 

more knowledge is needed on the following aspects: (1) Given the biological process of 

research interest that generate oxidative stress, what is involved in the production of 

MDA and its transportation to the biospecimen of detection? (2) What are the levels of 

proteins and nucleic acids typically present in this type of biospecimen? These molecules 

can affect the levels of free MDA via conjugation 204. (2) Of the bound form of MDA in 

the biospecimen, how much arise from exogenous sources (e.g., ingestion of bound-form 

MDA) versus endogenous production of oxidative stress? (4) MDA has been shown to 

introduce toxicological effects downstream, are the roles of these two forms of MDA 

different in this process? 

Alternatively, future research can also compare how these two forms are linked 

to the cause of oxidative stress of research interest. For example, air pollution 

researchers might be interested in learning which form of MDA is more closely 

associated with time-varying levels of PM2.5 exposure. Also, it is important to address 

whether gender, age, disease status, medication use and nutritional supplements can 
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serve as effect modifiers in the performance of free MDA and total MDA as indicators of 

oxidative stress.  

As various epidemiological studies utilize biomarkers in reflecting exposure and 

health effects, there is a need to compile summary statistics to establish baseline levels.  

For clinical markers, reference levels have been established for diagnostic purposes. 

However similar reference ranges are still lacking for biomarkers. To implement this, 

data from multiple studies can be pooled (similar to the approach for MDA in Aim 3 of 

this dissertation). Such reference ranges will be valuable for the general population, as 

well as specific subpopulations, including children and individuals with pre-existing 

diseases.  

6.3.3 Aim 4 

In respiratory medicine, a variety of respiratory indicators can be obtained using 

a comprehensive panel of clinical examinations, including spirometry, impulse 

oscillometry, peak expiratory flow and fractional exhaled nitric oxide (as conducted in 

Aim 2 and Aim 4 of this dissertation research). For the evaluation of asthma, it is also 

meaningful to examine a method where a composite score is calculated by synthesizing 

information from several clinical indicators. These scores can give a collective 

assessment of specific aspects of asthma control (e.g. small airway, central airway, etc). 

A principal component analysis can help identify these different “clusters” of health 

indicators. This can be conducted using data from a cross-sectional study with a 
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reasonably large sample size, preferably with sufficient statistical power to consider or 

adjust individual-level variables such as sex, age, BMI, health status, etc. 

As the intraparticipant measurements may hold more importance for asthma 

control assessment compared to interparticipant comparisons, the C-ACT score and PEF 

measurement of asthma control can be evaluated with a retrospective review of existing 

“historical” measurements within the same individual. Given the observations in Aim 4, 

future studies can further build on this topic by developing algorithms that help predict 

exacerbations based on easily available measurements of asthma symptom and PEF 

values. This involves data collection over a longer period that captures a meaningful 

number of exacerbations. Based on observing the characteristic of fluctuations before 

previous exacerbations within the same individual, the algorithm should be able to 

conduct “pattern recognition” that help red flag potential exacerbations ahead of time. 

This pattern might be different between persons with atopic and non-atopic asthma. 

This can aid individualized management of asthma and identify an early time course of 

risk reduction in the prevention of asthma aggravations. 
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Appendix A. Additional Study Information for Aim 1 

Appendix A1. Between-subject and Within-subject Comparisons 
of 24-hour PM2.5 Personal Exposure 

 

Figure 29: 24-hour PM2.5 personal exposure during true filtration and sham filtration 
for (a) between-subject comparisons and (b) within-subject comparisons  

The first batch of subjects (Batch 1, N=32) participated overnight-1 and overnight-2, 
while the second batch of subjects (Batch 2, N=37) participated in overnight-3 and 
overnight-4. ST indicated that the sequence of the two overnight filtration interventions 
was sham filtration followed by true filtration, while TS indicated true filtration 
followed by sham filtration. Within-subject comparison demonstrated that 24-hour PM2.5 

personal exposure of true filtration was significantly lower than sham filtration within 
the same subject except for batch 1 subjects labeled “TS” who happened to receive true 
filtration with high outdoor PM2.5 level (during overnight-1) and sham filtration with 
low outdoor PM2.5 level (during overnight-2). 
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Appendix A2. P Value Adjusted for Multiple Comparisons (Aim 1) 

