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Abstract

BACKGROUND: In response to COVID-19, attention was drawn to indoor air quality and 

interventions to mitigate airborne COVID-19 transmission. Of developed interventions, Corsi-

Rosenthal (CR) boxes, a do-it-yourself indoor air filter, may have potential co-benefits of reducing 

indoor air contaminant levels.

OBJECTIVE: We employed non-targeted and suspect screening analysis (NTA and SSA) to 

detect and identify volatile and semi-volatile organic contaminants (VOCs and SVOCs) that 

decreased in indoor air following installation of CR boxes.

METHODS: Using a natural experiment, we sampled indoor air before and during installation of 

CR boxes in 17 rooms inside an occupied office building. We measured VOCs and SVOCs using 

gas chromatography (GC) high resolution mass spectrometry (HRMS) with electron ionization 

(EI) and liquid chromatography (LC) HRMS in negative and positive electrospray ionization 

(ESI). We examined area count changes during vs. before operation of the CR boxes using linear 

mixed models.
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RESULTS: Transformed (log2) area counts of 71 features significantly decreased by 50–100% 

after CR boxes were installed (False Discovery Rate (FDR) p-value < 0.2). Of the significantly 

decreased features, four chemicals were identified with Level 1 confidence, 45 were putatively 

identified with Level 2–4 confidence, and 22 could not be identified (Level 5). Identified 

and putatively identified features (Level ≥4) that declined included disinfectants (n = 1), 

fragrance and/or food chemicals (n = 9), nitrogen-containing heterocyclic compounds (n = 4), 

organophosphate esters (n = 1), polycyclic aromatic hydrocarbons (n = 8), polychlorinated 

biphenyls (n = 1), pesticides/herbicides/insecticides (n = 18), per- and polyfluorinated alkyl 

substances (n = 2), phthalates (n = 3), and plasticizers (n = 2).
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INTRODUCTION

Humans spend a large fraction of time indoors. Often, pollutant levels indoors are higher 

relative to outdoors. Therefore, indoor air pollutants are an important component of 

the human exposome [1], which is defined as the totality of exposures throughout an 

individual’s life [2]. The indoor air exposome is comprised of known constituents such as 

particulate matter (PM), volatile organic contaminants (VOCs), and semi-volatile organic 

contaminants (SVOCs), which have been linked to adverse health effects including allergies, 

cancer, endocrine disruption, and pre-mature mortality [1, 3, 4]. Sources of chemical 

emissions in the indoor environment include migration of outdoor air, migration of gas 

from soil or groundwater, and off gassing from furniture, carpeting, electronics, decorations, 

and consumer products [5–7].

Recently, we took advantage of a natural experiment to examine changes in per- and 

polyfluoalkyl substances (PFAS) and other SVOCs in indoor air using Corsi-Rosenthal 

(CR) boxes [8]. The CR box is a “do-it-yourself” air filter consisting of four consumer-

grade MERV-13 (or equivalent) filters and a box fan that was designed in response to the 

COVID-19 pandemic to reduce levels of airborne viral particles from indoor environments 

[9]. We used targeted mass spectrometry to quantify air concentrations of 42 PFAS and 

24 other SVOCs, including phthalates, organophosphate esters (OPEs), polychlorinated 

biphenyls (PCBs), and brominated flame retardants (BDEs) [8]. We found that CR boxes 

reduced air concentrations of seven PFAS (N-ethyl perfluorooctanesulfonamidoethanol, 

N-ethyl perfluorooctanesulfonamide, perfluorobutane sulfonamide, perfluorobutanesulfonic 

acid, perfluorohexanesulfonic acid, perfluorooctanesulfonic acid, and perfluorononanoic 

acid) and five phthalates (dimethyl phthalate, diethyl phthalate, diisobutyl phthalate, butyl 

benzyl phthalate, and dicyclohexyl phthalate) [8]. However, CR boxes may remove other 

potentially toxic contaminants from indoor air that were not assessed using targeted 

analytical methods. Therefore, non-targeted analysis (NTA) and suspect screening analysis 

(SSA) may help to characterize the ability of CR boxes to improve the indoor air exposome.
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In this study, we analyzed previously collected samples and data from this natural 

experiment to better understand the range of VOCs and SVOCs that could be removed 

by CR boxes. To achieve a broader range of chemical coverage, we employed three NTA and 

SSA analytical methods: (1) liquid chromatography (LC) high resolution mass spectrometry 

(HRMS) with negative electrospray ionization (ESI), (2) LC-HRMS with positive ESI, 

and (3) gas chromatography (GC) HRMS with electron ionization. We categorized the 

tentatively identified candidates that decreased significantly into chemical classes or uses 

using EPA’s CompTox Chemicals Dashboard [10] or by examining their proposed chemical 

structure. The results of our NTA and SSA provide a more complete characterization 

of unknown or suspected indoor air pollutants and the impact of a relatively low-cost 

intervention on their relative concentrations.

