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Abstract 
A large number of air pollutants exist in a gaseous phase, some of which are considered 

highly carcinogenic compounds. Yet these compounds have not been as well studied as 

airborne particulate matter (e.g., PM10 or PM2.5). Polycyclic aromatic hydrocarbons (PAHs), 

especially nitrated PAHs (nitro-PAHs), are a well-known class of toxic environmental 

pollutants that result from industrials processes and incomplete combustion of organic fuels. 

This study explores meteorological and covariate effects on urinary metabolites of nitro-

PAHs, namely amino-PAHs, during air pollution exposure with and without HEPA and/or 

ESP filtration. Urinary concentrations of cotinine (a biomarker of tobacco smoke exposure) 

and five specific amino-PAHs were measured including: 1-aminopyrene (1-AP), 1-

naphthylamine (1-AN), 2-naphthylamine (2-AN), 2-aminofluorene (2-AF), and 2-

aminophenanthrene (2-APhe). Eighty-nine subjects were assigned to one of two intervention 

groups in Broad Town offices located in Changsha City, China. Participants experienced 

periods of air pollution exposure with and without combinations of HEPA and ESP air 

filtration. Linear mixed effects modeling highlights the potential associations between urinary 

amino-PAH concentrations and covariates such as temperature and relative humidity. 

Additionally, both HEPA and ESP did not appear to significantly impact gas-phase levels of 

urinary amino-PAHs. Such findings may bring the efficacy of ESP filtration systems into 

question. Especially when weighing the health costs of increased ozone exposure and lack of 

gas-phase pollutant filtration to ESP system’s improved PM2.5 reduction. The results 

underscore a need for nitro-PAH related research and the potential need of gas-phase air 
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filtration solutions that remove carcinogenic and mutagenic gas-phase air pollutants from 

indoor air. 
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1. Introduction  
Air pollution, specifically particulate matter (PM) known as PM10 and PM2.5, are 

exposure hazards that impact the global burden of disease. It has been estimated by the World 

Health Organization (WHO) that approximately 7 million people globally die every year from 

exposure to fine air-particle contaminants. Air pollution has been linked to a number of 

diseases including lung disease, stroke, and respiratory infections such as pneumonia and 

pulmonary tuberculosis (Cohen et al., 2017).  

It is often difficult to quantify a person’s true air pollution exposure. Both external or 

internal environmental and biological factors influence an individual’s dose-response, which 

is a major barrier to improving the current epidemiological understanding about how air 

pollution affects human health. Well-known methodologies include the calculation of inhaled 

dose exposure using standardized models such as total inhaled dose (DTOT) or time-based 

personal exposure (Phalen & Phalen, 2012). Notably, PM2.5 alone is not the only ambient air 

contaminant that contributes to adverse health outcomes in humans. A large number of air 

pollutants exist in gaseous phase and some are considered highly carcinogenic or mutagenic 

compounds. Yet these compounds have not been as well studied as PM10 or PM2.5 pollutants. 

For example, polycyclic aromatic hydrocarbons (PAHs), especially nitrated PAHs 

(nitro-PAHs), are a well-known class of toxic environmental pollutants that are the result of 

industrials processes and incomplete combustion of organic fuels (Nisbet & Lagoy, 1992; Yu, 

2002). Previous studies have demonstrated that nitro-PAHs are enzymatically metabolized 
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inside the body and excreted as amino-PAHs through bodily waste such as urine (Rosenkranz 

& Mermelstein, 1983).  

 
Figure 1: Reduction-hydrogenation of 1-nitropyrene to 1-aminopyrene 

Note. Adapted from “NTP technical report on toxicity studies of 1-nitropyrene” by Chan, P. 
C., et. al. National Toxicology Program, No. PB-96-176342/XAB; NIH/PUB-96-3383. (1996). 

 
Nitro-PAHs typically undergo a nitro-reduction followed by a subsequent 

hydrogenation to form amino-PAHs (see Figure 1 for an example nitro-PAH, 1-nitropyrene). 

Additionally, previous studies reported findings that suggest nitro-PAHs metabolites have 

promising potential as biomarkers of air pollution sources specific to nitro-PAHs (Gong et al., 

2015; Laumbach et al., 2009). 



 

 

3 

This study proposes a bio-mechanistic approach to exploring a study participant’s air 

pollution exposure under semi-controlled environment conditions. First, impact of HEPA and 

ESP indoor air interventions on concentrations of urinary exposure metabolite biomarkers 

was analyzed to assess intervention effects. Second, urinary amino-PAH concentrations were 

analyzed to determine if these biomarkers may serve as potential indicators of air pollutant 

exposure. Finally, urinary amino-PAH concentrations, meteorological conditions, and other 

covariates were compared to explore the association between amino-PAHs and potential 

environmental exposure factors. Specifically, this study measured urinary concentrations of 

cotinine (a biomarker of tobacco smoke exposure) and five specific amino-PAHs: 1-

aminopyrene (1-AP), 1-naphthylamine (1-AN), 2-naphthylamine (2-AN), 2-aminofluorene (2-

AF), and 2-aminophenanthrene (2-APhe). 
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2. Methods 
2.1 Setting 

The original study by Day et. al, was conducted on an office campus known as ‘Broad 

Town’ located in Changsha City, Hunan Province, China. It was carried out over the course 

of two months from December 1, 2014 to January 31, 2015. Changsha is one of the largest 

cities in Hunan Province. The city is located in the south-central section of China and is home 

to approximately more than 7 million residents. Changsha is widely considered one of the 

most economically advanced cities in China and may serve as a good location of study for 

human exposure to modern-day air pollution. 