Table 32: P value for filtration effect adjusted for multiple comparisons (Aim 1) 

Biomarker Timepoint a Raw p 
Value 

Benjamini-  
Hochberg  
Adjusted  
p Value 

FVC 0h 0.91 0.94 
FEV1 0h 0.94 0.94 

Z5 0h 0.004 0.07 
R5 0h 0.005 0.07 
X5 0h 0.33 0.83 

R5-R20 0h 0.051 0.24 
Fres 0h 0.058 0.24 
AI 0h 0.65 0.94 

PWV 0h 0.78 0.94 
SEVR 0h 0.77 0.94 
sBP 0h 0.89 0.94 
dBP 0h 0.06 0.24 
PP 0h 0.12 0.38 
HR 0h 0.21 0.57 

FeNO 
 

0h 0.36 0.83 
10h 0.74 0.94 

IL-6 
 

0h 0.91 0.94 
24h 0.48 0.93 

sCD62P 
 

0h 0.81 0.94 
24h 0.67 0.94 

VWF 
 

0h 0.11 0.38 
24h 0.008 0.07 

Urinary  
MDA*   

 

0h 0.71 0.94 
10h 0.40 0.83 
24h 0.63 0.94 

 

a “Timepoint” indicates the time point of post-
filtration measurement of health indicators. 
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Appendix A3. Consent Form (Aim 1) 
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Appendix A4. Subject Screening Questionnaire 
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Appendix A5. Baseline Questionnaire 
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Appendix A6. Time Activity Questionnaire 
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Appendix A7. Follow-up Questionnaire 
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Appendix B. Additional Study Information for Aim 2 

Appendix B1. Participants’ homes plotted on a map 

 

Figure 30: The homes of the 43 participants plotted on a map 
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Appendix B2. Room Dust in Baseline Blood Allergen Test 

Upon enrollment, each participant underwent venipuncture and provided blood 

samples for analyses of allergy profile using an allergen-specific immunoglobulin E (IgE) 

test (AllergyScreen®, Mediwiss Analytic GmbH, Germany). The room dust targeted by 

this kit is a crude extract from house dust collected from multiple different households 

by vacuum cleaners. This room dust extract contained a mixture of allergens including 

dust mites (Der. Pteronyssinus and Der. Fariane), cat epithelia, dog epithelia, tree 

pollens (species unclear) and mold (Alternaria).  The levels of flame retardants in this 

room dust extract have never been quantified (as of April 5, 2018). In order to maintain 

stable composition from lot to lot, the manufacturer had been using the same house dust 

for the past 15 years. The information in this paragraph was obtained from Xiaoxing’s 

email correspondences with the manufacturer during April 2 - 5, 2018. 
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Appendix B3. Asthma Flare-ups in participants during the study 

Table 33: Cases of asthma flare-ups in the 43 participants during the study 

 

Dates listed in this table were in 2017 and followed the MM/DD format.  
Definition of Abbreviations: G=gender; ICS=inhaled corticosteroid; LABA=long-acting beta 
agonist; ↑=incrase the dose of; LTRA=leukotriene receptor antagonist 
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Appendix B4. The Use of Long-term Asthma Control Medications 
during the Study 

Table 34: The use of long-term asthma control medications during the two weeks 
before the start of filtration intervention and during filtration intervention 

Filtration 
Type 

Time  
Periods a Overall ICS LABA ICS+LABA H1 LTRA 

Sham 
Filtration 

Before 29  
(67.4%) 

15  
(34.9%) 

1  
(2.3%) 

22  
(51.2%) 

2  
(5.9%) 

2  
(4.6%) 

After 31  
(72.1%) 

16  
(37.2%) 

1  
(2.3%) 