MATERIALS AND METHODS

Setting and study design

Details of the study design, including a description of the building in which the sampling 

took place, CR box construction, CR box operation, are provided in Dodson et al. [8]. We 

took advantage of a natural experiment that occurred between October 2021 – March 2022 

to quantify changes in air concentrations of PFAS and other SVOCs before and during the 

deployment of CR Boxes. The study took place in the Brown University School of Public 

Health (Providence, Rhode Island, USA), an 11-story office building built in 1984. Each 

floor in the entire building receives outside air at a constant ventilation rate (approximately 

three to four air changes per hour) from side louvers that is sent to an air handling unit with 

MERV-13 filtration. The 17 classrooms, conference rooms, and computer labs where the 

study took place were spread across seven floors of the building and were all carpeted. In 

rooms with windows, the windows were inoperable. Characteristics of the room, including 

room area, presence and number of windows, type and number of furnishings, maximum 

number of occupants, and number of electronics in each room were previously reported [8].

We conducted baseline sampling between October 25, 2021 and November 18, 2021. One 

week after baseline sampling completion, we deployed the CR boxes and operated them 

from 0700 to 1900 on weekdays until December 20, 2021. We placed one to three CR Boxes 

in each room, near walls and in some cases corners to reduce interference with foot traffic, 

depending on the room area so that the fans provided approximately six additional effective 

air changes per hour. CR boxes were turned off during the winter break (December 21, 2021 

through January 24, 2022), except in some conference rooms used by staff during the break. 

Intervention sampling began two weeks after the CR boxes were turned back on (February 

7, 2022 through March 4, 2022). CR boxes were again operated from 0700 to 1900 on 

weekdays.

We collected air samples twice in each room, one baseline sample and one sample following 

the installation of CR boxes. Air samples were collected in the same manner before and 

during the intervention. In both instances, we sampled the air in a staggered fashion by 

collecting three to five samples per week in different rooms of the building. The building 

was occupied before and during intervention as classes were in session. Building occupants 

were aware of the study and its goals. During air sampling periods, we posted signs 
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requesting that custodial staff not clean in the rooms and occupants to refrain from using 

perfume, cosmetics, or aerosols in the rooms.

SVOC air sampling

Active air sampling was conducted in each room using previously described methods [11, 

12]. In total, 34 field samples were collected, including 17 before the intervention and 17 

during the intervention. Two field blanks were collected and three technical field replicates 

were collected. Briefly, we sampled gas and particulate phases using parallel 160mm 

Universal Research Glassware (URG) personal pesticide samplers (URG); Chapel Hill, NC) 

at a 3 L/min flow rate over ~96 h. Air flow rate was measured at the beginning and end 

of each sampling period using a Model 4199 air flowmeter (TSI Incorporated; Shoreview, 

MN). Each sampler contained a 10 μm at 4 L/min impactor-equipped inlet followed by 

a 25mm quartz fiber filter and 3g of XAD-2 resin sandwiched between two 1 13/16 in. 

polyurethane foam (PUF) plugs (Fisher Scientific, Waltham MA). Prior to packing, the PUF 

plugs and XAD-2 resin were washed with UHPLC grade acetonitrile (Sigma-Aldrich; St. 

Louis, MO) and dried in a 60 °C oven for 3 days. After sample collection, the samplers were 

capped, stored in sealed bags, and stored for less than 5 months at −20 °C.

We measured room air temperature and relative humidity using Purple Air Monitors (Draper, 

Utah) both before and during the intervention. We averaged hourly temperature and relative 

humidity values for each room in the before and during intervention periods for use in 

subsequent statistical analyses.

Sample preparation

Our analysis used the XAD-2 resin and PUF plugs in the air sampler, which captured 

pollutants in the gas-phase and not the particle-bound phase. Prior to extraction, XAD-2 

resin and PUF plugs were removed from the air samplers and weighed in 50 mL 

glass centrifuge tubes. The extraction method was validated for PFAS, phthalates, OPEs, 

polychlorinated biphenyls, and polybrominated diphenyl ethers in our original targeted study 

[8]. The PUF and XAD-2 resin powder were extracted with three 10-mL (30mL total) 

washes of acetonitrile. The acetonitrile supernatant was collected in a separate 50 mL 

glass centrifuge tube. Two 1 mL aliquots of the supernatant were collected for analysis 

using GC-HRMS and LC-HRMS. The fraction used for LC-HRMS was transferred to 

a HDPE analysis vial, spiked with 300 μL aqueous isotopically labeled PFAS internal 

standard (IS) (40 μg/L; contents in the SI and Table S1), and reduced to 300 μL using a 

Organomation 30-position Multivap Nitrogen Evaporator (Organomation Associates Inc.). 