2.2 Participants 

In the original study conducted, 89 office workers were selected that fulfilled all 

participant screening requirements. The selected participants worked in one of two specified 

Broad Town campus offices, spent at least four nights a week in the Broad Town dormitories, 

were over 18 years of age, and free of any major self-reported chronic diseases. Additionally, 

any individuals with atypical blood test results for lipids, liver biomarkers, and/or kidney 

dysfunction were excluded from the study (Day et al., 2018). Verbal confirmation and written 

consent were obtained from all participants. 

2.3 Procedures 

Only relevant procedures from the original study conducted by Day et. al. are 

summarized in this paper’s procedure section.  A complete description of the original study’s 



 

 

5 

procedures can be found in its most recent publication (Day et al., 2018). In summary of the 

original study: 

The study design involved recruiting subjects from two nearby buildings. Participants 

were not informed about which building contained what filtration system. In order to measure 

the impact of varying levels of indoor pollutants, high efficiency particulate air (HEPA) filters 

and electrostatic precipitation (ESP) filtration systems were used during the intervention. Both 

HEPA and ESP are common household and/or commercial building air filtration solutions. 

HEPA filters are designed to remove at least 99.97% of particles, 0.3 µm or larger, from a 

contained gaseous flow (Boelter & Davidson, 1997). Whereas ESP filtration systems utilize an 

ionizer to electrically charge dust particles that pass-through intake ports.  The gaseous stream 

then flows across counter electrode plates that capture and collect charged dust particles 0.1 

µm or larger using Coulomb force. Notably, ESP filtration systems consequently produce 

ozone (O3), a mammalian toxin and potent greenhouse gas (Akimoto, 2003; Boelter & 

Davidson, 1997).  

Participant baseline conditions were controlled for 5 days before baseline biomarker 

measurements were taken at each subject’s first clinical visit. During the baseline visit, every 

participant’s dorm contained, in the following order: a single-pass central air handling unit 

(AHU) with an F8 (MERV 12) pre-filter, an ESP, and a HEPA filter directly downstream of 

the air intake duct.  

Subjects were assigned to either one of two intervention groups: Group A (n = 36) or 

Group B (n = 53). For 39 days beginning December 6th, 2014, ESP was deactivated and 
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HEPA filters were removed from both offices and dorms for Group A (F8 pre-filter 

remained). In contrast, the ESP was turned off for Group B, but the HEPA filters remained 

(F8 pre-filter + HEPA). Intervention for both groups ended on January 13, 2015, when 

baseline filtration conditions were restored to both of the offices and dorms. Post-intervention 

conditions were controlled and monitored for 18 days following the intervention, ending on 

January 31, 2015. Table 1 provides a detailed visual depiction of intervention conditions used 

in the original study design (Day et al., 2018).   

Table 1: Intervention study design and conditions 

Condition Pre-intervention 

(Dec. 1-5, 2014) 

Intervention  

(Dec. 6, 2014 – Jan. 13, 2015) 

Post-intervention 
(Jan. 14-31, 2015) 

Duration 5 days 39 days 18 days 
Biomarker 
sampling visits 

Visit 1 (Dec. 2-5, 
2014) 

Visit 2 (Dec. 23-26 & 30, 
2014) & Visit 3 (Jan. 6-8 & 
13, 2015) 

Visit 4 (Jan. 27-30, 
2015) 

Group A 

Filtration F8 + ESP + HEPA F8 F8 + ESP + HEPA 
Office Location Office A Office A Office A 
Living Quarters Dorm Buildings 1-6 Intervention A Dorm Intervention A 

Dorm 
Group B 

Filtration F8 + ESP + HEPA F8 + HEPA F8 + ESP + HEPA 
Office Location Office B Office B Office B 
Living Quarters Dorm Buildings 1-6 Dorm Buildings 1-6 Dorm Buildings 1-6 

Note. Reprinted from “Combined Use of an Electrostatic Precipitator and a HEPA Filter in Building Ventilation Systems: 
Effects on Cardiorespiratory Health Indicators in Healthy Adults” by Day, D. B., et. al. Indoor air, 28(3), 360. (2018). 

Each study participant’s urine sample was collected at 8:00AM China Standard Time 

(CST), and immediately frozen at -30°C. Time-activity questionnaires were administered 

directly following sample collection. The questionnaire recorded self-reported information 
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about when and where participants were over the past 24-hours, aggregate amount of time 

spent at various location over the past 7 days, and general questions meant to assess potential 

confounding factors related to a participant’s health. Biomarkers and time-activity 

questionnaires were collected a total of four times: once for baseline, twice during intervention, 

and once after return to baseline. Near the end of the study, samples were thawed at least once 

to conduct solid phase extraction and LC-MS analysis for urinary 8-hydroxy-2’-deoguanosine 

(8-OHdg) and urinary MDA (UMDA). In this study, the frozen urine samples were used for 

cotinine and urinary amino-PAH metabolite (1-AP, 1-AN, 2-AN, 2-AF, and 2-Phe) testing. 

Approval was obtained from both Duke University’s Institutional Review Board (IRB) and 

the Shanghai First People’s Hospital Ethics Committee. 

2.4 Measures 

The following section includes measurement criteria (used in this study) that originates 

from the initial study published (Day et al., 2018), these measurements are summarized in 

sections 2.4.1, 2.4.2, and 2.4.3. All other procedures or measurements listed in the following 

sections were measured directly in this study.  