25  
(58.1%) 

6  
(17.6%) 

3  
(7.0%) 

True 
Filtration 

Before 31  
(72.1%) 

9  
(20.9%) 

0  
(0%) 

27  
(62.8%) 

5  
(14.7%) 

2  
(4.6%) 

After 30  
(69.8%) 

14  
(32.6%) 

0  
(0%) 

27  
(62.8%) 

6  
(17.6%) 

3  
(7.0%) 

p value b 0.96 0.37 0.99 0.66 0.48 0.99 
 
Definition of abbreviations: ICS=inhaled corticosteroid; LABA=long-acting beta agonist; 
H1=H1 receptor antagonist; LTRA= leukotriene receptor antagonists. 
 
a For time periods, “before” indicates the two weeks before the start of filtration 
intervention; “during” indicates the two weeks during filtration intervention.  

b p value was calculated by Chi-square test for comparison of the rates of medication use 
between the four time periods 
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Appendix B5. FeNO data: Outliers and Sensitivity Analysis 

  

Figure 31: Boxplot of FeNO and ΔFeNO values in Aim 2 

Table 35: Participants with one or more FeNO measurements > 60 ppb 

Clinical 
Visits 

FeNO measurements (ppb) 
Subject 

14 
Subject 

7 
Subject 

18 
Subject 

1 
1st 120 82 56 20 
2n 57 65 34 33 
3rd 64 107 68 37 
4th 104 93 58 63 

In this table, true filtration and sham filtration are indicated in green and red, 
respectively. 
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Table 36: Participants with high or low ΔFeNO measurements 

Clinical 
Visits 

ΔFeNO measurements (ppb) 
Subject 

14 
Subject 

21 
Subject 

18 
Subject 

1 
Subject  

20 
2n -63 -7 -22 13 -22 
4th 40 28 -10 26 -34 

In this table, true filtration and sham filtration are indicated in green and 
red, respectively. 

 

 

Figure 32: Sensitivity analysis of filtration effect on FeNO when 
analyzing all participants vs different subsets 
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Appendix B6. P Value Adjusted for Multiple Comparisons (Aim 2)  

Table 37: P  value for filtration effect adjusted for multiple comparisons (Aim 2) 

Biomarker Raw p Value 
Benjamini- 
Hochberg 

Adjusted p Value 
FeNO 0.046 0.10 
FEV1 0.83 0.90 
FVC 0.97 0.97 

FEV1/FVC 0.68 0.81 
FEF25-75 0.28 0.41 
FEF50 0.14 0.23 

Z5 0.010 0.04 
R5 0.002 0.02 

R5-R20 0.011 0.04 
X5 0.052 0.10 

Fres 0.055 0.10 
PEF 0.003 0.02 

CV of PEF 0.60 0.78 
 
Definition of abbreviations: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FVC=forced vital capacity; FEF25-75=the average forced 
expiratory flow during 25% to 75% of FVC; FEF50=forced expiratory flow at 50% of FVC; 
Z5=airway impedance measured at 5Hz; R5=airway resistance measured at 5Hz; R20= 
airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency; PEF=peak expiratory flow; CV=coefficient of variance. 
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Appendix B7. Stratified Analysis for Filtration Effect By Baseline 
Biomarker Levels 

(1) Stratified analyses by FeNO at baseline:  
Study participants with baseline FeNO ≥ 20 ppb had significantly smaller 
beneficial effects of indoor air filtration for FeNO and R5 (P=0.02 and 0.05, 
respectively) (See Figure 33). The American Thoracic Society (ATS) recommends 
20 ppb as the cut point for children where children with FeNO > 20 ppb are more 
likely to have eosinophilic airway inflammation and responsive to inhaled 
corticosteroid therapy. This finding is consistent with existing studies which 
reports that individuals with eosinophilic airway inflammation are less sensitive 
to changes in air pollution exposure 297,300,301. In Aim 2, similar findings were 
observed for the stratified analysis by baseline blood eosinophil count, where 
individuals that are likely to have eosinophilic airway inflammation had smaller 
beneficial effect of indoor air filtration. 