The GC-HRMS fraction was transferred to a glass vial, spiked with 10 μL of a solution 

containing isotopically labeled phthalates (40 μg/L Diethyl Phthalate-3,4,5,6-d4, Diisobutyl 

Phthalate-3,4,5,6-d4, Di-n-pentyl phthalate-3,4,5,6-d4, Di-n-hexyl Phthalate-3,4,5,6-d4, and 

Di-n-octyl Phthalate-3,4,5,6-d4 in acetonitrile), and reduced to 150 μL under nitrogen. The 

final extract was transferred to an amber autosampler vial containing a 250 μL glass insert 

and sealed with a cap. The extract that was used for GC analysis was spiked with 10 μl of 

an IS solution containing 62.5 μg/L of phenanthrene D-10, 62.5 μg/L chrysene D-12, and 20 

μg/L retention time marker in hexane. The isotope labeled phenanthrene and chrysenes were 

used to monitor injection consistency, while the retention time marker was used for retention 
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time alignment and calculating Retention Index in NTA/SSA. All chemicals and materials 

used are listed in the SI.

QC spikes and samples

We collected and analyzed several blanks and replicates to evaluate potential contamination 

and precision of our SVOC sampling. We collected both solvent blanks and field blanks 

(samplers opened in a room and then processed, one before and one during CR Box 

deployment). Solvent blanks were used to determine the method detection limit (MDL). 

Three technical field replicates were collected by simultaneously sampling in a single 

residence using the same procedures. Recoveries of PFAS, phthalates, organophosphate 

esters, polychlorinated biphenyls, and polybrominated diphenyl ethers were assessed as a 

part of our targeted study (reported in the SI) [8] by spiking a known amount of analytical 

standard into the XAD and PUF used for sampling. The recoveries were between 70 and 

110%. The intended use of the QC samples was to monitor instrument performance.

Analytical sequence

For all three HRMS platforms (LC with negative ESI, LC with positive ESI, and GC-

HRMS), samples were analyzed in a randomized order with pre- and during intervention 

samples mixed together. Blank samples and a calibration standard were analyzed every 10 

injections to evaluate changes in PFAS, phthalates, organophosphate esters, polychlorinated 

biphenyls, and polybrominated diphenyl ethers peak area. The calibration standard also 

contained 11 certified references standard mixtures (listed in the SI). The three technical 

replicate samples were analyzed at the beginning, middle, and end of the batch. All samples 

were analyzed in a single batch, so no batch correction was performed. We used Thermo 

TraceFinder 4.0 software to monitor performance (e.g., standard and IS peak area and 

retention time) throughout the analytical sequence.

Instrumental analysis

For the two LC schemes, data was collected on a high resolution Thermo QExactive HF-X 

Orbitrap MS equipped with a Vanquish ultra-high-performance liquid chromatograph. The 

primary goal of the original targeted study was to detect changes in semi-volatile PFAS 

and therefore we based the chromatography on EPA Draft Method 1633 [8, 13]. For both 

ionization modes, we used a Thermo Hypersil Gold Vanquish C18 column (100 mm × 

2.1 mm × 1.9 μm) for chromatography, ESI, and data-dependent (dd) MS2 acquisition. 

Fragmentation was performed in the HCD collision cell filled with N2 (produced by a Peak 

Scientific Nitrogen Generator, Genius NM32LA). All instrument parameters, including the 

chromatography scheme, source settings, full scan parameters, and data dependent (dd) MS2 

settings, for both negative and positive ESI are provided in the SI (Table S2). The instrument 

was calibrated immediately before both the negative and positive ESI analytical sequence.

GC-HRMS analysis was performed using methods we previously developed [14] for a 

high-resolution Thermo Q Exactive Orbitrap MS equipped with a Thermo Trace 1300 GC 

and a TriPlus RSH Autosampler. Sample extracts (2 μL) were injected onto a 290 °C split/

splitless inlet operated in split-less mode, components were separated on a Restek Rxi-35Sil 

MS column (30m × 0.25mm inner diameter × 0.25 μm film thickness) column, and data 
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was acquired in full-scan mode. The MS was operated in full scan with electron ionization 

mode (70 eV). Helium (99.9% purity) and nitrogen (99.9% purity) were the carrier and 

c-trap gases, respectively. Full details of the inlet settings, chromatography scheme, and MS 

settings are provided in the SI (Table S3). The instrument was leak checked, tuned, and 

calibrated immediately before the analytical sequence.