2.4.1 Indoor Air Pollutants 

Indoor O3 and PM2.5 concentrations were continually measured in each intervention 

group office and two dormitory rooms every night. Indoor O3 pollutant concentrations were 

measured using standardized ultraviolet (UV) absorption monitors (Model 205, 2B Tech) and 

PM2.5 concentrations were measured using nephelometers (SidePak AM510, TSI Inc.). 
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2.4.2 Indoor/outdoor Ratios of Air Pollutants 

Individual participant indoor/outdoor ratios for O3, PM2.5, NO2, and SO2 pollutants 

were calculated using every participant’s indoor, outdoor, and smoke pollutant exposure 

measures weighted by his or her time-activity questionnaire results. These ratios provided 

estimates of mean hourly O3 and PM2.5 exposures for each participant. However, notably NO2 

and SO2 ratios were calculated assuming no air filtration effect on indoor versus outdoor 

concentrations.  

2.4.3 Outdoor Pollutants, Temperature, and Relative Humidity 

 Outdoor pollutant concentrations (including O3, PM2.5, NO2, and SO2) were 

monitored hourly by a government monitoring station located approximately 2.8 miles from 

Broad Town campus. The government monitoring station also tracked hourly temperature 

and atmospheric relative humidity. The method and equipment by which outdoor pollutants, 

temperature, and relative humidity were measured were not described by the original study 

(Day et al., 2018). It is likely that outdoor O3 and PM2.5 were measured using 

equipment/methods similar to the indoor monitoring performed. Temperature and relative 

humidity were likely measured using a simple psychrometer. The psychrometer is one of the 

more versatile and reliable methods for measuring relative humidity (Monteith & Owen, 1958). 

2.4.3 Urinary Amino-PAHs 

Target urinary PAH metabolites of interest included 1-aminopyrene, 1-naphthylamine, 

2-naphthylamine, 2-aminofluorene, and 2-aminophenathrene. Cotinine, a major metabolite of 

nicotine, was simultaneously assessed as a potential confounder commonly measured in 
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smokers and nonsmokers exposed to secondhand tobacco smoke. Participant urine samples 

were thawed from -30°C to room temperature and processed immediately. A 2 mL aliquot of 

each participant’s urine was pipetted into a 12mL conical tube and prepared in the laboratory 

using LC-MS grade solvents. Samples were kept away from direct sunlight, to prevent 

accidental sample photodegradation. A 0.1M acetate buffer solution was prepared by 

combining 7.721g sodium acetate (C2H3NaO2) and 0.353g acetic acid (CH3COOH) dissolved 

in 800 mL of distilled water. The 0.1M acetate buffer solution was adjusted using hydrochloric 

acid (HCl) and sodium hydroxide (NaOH) until the solution reached pH=5. Enzymatic 

hydrolysis was performed to extract biomarker concentrations, such that each sample was 

incubated in 20 µl of β-glucuronidase from Helix pomatia Type H-2 (Sigma-Aldrich, St. Louis, 

MO) and 2 mL of 0.1 M acetate buffer (pH 5.5) overnight at 37°C for approximately 16 hours.   

The hydrolyzed urine samples were then spiked with 20 uL Internal Standard (50 

ng/mL of 1-naphthylamine-D7 and Cotinine D3), adjusted to pH>10 with addition of 500 µl 

of 10 M NaOH, and extracted using 6 mL of dichloromethane (CH2Cl2) and hexane (C6H14) 

at a 1:2 ratio. Samples were mixed on a shaker for 60 minutes and then centrifuged for 30 

minutes at 3500 rpm. Supernatant was evaporated to dryness under high-purity nitrogen in a 

TurboVap LV evaporator operated under a fume hood at room temperature. The resulting 

residue was reconstituted in 200 µl of methanol and stored at -30°C. Due to the large number 

of samples, the aliquots were prepared in batches to avoid allowing samples to sit at room 

temperature for excess or prolonged amounts of time. 
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 To determine the concentration of amino-PAHs within samples, calibration curves 

were generated using calibration standard solutions. The calibration standard solutions 

consisted of varying concentrations of each respective target compound standard to create 

1ng/mL, 10 ng/mL, 100ng/mL, and 1000ng/mL stock standard concentration solutions 

mixed in methanol. Calibration standards were produced using 2 mL distilled water, 2 mL 

acetate buffer, 20 µl of β-glucuronidase, and varying concentrations of stock standard solution. 

The resulting calibration standards produced calibration concentrations that ranged from 0 to 

20 ng/mL in H20. Table 2 provides a detailed list of each calibration standard mixture and its 

relative composition.  

Table 2: LC-MS/MS calibration standards 

Calibrator 
ID 

Calibrator Conc. 
(ng/mL in H2O) 

Target Standard H2O + Buffer 
Internal 

Standard (50 
ng/mL) 

Blank 0 0 2mL + 2mL 0 
0 0 0 2mL + 2mL 20 µl 
1 0.02 1 ng/mL x 40 µl 2mL + 2mL 20 µl 
2 0.04 1 ng/mL x 80 µl 2mL + 2mL 20 µl 
3 0.1 10 ng/mL x 20 µl 2mL + 2mL 20 µl 
4 0.2 10 ng/mL x 40 µl 2mL + 2mL 20 µl 
5 0.4 10 ng/mL x 80 µl 2mL + 2mL 20 µl 
6 1 100 ng/mL x 20 µl 2mL + 2mL 20 µl 
7 2 100 ng/mL x 40 µl 2mL + 2mL 20 µl 
8 4 100 ng/mL x 80 µl 2mL + 2mL 20 µl 
9 10 1000 ng/mL x 20 µl 2mL + 2mL 20 µl 
10 20 1000 ng/mL x 40 µl 2mL + 2mL 20 µl 

 
All calibration standards and processed participant urine samples were thawed and 

analyzed by a qualified laboratory technician using liquid chromatography with tandem mass 
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spectrometry (LC-MS/MS). LC-MS/MS is a highly specific and sensitive method that does 

not require derivatization steps (Toriba et al., 2007). It combines the sensitive selectivity of 

mass spectrometry and the separation power of liquid chromatography.  