 

 

Figure 33: Stratified analysis for filtration effect by FeNO at baseline (cutpoint = 20 
ppb) 
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(2) Stratified analyses by R5 at baseline 
Study participants with baseline R5 ≥ 8.68 cmH2O/(L/s) (8.68 was the median 
value for baseline R5 in this study) (N=21) had significantly larger beneficial 
effects of indoor air filtration for R5 (P=0.04) and marginally significant larger 
beneficial effects of indoor air filtration for FeNO and X5 (P=0.09 and 0.09, 
respectively), compared to participants with baseline R5 < 8.68 cmH2O/(L/s) 
(N=22) (See Figure 34). This suggests that participants that had higher airway 
resistance at baseline had bigger beneficial effects from indoor air filtration. It 
needs to be noted that participants with baseline R5 ≥ 8.68 cmH2O/(L/s) were 
significantly younger than participants with baseline R5 < 8.68 cmH2O/(L/s) 
(P=0.0003), indicating that age might be one of the reasons behind why 
participants with baseline R5 ≥ 8.68 cmH2O/(L/s) had significantly greater 
beneficial effects of indoor air filtration. 

 

 

Figure 34: Stratified analysis for filtration effect by R5 at baseline (cutpoint = median) 

Definition of abbreviation: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FEF25-75=the average forced expiratory flow during 25% to 
75% of FVC; FEF50=forced expiratory flow at 50% of FVC; R5=airway resistance measured 
at 5Hz; R20=airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency. 
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Figure 35: Distribution of participants’ age by R5 at baseline using median as the 
cutpoint 

R5 stands for airway resistance measured at 5Hz using impulse oscillometry. R5 at 
baseline was measured at the pre-filtration visit of the first filtration intervention. 

< 8.68 cmH2O/(L/S)   ≥ 8.68 cmH2O/(L/S) 
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Figure 36: Stratified analysis for filtration effects on respiratory indicators in 
asthmatic children based on baseline blood eosinophil count (the highest tertile 
versus the rest)  

Definition of abbreviation: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FEF25-75=the average forced expiratory flow during 25% to 
75% of FVC; FEF50=forced expiratory flow at 50% of FVC; R5=airway resistance measured 
at 5Hz; R20=airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency. 
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Table 38: Differences in changes of health indicators between true filtration and sham 
filtration, stratified by blood eosinophil count (the highest tertile vs the rest) 

 Unit 

The Lowest and 
Middle tertiles 

(N=28) 

The Highest Tertile 
(N=15) 

Interaction 
Term 

β a 95% CI β a 95% CI β b p c 
FeNO ppb -5.64 (-10.64, -0.64) -5.70 (-16.55, 5.16) 3.31 0.49 
FEV1 ml 37.66 (-71.94, 147.26) -40.89 (-166.27, 84.50) -0.08 0.33 

FEF25-75 ml/s 104.31 (-87.40, 296.03) 33.95 (-303.43, 371.33) 0.03 0.88 
FEF50 ml/s 149.80 (-73.95, 373.54) 169.68 (-255.99, 595.35) 0.03 0.88 

R5 cmH2O
/(L/s) -2.54 (-3.89, -1.20) -0.11 (-1.17, 0.95) 2.28 0.03 

R5-R20 cmH2O
/(L/s) -1.62 (-2.71, -0.53) 0.66 (-0.01, 1.32) 1.11 0.21 

X5 cmH2O
/(L/s) 1.98 (0.21, 3.76) -0.22 (-2.49, 2.06) -2.51 0.09 

Fres Hz -5.20 (-10.29, -0.11) 0.28 (-5.43, 6.00) 4.89 0.22 
 

Definition of abbreviation: FeNO=fractional exhaled nitric oxide; FEV1=forced expiratory 
volume during the 1st second; FEF25-75=the average forced expiratory flow during 25% to 
75% of FVC; FEF50=forced expiratory flow at 50% of FVC; R5=airway resistance measured 
at 5Hz; R20=airway resistance measured at 20Hz; X5=airway reactance measured at 5Hz; 
Fres=resonant frequency. 
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Table 39: Stratified analysis of the difference in peak expiratory flow during true and 
sham filtration by baseline blood eosinophil count (the highest tertile vs the rest) 