Data processing

All spectral data files were saved in the .RAW file format and NTA/SSA was performed in 

Thermo Compound Discoverer (CD) 3.3 software. To evaluate CD settings, we analyzed the 

calibration samples to evaluate workflow parameters (e.g., mass accuracy, retention time, 

peak area). The CD data processing workflow and nodes for all three HRMS platforms 

are provided in the SI (Figs. S1, S2, and S3). Briefly, for LC-HRMS data (positive and 

negative ionization), peaks were detected with 5 ppm mass tolerance, 10,000 minimum peak 

intensity, and signal to noise threshold of 1.5. For GC-HRMS data, peaks were detected with 

10 ppm mass tolerance, 100,000 total ion chromatogram threshold, signal to noise ratio of 

3, and 98% allowable ion overlap. Each chromatogram was retention time aligned using the 

carbon distribution marker (contains 9 alkanes; only compounds containing greater than 8 

carbons were used since the compounds smaller than this eluted during the solvent delay) 

spiked into each sample and retention indices were calculated for each peak detected. The 

peak area for each putatively identified compound detected was exported to Microsoft Excel 

after processing the raw data and prior to data filtering.

In total, we processed 8 extraction blanks, 3 calibration standards, 3 QA/QC samples, and 

34 air samples for each analytical platform. Peak areas detected in blank samples were 

excluded from the experimental samples if the sample peak area was less than the MDL. 

When the blank samples had no peak area in any replicates, the MDL was zero. When the 

blank samples had peak area in at least one sample, but not all 8, the MDL was set to the 

maximum peak area detected in the blank. When the blank samples had peak area in all 

blank samples, the MDL was calculated using MDL = X + t n − 1, 1 − α = 0.99 Sb, where X is the 

method blank peak areas mean, t n − 1, 1 − α = 0.99  is the student’s t value for the single-tailed 99th 

percentile t-statistic with n−1 degrees freedom, and Sb is the sample standard deviation of 

replicate blanks peak area [15]. We then removed features that had coefficients of variation 

(CV) greater than 30% in the QA/QC replicates.

Compound annotation and harmonization of identification confidence levels

We assigned confidence levels to the putatively identified compounds based on the 

Schymanski Scale (LC) or the Actionable Annotation Scoring Framework for GC-HRMS 

by Koelmel et al. to evaluate the certainty of the structure identification [16, 17]. Given that 

these scales have different sub-levels (i.e., Schymanski has levels 2a and 2b, while Koelmel 

has levels 4a, 4b, and 4c) and the inherent differences in GC and LC data, we did not 

harmonize at the sub-level across methods. Additional details on how confidence levels and 

high resolution mass spectral libraries (e.g., in-house and open libraries [18]) were assigned 

is provided in the SI.
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Statistical analysis and categorization

Statistical analysis was performed using R (version 4.0.3). Prior to statistical analysis, 

we removed features with ≥20% missingness (or non-detect) in either pre- or during-

intervention samples from further analysis (i.e., no feature was detected or was <MDL 

in ≥4 samples). For features with <20% missingness, we replaced missing values with MDL/

sqrt(2) [19]. Each area count was standardized by the volume of air that passed through the 

sampling device (units of area count per m3). The air volume standardized area counts were 

log2-transformed to approximate normality assumptions in subsequent regression models.

We compared feature area counts before and during the intervention using two sets of 

analyses. First, we applied principal component analysis using the prcomp and pca3d R 

packages with default settings to each data set to reduce the dimensionality of the dataset 

and examine the effect of the intervention by examining biplots of the first two PCs [20].

Second, we used the following linear mixed effects models with a random intercept for the 

room to estimate the difference in feature area count before and during the intervention.

Y ijk = β0 + β1X1 + boi + βlXijl

In this model, Yijk is the log2-transformed area count for the k-th feature in the i-th room 

(i = 1 to 17) at the j-th time (j = 0, 1). β0 is the model intercept and boi is the room 

specific deviation in the intercept. β1 is the difference in log2-transformed area count 

for the respective feature with x1 set to 0 for the pre-intervention period and 1 for the 

during-intervention period. βlXl represent beta coefficients and time-varying temperature 

and relative humidity for the i-th room at the j-th time. We used β1 to calculate percent 

difference (100 × (2^β1 −1)) and the 95% confidence interval for percent difference (100 × 

(2^(β1 ± 1.96 SE) −1)), where SE is the standard error.

Resulting p values from β1 were adjusted for multiple comparisons using a 20% FDR. We 

created interactive volcano plots using the Plotly R package [21]. Features that resulted in 

adjusted p-values less than the 20% FDR and fold-change (FC) ≤−1 (i.e., ≥50% decrease) 

were considered to be significantly decreased during the intervention. Features considered to 

increase significantly had adjusted p values less than the 20% FDR and fold-change (FC) ≥ 1 

(i.e., ≥100% increase).

Significantly decreased identified and putatively identified features were categorized using 

EPA CompTox Chemicals Dashboard [10], which we have previously described [14]. 

Briefly, the batch search routine was used to search the tentatively identified chemicals. 

All lists (337 lists at the time we downloaded them from CompTox Chemicals Dashboard) 

that were currently available were used to categorize the identified chemicals into groups. 