All chemical compounds were handled as potential health hazards. The nearest mouth 

and eye washing station was identified prior to any sample preparation. All reagents used 

fulfilled guideline standards established by the Committee on Analytical Reagents of the 

American Chemical Society. Proper equipment such as nitrile gloves, protective eyewear, lab 

white coats, closed toed shoes, and fume hoods were all utilized to uphold user and laboratory 

safety standards. Additionally, relevant health and safety information was obtained from 

manufacturers and reviewed by all laboratory users.  

2.5 Analysis 

Statistical analysis was performed using R version 1.2.5019 and Python version 3.8.2. 

R packages used include lme4 version 1.1.21 for linear mixed effects modeling, ggplot2 version 

3.2.1 for data analysis visualizations, and dplyr version 0.8.3 for data manipulations. Python 

packages used include Pandas version 0.25.1 for data structuring, and seaborn version 0.9.0 

for statistical data visualization.  

Shapiro-Wilk normality test was used to determine if the measurement distributions 

across intervention group and visit were normally distributed. Overlain histograms and density 

lines using custom R functions, were generated to visually examine the normality of key 

variables. Boxplots of important variables (such as PM2.5 exposure, ozone exposure, amino-

PAH concentrations, and cotinine) were generated to visualize measurement variations across 
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visits. Kruskal-Wallace rank sum test was then used to further assess initial predictions 

resulting from boxplot analysis and to assess global period effects of the measured air pollutant 

levels between locations and within intervention periods.   

Scatterplots were created to map the effects of HEPA and ESP interventions on 

outdoor versus PM2.5 exposure across time. PM2.5 exposure scatterplots were also grouped by 

visit with probability ellipses for generalized multivariate analysis using data covariance and 

calculated centers. Additional scatterplots were created to assess interactions between 

measured meteorological/covariate variables and resulting urinary nitro-PAH metabolite 

concentrations. Both scatterplots and boxplots were analyzed for visual trends, taking into 

account directional associations and covariate factor influences. 

Finally, hierarchical linear mixed effect models were developed to examine the 

associations between urinary nitro-PAH metabolites, indoor air quality interventions, 

meteorological variables, and other potential covariates. Similar models were explored in 

previous analysis such that linear mixed modeling was used for significance testing of between-

group differences using calculated biomarker exposures for each visit (Day et al., 2018). The 

hierarchical linear mixed effect models developed in this study included three final models 

used to examine outcome associations.  

!! = b" + $#%&$%&! + $$'(')!) +	$''(,'-'.)! +	$%/0$%&! +	$(.1&%$%&! + $)232! 	+ 4!  

!! = b" + $#%&$%&! + $$'(')!) +	$''(,'-'.)! +	$%/0$%&! +	$(.1&%$%&! + $)232! +01%5! + 4!  

!! = b" + $#%&$%&! + $$'(')!) +	$''(,'-'.)! +	$%/0$%&! +	$(.1&%$%&! + $)232! + 1-%! + 4!  
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Additional binary variables representative of HEPA and ESP air filtration inventions 

among each intervention group were generated to assess the effect of air filtration 

interventions on the associations between urinary amino-PAH concentrations and related 

variates. Each linear mixed effect model was also compared using Akaike information criterion 

(AIC) and Bayesian information criterion (BIC) values. 



 

 

14 

3. Results 

Histogram plots coupled with density curves were used to visually inspect data 

distributions for normality. Most distributions had multiple peaks along their density curves 

and the result data appeared non-normally distributed across the x-axis. Non-normality of 

distribution was taken into account during further statistical analysis of the study dataset.  

Shapiro-Wilk tests were performed to further analyze the normality of data 

distributions for variable differences across intervention groups and visits. For almost all 

variables of interest, Shapiro-Wilk p-values were well below 0.05, confirming that the 

distribution of data may be significantly different from normal distribution, and that we may 

not assume normality. Only one data distribution yielded a p-value greater than 0.05, group A 

24-hour PM2.5 exposure for visit 3 (see Appendix A,  

Table 5). Although the data appears to be relatively normally distributed, a larger p-

value may have been expected to be a stronger indicator of normally distribution data and thus 

normality was not assumed. 

Due to the non-parametric nature of the data, Kruskal-Wallace rank sum tests were 

used to assess interactions between variables grouped by visit (see Table 3). PM2.5 exposure 

boxplots displayed visible difference between visits, such that when air filtration intervention 

was removed, both groups experienced significant increases in 24-hour exposure (see 

Appendix A, Figure 4). Kruskal-Wallace tests further confirmed that the levels of PM2.5 

exposure statistically significant and increased during invention periods visit 2 and 3 for both 

group A and group B (p-value 3.739e-14 and < 2.2e-16 respectively).  Average levels of PM2.5 
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exposure nearly tripled for both groups A and B during the first 24-hours of each intervention 

period for visits 2 and 3, and then returned to baseline when HEPA and ESP interventions 

were re-introduced.  