Stratified 
Analysis Factor a N 

Absolute difference 
Interaction 

Term 
β b 95% CI p c β d p e 

Unit: L/min       
The lowest and 
middle tertiles 

28 2.44 (-0.19, 5.08) 0.69 
-1.49 0.49 

The highest tertile 15 2.63 (-0.77, 6.03) 0.13 
 

a Participants were divided based on their eosinophil count at baseline as either in the 
highest tertile (> 417/mm3) or in the lowest and middle tertiles (≤ 417/mm3). 
 
b This β represents the difference between the average PEF during true filtration and the 
average PEF during sham filtration, indicating the additional health impact of true 
filtration when compared to sham filtration. It was calculated following Formula 4 as β1. 

c This p value was calculated for β1 of Equation 9, indicating the statistical significance for 
the comparison of the average PEF during true filtration with the average PEF during 
sham filtration. 

d This β is the coefficient of the interaction term of filtration with a stratifying factor. It 
was calculated following Equation 12 in the form of β10. For blood eosinophil at baseline, 
it represented the difference between the health impact of true filtration (when 
compared to sham filtration) in participants with baseline blood eosinophil in the 
highest tertile (> 417/mm3) and the health impact of true filtration (when compared to 
sham filtration) in participants with blood eosinophil in the lowest and middle tertiles (≤ 
417/mm3). 
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Appendix B8. Sensitivity Analysis for Filtration Effect 
Controlling for Pre-filtration Levels of Biomarkers 

Considering that pre-filtration levels of biomarkers might impact on the change of 
biomarker (Δbiomarker) during filtration intervention, sensitivity analysis were 
conducted where results from the original model was compared with models that 
controlled for pre-filtration levels of biomarkers as covariates (Figure 37). Results 
generated by those two methods are highly in agreement in both direction and effect 
estimate. 
 

 

Figure 37: Sensitivity analysis for filtration effect using Equation 7 versus 
controlling for pre-filtration levels of biomarkers 

“Equation 7” indicates filtration effect analyzed using Equation 7; “Equation 7 + 
control for pre-filtration levels of biomarkers” indicates filtration effect analyzed 
Equation 7 plus controlling for pre-filtration levels of biomarkers. 
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Appendix B9. Plotted by Individual: FeNO, FEV1, FEF25-75, R5, R5-
R20 at the four Clinical Visits 

 

Figure 38: Fractional exhaled nitric oxide (FeNO) measurements at the four clinical 
visits plotted by individual 

Green indicates the clinical visits before and after true filtration; Red indicates the 
clinical visits before and after sham filtration.  
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Figure 39: FEV1 measurements at the four clinical visits plotted by individual 

Green indicates the clinical visits before and after true filtration; Red indicates the 
clinical visits before and after sham filtration. 
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Figure 40: FEF25-75 measurements at the four clinical visits plotted by individual 

Green indicates the clinical visits before and after true filtration; Red indicates the 
clinical visits before and after sham filtration. 
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Figure 41: R5 measurements at the four clinical visits plotted by individual 

Green indicates the clinical visits before and after true filtration; Red indicates the 
clinical visits before and after sham filtration. 
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Figure 42: R5 – R20 measurements at the four clinical visits plotted by individual 

Green indicates the clinical visits before and after true filtration; Red indicates the 
clinical visits before and after sham filtration. 
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Appendix B10. R Code for Filtration Effect Analysis and Plotting 
(Example) 

# Install packages lme4 and lmeTest for linear mixed-effect model analysis 
install.packages(“lme4”) 
install.packages(“lmeTest”) 
library(lme4) 
library(lmeTest) 
 