Lists that did not include a chemical purpose or a chemical class (e.g., targeted MS lists 

contributed by other labs) were then excluded. When the chemical was not found on the 

CompTox Chemicals Dashboard, we categorized the chemical using information from the 

Abstract Sifter tool [22] or structural information from PubChem [23] or ChemSpider 

[24]. When the chemical could not be classified, the purpose or class was classified as 

“unknown.”
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RESULTS

Across all three analytical methods (LC-HRMS in positive and negative ionization and 

GC-HRMS), 9,387 features were detected across all 34 samples (Table 1). After removing 

features detected in less than 80% of the pre- or post-intervention samples and those that 

did not have CVs <30% in the QA/QC samples, 2471 features were included in further 

statistical analysis.

Using the Schymanski scale [16] for both LC-HRMS methods and the Actionable 

Annotation Scoring Framework for GC-HRMS by Koelmel et al. [25], we assigned 

confidence levels to the identified and putatively identified features in the unfiltered feature 

table (Table 1). Overall, 63.5% of the features across all three techniques were Confidence 

Level 3 (at least a tentative candidate) or higher. We obtained higher confidence levels for 

features putatively identified in LC-HRMS in negative ionization mode (85.5% Level 3 or 

higher) and LC-HRMS in positive ionization mode (80.8% Level 3 or higher) compared 

to GC-HRMS (37.9% Level 3 or higher). We identified 60 compounds with a Confidence 

Level of 1 (Table S4). Level 1 annotations were observed in LC-HRMS negative ionization 

and GC-HRMS. In LC-HRMS negative ionization, 19 compounds were annotated with 

Level 1 confidence. In GC-HRMS, 41 compounds were annotated with Level 1 confidence. 

Of these compounds, we targeted 33 in our original study [8]. After filtering for missingness 

and QA/QC suitability, 22 of the Level 1 annotated compounds were retained in the feature 

table used for statistical analysis (Table 1 and S5).

Using bi-plots of the first two principal components (PCs), we observed clustering of 

the rooms based on the intervention period. For LC-HRMS negative ionization, there 

was clear separation of observations that aligned with samples taken before vs. during 

intervention (Fig. 1a). The first two PCs cumulatively explained 24.7% of the variation 

in features detected. There was less clear separation for samples taken before vs. during 

the intervention for data collected in positive ionization mode for LC-HRMS (Fig. 1b). 

In LC-HRMS positive ionization mode, the first two PCs cumulatively explained 34.2% 

of the variation in features. For GC-HRMS, before intervention samples clustered tightly 

together and overlapped with the cluster of samples taken after the intervention (Fig. 1c). 

In GC-HRMS, the first two PCs cumulatively explained 25.4% of the variation in features. 

These findings indicate that features measured in LC-HRMS negative ionization mode, and 

to a lesser extent GC-HRMS, differed before and during the intervention.

From all three analytical methods, 89.4% of the total number of features in the filtered 

feature tables decreased by at least 50% regardless of statistical significance. In each 

analytical method, the proportion of features that declined by at least 50% were: 75.1% 

for LC-HRMS with negative ionization, 69.9% for LC-HRMS with positive ionization, and 

95.3% for GC-HRMS (Table 1).

Across all three analytical platforms, 71 features decreased significantly (FDR p value 

< 0.2, >50% decrease): 11 from LC-HRMS negative ionization, 4 from LC-HRMS 

positive ionization, and 56 from GC-HRMS (Table 2, Fig. 2; an interactive version of 

this figure is also available in the SI). Of these, four features were Level 1 annotations 
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(diisobutyl phthalate, dimethyl phthalate, PFBS, and safrole), one feature was a Level 

2 annotation (putative identifications: 2,5-di-tert-butylhydroquinone, dibenz[a,j]anthracene, 

and pentaphene), 33 were Level 3, nine were Level 4, and 22 were Level 5. One of the 

significant features was detected in both LC-HRMS negative and positive ionization with 

the same retention time (4.284 min) and had the same putative annotation, 5-(benzyloxy)-2-

piperazinopyrimidine.

The percent decreases of these 71 features ranged from 50 to 100%, with a median 

percent decrease of 68.6%. In LC-HRMS negative ionization, one of the three chemicals 

with the greatest percent decrease was PFBS (Level 1) (−100%, 95% CI: −108, −91.4). 

The other two features were putatively identified as tris(2,4-ditert-butylphenyl)phosphate 

(Level 3) (−99%, 95% CI: −104, −95.6) and 2,5-di-tert-Butylhydroquinone (Level 2) (−99%, 

95% CI: −107, −92.1). In LC-HRMS positive ionization, the most significantly decreased 

features during the intervention were putatively identified as 1-[4-(Diphenylmethyl)-1-

piperazinyl]-3-[(2-phenylethyl)amino]-2-propanol (Level 4) (−100%, 95% CI: −107, −92.7), 

4-(3-(4-Piperidyl)propyl)-1-piperidineethanol (Level 3) (−99%, 95% CI: −107, −92.5), 

and5-(benzyloxy)-2-piperazinopyrimidine (Level 3) (−99%, 95% CI: −107, −92.5). In GC-

HRMS, the feature with the greatest percent decrease (−99%, 95% CI: −96.4, −103) was 

putatively identified as furathiocarb (Level 3).