Table 3: Kruskal-Wallis rank sum tests 

Kruskal-Wallis rank sum test 
Data Variable p-value df Chi Square 

     

Group A 24-hour PM2.5 Exposure 3.739e-14* 3 65.596 
 24-hour ozone Exposure < 2.2e-16* 3 81.31 
 1-naphthylamine 0.1187 3 5.859 
 1-aminopyrene 0.417 3 2.8396 
 2-aminofluorene 0.09842 3 6.2878 
 2-naphthylamine 0.1187 3 5.859 
 2-aminophenanthrene 0.3505 3 3.2794 
 Cotinine 0.06295 3 7.2992 
       

Group B 24-hour PM2.5 Exposure < 2.2e-16* 3 80.345 
 24-hour ozone Exposure < 2.2e-16* 3 117.29 
 1-naphthylamine 0.02432* 3 9.4088 
 1-aminopyrene 0.8795 3 0.67319 
 2-aminofluorene 0.02115* 3 9.715 
 2-naphthylamine 0.05734 3 7.5084 
 2-aminophenanthrene 0.2494 3 4.1144 
 Cotinine 0.0007553* 3 16.86 
     

 
Boxplots of the amino-PAH concentrations did not yield any clear visual trends across 

visits (see Figure 2). Notably, average concentrations of 1- and 2-naphthylamine (also named 

1- and 2-aminonaphthalene) were visually similar across visits and within each group. 1-

naphthylamine Kruskal-Wallace rank sum tests did yield statistically significant results for 

group B but not group A (p-value 0.02432 and 0.1187 respectively), whereas 2-naphthylamine 

did not yield statistically significant results for either group. 2-aminofluorene, 1-aminopyrene, 



 

 

16 

and cotinine concentrations did not appear to fluctuate significantly across visits. Group B 

Kruskal-Wallis rank sums tests did yield significant results for 2-aminofluorene and cotinine 

(see Table 3). However, the significance appears to be largely due to low urinary concentrations 

during visit 2 for both metabolites. Additionally, 2-aminophenanthrene did not yield 

significant results, but notably had a sizable number of zero-values across both group A and 

B (75 and 102 datapoints respectively).  

       
 

       
Figure 2: Urinary metabolite concentrations by type and group 

Abbreviations: 1-AP, 1-aminopyrene; 1-AN, 1-naphthylamine; 2-AN, 2-naphthylamine; 
2-AF, 2-aminofluorene; 2-APhe, 2-aminophenanthrene; Conc., concentration 

Scatterplots of HEPA and ESP interventions on outdoor versus PM2.5 exposure across 

time provided outdoor to indoor air pollution comparison. Across 24-hour, 1-week, and 2-
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week averages, outdoor versus exposure concentrations were lower for both visit 1 and 4; and 

higher for visits 2 and 3. Additionally, mean PM2.5 exposure concentrations were nearly double 

for group A compared to group B during the intervention period visits 2 and 3 (52.47 µg/m3 

versus 35.01 µg/m3 and 68.56 µg/m3 versus 34.90 µg/m3 respectively). As exposure time 

interval increased datapoint clustering became visually distinct for PM2.5 exposure grouped by 

visit, highlighted by the overlain probability ellipses (see Figure 3).  

 
Figure 3: Outdoor PM2.5 versus PM2.5 exposures over time 
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Permutations of ordinary least squares (OLS) regression, generalized linear (GL) 

regression, and linear mixed effects (LME) models were tested to identify models that best fit 

exposure variables and related covariates. Ordinary least squares regression and generalized 

linear models yielded the same AIC and BIC results, which ranged from 684.3 to 697.4 and 

853.9 to 867.1 respectively. 

Three final linear mixed effects models were identified and yielded significant results. 

Models 2 and 3 incorporated HEPA and ESP filtration interventions as binary outcomes to 

test regression coefficients for individual interventions. AIC and BIC values were similar 

across models but varied between urinary amino-PAHs. 1-aminopyrene had the strongest 

model, with a lowest AIC of 214.72 and lowest BIC of 237.35 among the three models (see 

Appendix B, Table 6). Despite the strength of the 1-aminopyrene models, there were no 

significant associations found between urinary 1-aminopyrene, meteorological conditions, and 

PM2.5 exposure in either group A or B. 2-aminofourene models also yielded significant 

associations, but only between urinary concentration and 24-hour relative humidity. 

In comparison, 1-naphthylamine, 2-naphthylamine, and 2-aminophenathrene group A 

all models yielded significant associations between urinary amino-PAH concentrations and 24-

hour PM2.5 exposure, 24-hour temperature, and 24-hour relative humidity (see Table 4). 

Notably, 1-naphthylamine and 2-naphthylamine produced positive associations between 

urinary amino-PAH concentrations, PM2.5 exposure, and 24-hour relative humidity. Negative 

associations were found between 1- and 2-naphthylamine urinary amino-PAH concentrations 

and 24-hour relative humidity. 2-aminofluorene group A models also produced positive 
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associations between urinary amino-PAH concentrations and relative humidity only. Group A 

models for 2-aminophenanthrene produced a positive association with 24-hour relative 

humidity and negative associations with PM2.5 exposure and 24-hour temperature (see Table 

4). 