# Create a function to conduct linear mixed-effect models on multiple health indicators 
inv<-function(dat,pred){ 
  sumlist<-matrix(NA,15,5) 
  for(i in 1:15){ 
    formula1<-formula(paste(names(dat)[i+5],"~",pred)) 
    mod<-lmer(formula1,data=dat,na.action=na.exclude) 
    result<-summary(mod)$coefficient 
    BM<-names(dat)[i+5] 
    pvalue<-result[2,5] 
    slope<-result[2,1] 
    se<-result[2,2] 
    sumlist[i,]<-cbind(BM,pred,pvalue,slope,se) 
  } 
  dimnames(sumlist)[[2]]<-
c("Delta_Biomarker","Predictors","treat_pvalue","treat_beta","treat_se") 
  sumlist<-as.data.frame(sumlist) 
  return(sumlist) 
} 
 
# Use this function to analyze filtration effect by specifying the statistical variables in the linear 
mixed-effects model 
inv1<-
inv(dat=auto_dlung,pred="treat+open_dur+d.sleep_dur+d.o3_2w+f_duration+d.mfss_out+d.re
g_med3+d.reg_med4+(1|id)") 
auto_lung<-lung[,c("feno","fev1","fvc","fev1_fvc","pef","mmef7525","mef75","mef50","mef25", 
                 "r5","r20","r5r20","x5","fres","z5","u8ohdg_adj","ufmda_adj","utmda_adj","id")] 
 
# Create a function to calculate the mean of health indicators 
inv_mean<-function(dat){ 
  mover<-matrix(NA,15,2) 
  for(i in 1:15){ 
    BM<-names(dat)[i] 
    calc<-mean(dat[,(i)],na.rm=T) 
    mover[i,]<-cbind(BM,calc) 
  } 
  dimnames(mover)[[2]]<-c("Biomarker","Mean") 
  mover<-as.data.frame(mover) 
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  return(mover) 
} 
inv2<-inv_mean(dat=auto_lung) 
inv1$row<-seq.int(nrow(inv1)) 
inv2$row<-seq.int(nrow(inv2)) 
test_result<-merge(inv1,inv2, by="row") 
 
# Calculate percentage change in biomarkers 
names(test_result) 
test_result<-test_result[,c(1,2,7,3:6,8)] 
for(i in 1:4) { 
test_result[,i+4]<-as.numeric(as.character(test_result[,i+4])) 
} 
test_result$beta_percent<-test_result$treat_beta/test_result$Mean*100 
test_result$se_percent<-test_result$treat_se/test_result$Mean*100 
test_result$upper<-test_result$beta_percent+1.96*test_result$se_percent 
test_result$lower<-test_result$beta_percent-1.96*test_result$se_percent 
 
# Adjust the names and order of test_result$Biomarkers 
test_result[,2]<-c("FeNO","FEV1","FVC","FEV1/FVC","PEF","FEF25-75","FEF25","FEF50","FEF75", 
                   "R5","R20","R5-R20","X5","Fres","Z5") 
test_result$test <- ordered(test_result$Delta_Biomarker,  
                            levels = c("FeNO","FEV1","FVC","FEV1/FVC","PEF","FEF25-
75","FEF25","FEF50","FEF75","Z5","R5","R20","R5-R20","X5","Fres")) 
test_result$Delta_Biomarker1<-factor(test_result$test, levels=rev(levels(test_result$test))) 
 