After categorizing the 49 identified and putatively identified chemicals (22 features were 

Level 5 and could not be categorized) that declined during the intervention into their uses 

or chemical classes, we identified and putatively identified one disinfectant; nine fragrance 

and/or food chemicals; four nitrogen-containing heterocyclic compounds; one OPE; eight 

Polycyclic Aromatic Hydrocarbons (PAHs); one PCB; 18 pesticide, herbicide, or insecticide 

chemicals; two PFAS; three phthalates; and two plasticizers (Table 2, Fig. 3). From each 

category, the identified and putatively identified chemicals declined by 77.8–99%. Of the 

putatively identified nitrogen-containing heterocyclic compounds, three had 100% percent 

decrease (Table 2).

In LC-HRMS negative ionization, there was no chemical class that represented the majority 

of significantly decreased, identified and putatively identified chemicals. The two categories 

with the greatest number of chemicals in negative ionization were PFAS and phthalates (n 

= 2) (Fig. 3). In LC-HRMS positive ionization, the majority of the identified and putatively 

identified chemicals were nitrogen-containing heterocyclic compounds (n = 3; 75.0%) (Fig. 

3). In GC-HRMS, the majority of the significantly decreased, identified and putatively 

identified chemicals were pesticides, herbicides, or insecticides (n = 18; 48.6%) (Fig. 3).

Across all three analytical methods used, 2 m/z features significantly increased (FC ≥ 1 and 

p value < 20% FDR threshold) (Table S6). Both features were detected using GC-HRMS 

and could not be identified (Level 5 annotation). The percent difference of these features 

were 309% (95% CI: 307, 310) and 1,022% (95% CI: 1020, 1023).
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DISCUSSION

Using a natural experiment, we found that CR boxes significantly reduced the indoor 

air abundance of 49 identified and putatively identified chemicals detected using NTA 

and SSA. We found that 22 additional features significantly decreased but were not 

identifiable (Level 5 annotation). In some cases, CR boxes reduced identified and putatively 

identified chemicals indoor air area counts by up to 99%. While the study objective was to 

understand the potential chemicals reduced by CR boxes, some features increased during the 

intervention. However, we were unable to obtain an identification for these two features.

In GC-HRMS, six of the putatively identified pesticides that decreased were carbamate 

compounds, which are widely used in indoor environments to treat insects, such as ants or 

cockroaches [26]. Carbamates are known endocrine disruptors and neurotoxins [27–29], and 

impair enzymatic pathways involved in metabolism of carbohydrates, fats, and proteins 

within cytoplasm, mitochondria, and peroxisomes by inhibiting acetyl cholinesterase 

enzymes [30]. Carbamates, including pirimicarb and isoprocarb, have been identified in 

indoor dust, dryer lint, and indoor plants [31, 32]. Thus, detection of these putatively 

identified compounds is consistent with prior studies detecting these compounds indoors. 

We obtained a list of the pesticides used in the building and none contained carbamides; 

however, many of the products only disclose a small portion (i.e., 10%) of their ingredients. 

Another entity managed the building up until June 2021, which may have used different 

products that persisted in the building and contributed to the indoor air quality. Bifenthrin, 

another significantly reduced putatively identified chemical, was a listed ingredient in two of 

the products currently used by the University for pest control. Thus, the CR boxes may be 

capable of reducing several pesticides in indoor air.

LC-HRMS (both negative and positive ionization) revealed reductions in putatively 

identified nitrogen-containing heterocyclic compounds; while GC-HRMS revealed 

reductions in putatively identified PAHs. Both PAHs and nitrogen-containing heterocyclic 

compounds are present in outdoor air, including urban environments, and are associated with 

atmospheric aerosols [33–36]. Nitrogen-containing heterocyclic compounds are produced 

as a result of vehicle emissions from biofuels and petroleum based fuels [37, 38] and 

are used in pesticides, roasted meats, chemical manufacturing, and pharmaceuticals [39–

41]. Indoors, nitrogen-containing heterocyclic compounds have been detected in residential 

environment before and after cooking and in homes where bituminous coal combustion 

is used for cooking and/or heating [42, 43]. Additionally, nitrogen containing heterocyclic 

compounds were detected in homes with gas and electric furnaces and cooking appliances 