Table 4: Linear Mixed Effects model variate t-values 

Linear Mixed Effects Model variate t-values 

Variable 
1-AP 1-AN 2-AN 2-AF 2-APhe 

A B A B A B A B A B 
           

Model 1           
    24-hour PM2.5 exposure  0.433 0.104 2.077 -0.876 2.792 -0.105 -0.021 0.183 -1.946 -1.226 

    24-hour humidity 0.298 1.411 1.995 -0.391 2.383 0.979 2.749 0.740 2.205 -0.716 

    24-hour temperature -0.138 1.607 -1.736 -0.050 -1.955 0.867 1.028 0.549 2.319 2.535 

    visit -0.846 -0.312 -3.533 -0.727 -3.922 -1.592 -1.600 -0.614 -0.643 1.955 

    cotinine -0.062 -0.101 1.024 -1.332 0.895 0.803 0.032 0.757 1.166 0.908 
           

Model 2           
    24-hour PM2.5 exposure  -0.065 - 2.328 - 2.325 - -0.067 - -2.524 - 

    24-hour humidity 0.566 - 2.054 - 2.058 - 2.487 - 2.693 - 

    24-hour temperature -0.269 - -1.878 - -1.888 - 0.992 - 1.984 - 

    visit -1.028 - -3.622 - -3.631 - -1.530 - -1.158 - 

    cotinine 0.033 - 0.850 - 0.852 - 0.047 - 1.370 - 

    HEPA -0.695 - 0.164 - 0.157 - -0.083 - -1.591 - 
           

Model 3 
          

    24-hour PM2.5 exposure  -0.065 0.475 2.328 -0.201 2.325 0.400 -0.067 0.993 -2.524 -2.065 

    24-hour humidity 0.566 0.966 2.054 -0.886 2.058 0.447 2.487 -0.092 2.693 0.200 

    24-hour temperature -0.269 1.794 -1.878 0.343 -1.888 1.163 0.992 1.118 1.984 1.819 

    visit -1.028 0.010 -3.622 -0.214 -3.631 -1.089 -1.530 0.125 -1.158 1.087 

    cotinine 0.033 -0.232 0.850 -1.528 0.852 0.623 0.047 0.463 1.370 1.276 

    ESP -0.695 0.874 0.164 1.354 0.157 1.094 -0.083 1.921 -1.591 -2.202 
           

 
Most group B models did not produce any significant associations, except for two 

amino-PAHs. The first amino-PAH is 2-aminofluorene, which produced a positive association 

with ESP in Model 3. Additionally, 2-aminophenanthrene Group B models produced 
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noticeably different results for model 1 and model 3. Model 1 produced significant positive 

associations between 2-aminophenathrene and 24-hour temperature. The addition of ESP as 

a binary outcome to model 3 resulted in a significant positive association between urinary 

concentrations of 2-aminophenathrene and 24-hour temperature; and negative associations 

between urinary concentrations of 2-aminophenathrene, 24-hour PM2.5 exposure, and ESP 

intervention. 
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4. Discussion 
Despite the non-parametric distribution of the data, indicators of PM2.5 yielded 

significant results that may confirm the effects of HEPA and ESP filtration on PM2.5 exposure 

concentrations. PM2.5 exposure concentrations significantly increased during intervention 

visits 2 and 3, suggesting the removal of HEPA and ESP air filtration systems did significantly 

increase indoor PM2.5 exposure concentrations as expected. These results confirm exposure 

conditions were measurably different between intervention and non-intervention periods and 

enabled reliable cross comparison of PM2.5 exposure to each participant’s corresponding 

urinary amino-PAH concentrations. 

Comparative analysis of amino-PAHs and air pollutant exposure across visits did not 

yield any significant insights. For example, amino-PAHs such as 2-aminofluorene, 2-

aminophenanthrene, and 1&2-naphthylamine did not appear to produce any clear visual 

associations with PM2.5 or measured gaseous pollutants (such as O3, SO2, and NO2). 

Additionally, 1-aminopyrene urinary concentrations remained relatively consistent irrespective 

of visit. This finding is similar to prior study findings that suggest 1-aminopyrene is more 

representative of outdoor pollutants and unchanged by indoor air filtration techniques (Gong 

et al., 2015; Gong et al., 2013).  

Boxplot and Kruskal-Wallis result analysis suggests air filtration intervention did not 

impact any gaseous air pollutant concentration other than ozone concentrations. It may be 

reasonable to infer that common household and commercial air filtration solutions such as 

HEPA and low-cost ESP systems are not effective for mitigating gaseous air pollutants. This 
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poses important questions regarding public knowledge about the impact of volatile organic 

compounds (VOCs) such as nitro-PAHs and their potential for adverse health effects despite 

use of HEPA or ESP filtration. 

Scatterplot results suggest outdoor PM2.5 and indoor PM2.5 exposure was highly 

correlated. The 2-week PM2.5 exposure scatterplots highlight that outdoor PM2.5 averages can 

vary significantly from week to week (or even month to month). It would be interesting to use 

similar 1-week and 2-week PM2.5 exposure measurements to assess the associations between 

PM2.5 and amino-PAHs with longer known half-lives. 

Linear mixed effect models produced results that suggest PM2.5, relative humidity, and 

temperature may have significant effects on certain participant urinary amino-PAH 

concentrations. These results support previous findings that suggest certain urinary amino-

PAHs, such as 1&2-naphthylamine, may be promising potential biomarkers for air pollutant 

exposure (Gong et al., 2015). The results of the 1-aminopyrene linear mixed effects models 

further support previous findings that suggest 1-aminopyrene is more representative of 

outdoor pollutants and unchanged by indoor air filtration techniques (Gong et al., 2015; Gong 

et al., 2013). It is likely that relative humidity and temperature may play a role in the gas to 

solid-phase ratio for nitro-PAHs in the air (and consequently metabolized and excreted as 

amino-PAHs in urine). Nitro-PAHs are semi-reactive in nature, and thus are prone to 

particulate bonding at varying ratios depending on humidity and other atmospheric conditions. 