# Calculate the 95% CI for absolute change  
test_result$AD_mean<-round(test_result$treat_beta,2) 
test_result$AD_95ci<-paste0("(",round(test_result$treat_beta-1.96*test_result$treat_se,2),", 
",round(test_result$treat_beta+1.96*test_result$treat_se,2),")") 
test_result[which(test_result$Biomarker%in%c("fev1","fvc","pef","mmef7525","mef75","mef50
","mef25")),]$AD_mean<-
round(test_result[which(test_result$Biomarker%in%c("fev1","fvc","pef","mmef7525","mef75","
mef50","mef25")),]$treat_beta*1000,2) 
test_result[which(test_result$Biomarker%in%c("fev1","fvc","pef","mmef7525","mef75","mef50
","mef25")),]$AD_95ci<-
paste0("(",round((test_result[which(test_result$Biomarker%in%c("fev1","fvc","pef","mmef7525
","mef75","mef50","mef25")),]$treat_beta-
1.96*test_result[which(test_result$Biomarker%in%c("fev1","fvc","pef","mmef7525","mef75","
mef50","mef25")),]$treat_se)*1000,2),", 
",round((test_result[which(test_result$Biomarker%in%c("fev1","fvc","pef","mmef7525","mef75
","mef50","mef25")),]$treat_beta+1.96*test_result[which(test_result$Biomarker%in%c("fev1","
fvc","pef","mmef7525","mef75","mef50","mef25")),]$treat_se)*1000,2),")") 
 
# Calculate the 95% CI for percentage change  
test_result$PD_mean<-round(test_result$beta_percent,2) 
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test_result$PD_95ci<-paste0("(",round(test_result$lower,2),", ",round(test_result$upper,2),")") 
test_result$pvalue_2digits<-round(test_result$treat_pvalue,2) 
 
# Create a forest plot for percentage change and its 95% CI 
library(ggplot2) 
ggplot(test_result, aes(x=Delta_Biomarker1, y=beta_percent)) +  
  geom_errorbar(aes(ymin=lower, ymax=upper), width=.2) + 
  geom_point(size=3, shape=21,fill="white") + # 21 is filled circle 
  geom_hline(yintercept = 0,color="blue")+ 
  xlab("") + 
  scale_x_discrete(labels = c('FeNO'="FeNO", 
                              'FEV1'=expression(paste("FEV"[1])), 
                              'FVC'='FVC', 
                              'FEV1/FVC'=expression(paste("FEV"[1],"/FVC")), 
                              'PEF'='PEF', 
                              'FEF25-75'=expression(paste("FEF"[25-75])), 
                              'FEF25'=expression(paste("FEF"[25])), 
                              'FEF50'=expression(paste("FEF"[50])), 
                              'FEF75'=expression(paste("FEF"[75])), 
                              'R5'=expression(paste("R"[5])), 
                              'R20'=expression(paste("R"[20])), 
                              'R5-R20'=expression(paste("R"[5],"-R"[20])), 
                              'X5'=expression(paste("X"[5])), 
                              'Fres'=expression(paste("Fres")), 
                              'Z5'=expression(paste("Z"[5]))))+ 
    ylab(expression(paste("Percentage Difference in ",Delta,"Biomarker (%)"))) + 
  coord_cartesian(ylim=c(-100,80))+   
  coord_flip()+ 
  #scale_y_reverse()+ 
  theme_bw() + 
  theme(plot.title=element_text(size=14), 
        axis.title=element_text(size=14), 
        axis.text.x=element_text(size=14), 
        axis.text.y=element_text(size=14), 
        legend.title=element_text(size=14), 
        legend.text=element_text(size=14)) 
 
# Export the forest plot as a png image with high resolution (dpi=300) 
ggsave("021218 Figure 1 Filtration Effect.png", width=6,height=7,dpi=300) 
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Appendix B11. Informed Consent and Parental Permission Form 
(Aim 2) 
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Appendix B12. Child Assent Form 
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Appendix B13. Subject Screening Questionnaire 
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Appendix B14. Health and Exposure Questionnaire 
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Appendix B15. Time Activity Questionnaire 
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Appendix B16. Follow-up Questionnaire 
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Appendix C. Additional Study Information for Aim 3 

Appendix C1. A Standard Operating Procedure for Nasal Fluid 
Collection 
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1. Materials Needed: 
1.1. Chemicals and reagent: 

• Mixed cellulose ester (MSE) sampling filter (HAWG047S6, Millipore Sigma, USA) 
• 1.5 ml Eppendorf tubes 
• 200µl pipette and pipette tips 
• Two pairs of metal tweezers  
• Alcohol swab 
• Di-ionized Millipore water 
• Aluminum foil 
• Gloves 