[44]. Similarly, PAHs are produced both indoors and outdoors as a product of any 

combustion involving fossil fuels, including transportation and cooking [45, 46]. There is 

one restaurant on the ground level of the office building where we collected these samples, 

so it is possible that the source of the putatively identified PAHs and nitrogen-containing 

heterocyclic compounds was related to indoor cooking. Another possible source of these 

putatively identified compounds is vehicle emissions. The building is located along two busy 

city streets and there is a multi-story parking ramp adjacent to the building. Additionally, 

there is a gas-fired power station less than 1 mile from the building where sampling took 

place. We found little to no information on the uses of the putatively identified nitrogen-
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containing heterocyclic compounds that decreased significantly in this study; however, 

many of the putatively identified nitrogen-containing heterocyclic compounds contained 

piperazine or pyrimide functional groups, which are in pesticides, vehicle emissions, and 

cooking emissions [37, 42, 47].

We also putatively identified tris(2,4-ditert-butylphenyl)phosphate, an OPE, as a 

significantly decreasing chemical. Tris(2,4-ditert-butylphenyl)phosphate was previously 

detected in air samples [48]. OPEs are synthetic chemicals used as flame retardants and 

plasticizers, and they have been detected in the indoor environment [49]. While tris(2,4-

ditert-butylphenyl)phosphate is an understudied OPE and its specific health effects are 

unknown, exposure to other OPEs is associated with endocrine disruption, neurotoxicity, and 

carcinogenicity [50]. In our original study, where three OPEs were targeted, these did not 

significantly decrease during the intervention, but we did detect increased OPE levels on the 

CR box filters after the intervention [8].

A few features increased during the intervention period, though we could not identify them. 

The reasons for the observed increases are unknown but could be due to behaviors of 

occupants in the building. Because we operated the CR boxes for 12 h each day but sampled 

the air continuously, some chemical concentrations may have increased when the filters were 

not operating.

While the health effects of some of the compounds detected in this study are unknown, 

the health effects of some pesticides and PAHs are established. Exposure to pesticides and 

PAHs are associated with a number of inhalation risks, including shortterm and chronic 

health effects [51, 52]. Some health effects of pesticide exposure include diabetes, cancer, 

skin and eye irritation, and nausea [51]. Health effects of PAH exposure include lung cancer, 

cardiovascular disease, hypertension, and oxidative stress, among other [52]. Prior studies 

have investigated the relationship of indoor air contaminant concentrations to concentrations 

in paired biological samples. Whyatt et al. examined the relationship between 29 pesticides 

in indoor air using personal air samplers and pesticide concentrations in plasma from 230 

mother and newborn pairs. Air concentrations of some pesticides, including a carbamate 

(propoxur), were significantly correlated with plasma concentrations [53]. Similarly, a 

number of studies have found correlations between concentrations of PAHs in air (sampled 

using personal devices) and PAH biomarker levels in biological samples, including blood 

and urine [54]. Thus, CR boxes may reduce biomarker concentrations of these compounds 

and this could be investigated in future studies.

This study has several strengths. First, we performed a multi-method assessment of indoor 

air contaminants and harmonized LC-HRMS and GC-HRMS identification confidence 

scoring schemes. This allowed us to increase chemical coverage and detect compounds 

that we did not expect to detect a priori. We anticipated that LC-HRMS would not reveal 

detectable changes, since this technique is more amenable to less volatile compounds than 

GC-HRMS. However, the inclusion of LC-HRMS allowed us to identify a significant 

decrease in the novel OPE tris(2,4-ditert-butylphenyl)phosphate that has previously been 

associated with PM2.5 [48] and several nitrogen-containing heterocyclic compounds. 

Second, we conducted this study over a relatively short period of time in a single building 
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to reduce time-varying confounding. Third, we took advantage of a natural experiment to 

estimate potential causal effects of the CR boxes on indoor air pollution. An alternative 

approach could have sampled rooms that did not receive the intervention to ensure 

unmeasured time-varying factors did not influence the results.

Our study also has some limitations. This natural experiment was not performed in 

a controlled environment and time-varying factors that we did not adjust for, such as 

occupancy or occupant behavior, may have affected indoor air pollutant abundance. Thus, 

time-varying factors that covaried with the intervention could be responsible for the 

observed reductions in feature abundance. Additionally, operation of the CR boxes increased 

the noise level in the rooms and occupants occasionally turned off the CR box during the 

intervention because of noise concerns. This may result in an underestimation of the true 

reductions in indoor air contaminant levels. While spurious findings arising from multiple 

comparisons are a concern, we corrected p values to control for false discovery and present 

all our findings to avoid selective reporting. Moreover, our pattern of results show that many 

compounds decreased during the intervention period, albeit not at FDR < 0.2, particularly 

for those detect with GC-HRMS. Finally, while we used a multi-method approach to 

increase chemical coverage of VOCs and SVOCs, our methods were initially optimized 

for our targeted study, which included PFAS, phthalates, BDEs, PCBs, and some OPEs. 