Associations between some of the amino-PAH concentrations, 24-hour temperature, and 24-

hour PM2.5 exposure may be indicative of higher ambient particle-phase concentrations. 
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Especially when considering the notably cold weather and seasonal winter months during 

which the original study was conducted. Previous studies suggest that highest concentrations 

of particulate-phase PAH predominately occurred during winter months (Tsapakis & 

Stephanou, 2005), which may explain the significant associations observed. However, the 

results of this study suggest the particle-phase concentrations were not high enough to cause 

a noticeable difference among air filtration interventions. Measurement of outdoor nitro-PAH 

concentrations would be crucial to future studies and may provide a clearer comparison of 

variates for linear mixed effect models. 

Relative humidity was another common association found to be statistically significant 

in the amino-PAH linear mixed effects models developed. This association follows the gas-

phase particle-phase theory such that increasing humidity may contribute to lower levels of 

particle-phase PAH particulates. Previous studies report findings that suggest increasing 

humidity leads to lower gas-particle partitioning or lower absorptive partitioning (Pankow, 

Storey, & Yamasaki, 1993). It is possible that one explanation for this phenomenon is due to 

H2O molecules blocking surface sites along reactive PAHs.  

  Interestingly, linear mixed effect model results for 2-aminophenanthrene Group B 

were inverse and significantly differ from the results of other group A urinary amino-PAH 

concentration models. One theory is that the inversion may be due to the sizable number of 

zero values observed within the measured 2-aminophenanthrene urinary concentration data, 

such that the sample mean is significantly lower when subtracting the theoretical mean and 

dividing by the standard deviation to calculate each t-value. Linear mixed effect model cotinine 
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t-values were relatively low, and not considered statistically significant. These results suggest 

urinary concentrations of cotinine are not significantly associated with the urinary 

concentrations of amino-PAHs measured. This result is reassuring but not definitive regarding 

potential confounding effects of cotinine on observed urinary concentrations of amino-PAHs.  

In summary, the results of this study suggest HEPA and ESP may not impact gas-

phase air pollutants such as nitro-PAHs. According to the relative humidity and temperature 

ranges observed, it is likely that nitro-PAH concentrations were predominately gas-phase. 

Thus, HEPA and ESP air filtration had little to no effect on nitro-PAH exposure among 

participants. However, it is worth noting that HEPA and ESP air filtration systems are still 

likely effective solutions for the removal of particle-phase PAHs. Additionally, other sources 

of nitro-PAH exposure may also include dietary sources such as cooking oils (see 4.3 Study 

strengths and limitations), which were not measured in the originally study by Day et. al and 

subsequently could not be analyzed. 

The results of this study underscore the potential need for gas-phase air filtration 

solutions that can remove carcinogenic and mutagenic gas-phase air pollutants such as nitro-

PAHs. Current residential solutions such as HEPA and ESP systems may be ineffective against 

pollutants that are more often found in gas-phase rather than particle-phase, especially smaller 

molecules such as 1-naphthylamine and 2-naphthylamine. Although no clear strong 

associations were found between PM2.5 and amino-PAH concentrations, linear mixed effects 

models did provide a glimpse into the potential associations between urinary amino-PAH 

concentrations and covariates such as temperature and relative humidity. 
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4.1 Implications for policy and practice  

The results of this study provide and introductory explorative analysis that underlines 

the need for improved awareness about nitro-PAHs. Such that nitro-PAHs may be an 

important pollutant that warrants further exploration, especially regarding gaseous PAH 

exposures. Additional policy and regulation of gaseous-phase air pollutants may be an 

important step to better addressing the issue of air pollution as a whole. PM10 and PM2.5 

represent a significant portion of air pollution in the particle-phase, but gas-phase pollutants 

are also an important and largely under-recognized concern especially at the residential-level. 

Government-funded research of gaseous air pollutants such as nitro-PAHs is needed to not 

only understand the impact of these carcinogenic compounds, but also improve future 

solutions and response-measures that aim to mitigate all components of air pollution, 

including gaseous air pollutants. 

4.2 Implications for further research 

Further research is needed to individually assess whether ESP may have a minor 

impact on indoor gaseous air pollutant exposures. ESP systems have been known the generate 

small amounts of non-thermal plasma. Theoretically, this non-thermal plasma could react with 

volatile organic compounds such as nitro-PAHs. Presently, studies suggest removal of gaseous 

air pollutant compounds can be effective using complex industrial-level ESP systems such as 

low-low temperature ESPs (Li et al., 2018). It may be of interest to explore the potential effects 

of more complex ESP systems in residential settings to assess its effects on both gaseous and 

particle-phase air pollutants such as nitro-PAHs. 
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Additional analysis of log-normal distribution may also be useful, to explore previously 

studied log-normal distribution concentrations of three particular urinary PAH metabolites of 

interest (Gong et al., 2015). Log transformed concentrations would be the dependent 

variables, where period or time would be a categorical unchanging effect and individual 

participants would be denoted as a random effect. Previous study suggests a compound 

symmetry covariance structure may also be applied to mixed effect models (Zhang et al., 2013). 

This structure is both a best fit and yields the smallest Akaike Information Criterion values 

which could then be tested and compared in future iterations. However, for the purpose of 

this study compound symmetry covariance structure was not assessed. Additionally, due to 

the complex interactions between variables, additional analysis is needed to further refine 

mixed modeling and adjust for covariates and/or confounding. 

4.3 Study strengths and limitations 

This study had several limitations that impacted its generalizability and underline the 

need for further study. For example, a larger sample size would have greatly improved the 

reliability of outcomes. In addition, the sample population included in this study is a highly 

specific type of office worker that live in controlled housing conditions and are not 

representative of the general population. Thus, it is important to note that the results of this 

study are not highly generalizable but may be representative of individuals that live in similar 

conditions as the Broad Town office workers. 