1.2. Instrument and supplies: 
1.2.1. A timer 
1.2.2. A microbalance 
1.2.3. A vortex machine 
1.2.4. A centrifuge (BSC1006-B, Benchmark Research Products, USA) 

 
2. Preparations before sampling: 

2.1. Wear gloves 
 

2.2. Label the Eppendorf tubes with sample ID (e.g. RS01V1L, indicating left nostril of 
subject #1 during the first clinical visit) 

 
2.3. Take a piece of aluminum foil (this will be your workstation), cut mixed cellulose ester 

(MSE) sampling filter (HAWG047S6, Millipore Sigma, USA) into strips in the size of 
5 mm (width) × 40 mm (length). Please utilize the blue gridlines printed on the 
separator of the sampling filter as the reference for size. 

 
2.4. Insert one strip into each Eppendorf tube. Close the tube tightly.  

 
2.5. Weigh the Eppendorf tube (with the sampling strip inside) immediately before nasal 

fluid collection. 
 

3. Nasal fluid collection: 
 

3.1. Wear gloves 
 

3.2. Set the timer for 2 minutes 
 

3.3. Insert one sampling strip approximately 10mm into the left nostril using a pair of  
tweezers 

 
3.4. Insert one sampling strip approximately 10mm into the right nostril using the same pair 

of  tweezers 
 

3.5. After both strips were inserted, ask the participant to pinch their nose with their thumb 
and index finger, start the timer which was pre-set for 2 minutes  
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3.6. After the timer signifies the end of the two minutes, take out both strips out using a 
pair of tweezers. Put them back into their corresponding Eppendorf tubes (“left strip to 
left tube, right strip to right tube”). Please make sure that you do not mix them up as 
they were pre-weighed with their corresponding tubes. 

 
3.7. Disinfect the pair of tweezers using an alcohol wipe. Air dry on aluminum foil before 

using them on the next participant. 
 

4. Post-collection processing 
 

4.1. Wear gloves 
 

4.2. Weigh the Eppendorf tubes (with the sampling strip inside) as soon as possible after 
sampling. The post-collection weight minus the pre-collection weight is the net weight 
gain (the mass you collected).  

 
4.3. Open the Eppendorf tubes, add 300ul of deionized Millipore water into each. Push the 

entire sampling strip on to the bottom of the Eppendorf tube using your pipette tip; this 
will help maximizes its contact with the water added. Please note that you should use 
one pipette tip for each tube to avoid cross-contamination. Close the lid and vortex for 
2 minutes.  

 
4.4. Centrifuge the Eppendorf tubes for 2 minutes at 6600rpm (BSC1006-B, Benchmark 

Research Products, USA) 
 

4.5. Aliquot the supernatant (you should be able to get ~ 180µl) into a pre-labeled 
Eppendorf tube. 

  
4.6. Store the Eppendorf tubes containing the supernatant and the Eppendorf tubes 

containing the sampling strip at -80◦C. 
 

4.7. Analyze your target molecule in a timely fashion (depending on how fast it degrades at 
-80◦C). 
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Appendix C2. Scatterplot of MDA Concentration of Each 
Biospecimen 

 
Figure 43: Scatterplots of total MDA against free MDA in exhaled breath condensate, 
serum and urine samples from human participants 

When multiple samples were from an individual, the concentration in each sample was 
plotted. Concentrations were natural-log transformed.  
Definition of Abbreviations: COPD=chronic obstructive pulmonary disease; EBC=exhaled 
breath condensate; IHD=ischemic heart disease; MDA=malondialdehyde. 
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Appendix D. Additional Study Information for Aim 4 

Appendix D1. Childhood Asthma Control Test (C-ACT)  

  

This is an English version of the Childhood Asthma Control Test 369. A Mandarin 
version 233 was used in Aim 2 and Aim 4.  
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