Measurement of gas-phase and particle-phase nitro-PAHs in the atmosphere, in 

tandem with urinary concentration measurements, may improve cross comparison between 



 

 

27 

ambient air pollution exposure and human amino-PAH urinary concentrations. It would have 

also been potentially useful to simultaneously monitor other covariates that may have played 

a contributing role to urinary concentrations of amino-PAHs. For example, it is likely that 

additional exposure sources contributed to the overall concentrations of amino-PAHs 

detected within each participant’s samples. Dietary sources of amino-PAHs such as heated 

cooking oils (such as sunflower oil, vegetable oil, or refined lard-oil) can generate inhalable 

fumes containing 2-napthlyamine (Wang, 1999). Such exposure routes were not monitored 

nor quantified during the original study design.  

Amino-PAH 2-aminophenanthrene urinary concentration data yielded a sizable 

number of zero-values across both group A and B, which may be a result of two theoretical 

outcomes. First, the significant number of 2-aminophenanthrene zero-values may be due to 

urine sample PAH concentrations below the threshold detection limit specific to the LC-

MS/MS performed. Second, it is possible that samples may have been contaminated, or diluted 

standards used, creating a significant loss of data points. 

Finally, the original study did calculate each individual participant’s exposure relative 

to their self-reported weighted daily time-locations. However, the analysis conducted in this 

study did not separately assess the likely short duration but high exposure of subjects to air 

pollutants outside of the Broad Town offices and dorms. These potential exposures may have 

overwhelmed nitro-PAH intakes, diminishing any potential effect of the filtration intervention. 
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5. Conclusion 
 Both HEPA and ESP filtration systems appear to significantly impact indoor PM2.5 

exposure concentrations. ESP also increased indoor ozone concentrations. Removal of 

HEPA, ESP, or both resulted in significant PM2.5 exposure concentration increases. However, 

both HEPA and ESP did not appear to significantly impact urinary amino-PAHs. Such 

findings bring the efficacy of ESP filtration systems into question. Especially when weighing 

the health costs of increased ozone exposure and lack of gaseous pollutant filtration to ESP 

system’s improved PM2.5 reduction. 

The associations observed between amino-PAH concentrations, PM2.5 exposure, 

temperature, and relative humidity warrant future investigations that include more in-depth 

detailed measurements of external sources of nitro-PAHs and potential covariates. It would 

be interesting to further assess the interactions between a wider panel of urinary amino-PAH 

concentrations and other measurable gaseous pollutants to better understand semi-volatile air 

pollutant interactions in the presence of PAHs. Such research may aid in the future 

development of air filtration solutions that could help reduce indoor levels of especially toxic 

gaseous pollutants such as VOCs and nitro-PAH pollutants.   
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Appendix A 

 

Table 5: Shapiro-Wilk normality tests 

Shapiro-Wilk Normality Tests 
Data Variable Category P-value W 

     

All 24-hour PM2.5 Exposure Group A 3.632e-09 0.8679 
   Group A   Visit 1 0.0180 0.9235 
  Visit 2 0.0049 0.8872 
  Visit 3 0.0554 0.9353 
  Visit 4 1.199e-05 0.7500 
All 24-hour PM2.5 Exposure Group B 5.179e-11 0.8810 
   Group B  Visit 1 0.0079 0.9329 
  Visit 2 0.0010 0.9065 
  Visit 3 7.88e-07 0.8632 
  Visit 4 3.265e-08 0.8174 
All 24-hour Ozone Exposure Group A 7.368e-11 0.8257 
  Group B 2.451e-14 0.8100 
 1-naphthylamine Group A 1.495e-09 0.8590 
  Group B < 2.2e-16 0.1327 
 1-aminopyrene Group A 3.584e-14 0.7185 
  Group B < 2.2e-16 0.6326 
 2-aminofluorene Group A 1.326e-09 0.8578 
  Group B 4.336e-11 0.8796 
 2-naphthylamine Group A 1.662e-09 0.8601 
  Group B 4.488e-12 0.8607 
 2-aminophenanthrene Group A 9.533e-15 0.6961 
  Group B < 2.2e-16 0.7411 
 Cotinine Group A 9.002e-15 0.6951 
  Group B 1.215e-15 0.7755 
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Figure 4: Relative humidity, temperature, and PM2.5 by visit 



 

 

31 

Appendix B 

 

   

Figure 5: Ordinary least squares model residuals and normal Q-Q plots 

 

 

Figure 6: Generalized linear model residuals and normal Q-Q plots 
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Table 6: Linear Mixed Effects models AIC and BIC values 

Linear Mixed Effects model AIC and BIC values 
Variable Model 1 Model 2 Model 3 

 AIC BIC AIC BIC AIC BIC 
       

Group A       
    1-aminopyrene  214.723 237.349 216.243 241.698 216.243 241.698 
    1-naphthylamine 687.993 710.620 689.967 715.422 689.967 715.422 
    2-naphthylamine  664.619 687.246 666.595 692.050 666.595 692.050 
    2-aminofluorene 1041.121 1063.747 1043.114 1068.569 1043.114 1068.569 
    2-aminophenanthrene 825.755 848.382 825.250 850.705 825.250 850.705 

       

Group B       
    1-aminopyrene  350.703 376.552 - - 350.703 376.552 
    1-naphthylamine 1724.452 1750.301 - - 1724.452 1750.301 
    2-naphthylamine  1008.771 1034.620 - - 1009.580 1038.660 
    2-aminofluorene 1547.648 1573.496 - - 1546.025 1575.105 
    2-aminophenanthrene 1244.127 1269.976 - - 1241.555 1270.635 
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Figure 7: Amino-PAH LME model residuals and normal Q-Q plots 
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