This could bias our analysis toward compounds with similar physical-chemical properties. 

Furthermore, we did not perform post-hoc validation of the putatively identified chemicals 

that significantly decreased due to the cost and time related to obtaining certified reference 

standards.

In conclusion, CR boxes significantly decreased relative abundance of 49 identified or 

putatively identified indoor air chemicals, including pesticides, herbicides, or insecticides, 

PAHs, PFAS, and nitrogen-containing heterocyclic compounds. The decreases in several 

of these compounds, including a novel OPE, disinfectant, and pesticide exemplifies 

the importance of including NTA and SSA in exposure assessment studies to more 

comprehensively assess the impact of interventions on the indoor air exposome. Classifying 

the features that decreased during the intervention provided additional information on the 

types of chemicals removed by CR box operation and demonstrated that each analytical 

method covered a different chemical space. This study provides the basis for future studies 

designed to test interventions to improve indoor air quality and human health, as many of 

the chemicals we putatively identified in this study are related to adverse health outcomes. 

While humans may be exposed to these pollutants through other sources (e.g., drinking 

water, consumer products, food), CR boxes offer a relatively inexpensive means to reduce 

personal chemical exposure to indoor air contaminants.
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IMPACT STATEMENT:

• We used SSA and NTA to demonstrate that do-it-yourself Corsi-Rosenthal 

boxes are an effective means for improving indoor air quality by reducing a 

wide range of volatile and semi-volatile organic contaminants.
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Fig. 1. Biplot of the first two principal components derived from features measured in air 
samples taken before and during the intervention.
PCA conducted separately on features from (a) LC-HRMS negative ionization, (b) LC-

HRMS positive ionization, and (c) GC-HRMS. Each dot represents a single room before 

or during the CR box intervention. The shape and coloring represent whether the sample 

was taken before or during intervention. Ovals represent clustering among pre- and during 

intervention samples. In LC-HRMS negative ionization, 15.8% and 8.9% of the variance 

were explained by PCs 1 and 2, respectively. In LC-HRMS positive ionization, PCs 1 and 

2 respectively explained 22.6% and 11.6% of the variance. In GC-HRMS, PCs 1 and 2 

explained 14.1% and 11.3% of the variance, respectively.
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Fig. 2. Changes in feature intensity during the intervention.
Volcano plots for the features produced in (a) LC−HRMS negative ionization, (b) LC-

HRMS positive ionization, and (c) GC-HRMS. Each dot represents a single feature. The 

solid black line is the 20% False Discovery Rate (FDR) threshold. The cut-off for the mean 

difference in log2 abundances during vs. before the intervention was ±1 features that at 

least doubled or halved in relative abundance). Points above this line with negative mean 

difference in log2 abundances (green dots, on the left side of the plots) are features that 

decreased significantly during the intervention (>50% decrease). Points above the FDR 

threshold with positive mean difference in log2 abundances (blue dots, on the right side 

of the plots) are features that increased significantly during intervention (>50% increase). 

Additional information about the individual features in these plots are available in interactive 

plots contained in the Supporting Information.
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Fig. 3. Frequency of the types of compounds that significantly decreased (FDR p value < 0.2, 
>50% decrease) during CR intervention.
From the 71 features that significantly decreased, 49 were identified and putatively identified 

(Confidence Level >5, listed in Table 2, green points in Fig. 2 which have at least 50% 

decrease and a p-value less than the 20% False Discovery Rate (FDR) threshold) and 

were classified as: Disinfectants; Fragrance and/or Food Chemicals; Nitrogen-containing 

heterocyclic Chemicals; Organophosphate Esters (OPEs); Polycyclic aromatic hydrocarbons 

(PAHs); Polychlorinated Biphenyls (PCBs); Pesticide, Herbicide, or Insecticide Chemicals; 

Per- and Polyfluoroalkyl Substances (PFAS); Phthalates; or Plasticizers. The 22 features that 

significantly decreased and were Level 5 could not be categorized; thus are not included in 

this figure. The label on the bar chart indicates how frequently a chemical was categorized 

into the category on the y-axis for the specified analytical method.
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Table 1.

Total number of features detected in each analytical platform or ionization mode and the confidence score in 

their identity.

LC-HRMS GC-HRMS

Negative Ionization Positive Ionization Electron Ionization

Total number of features detected*: 3479 1731 4177

Total number of features included after filtering for

1) >20% non-detect before or during intervention: 879 480 3,668

2) QC samples peak area CV <30%: 474 191 1806

Confidence levelsa in the initial feature table: 1 19 (0.55%) 0 (0%) 41 (0.98%)

2 197 (5.66%) 36 (2.08%) 13 (0.31%)

3 2760 (79.3%) 1363 (78.7%) 1532 (36.7%)

4 384 (11.0%) 241 (13.9%) 714 (17.1%)

5 119 (3.42%) 91 (5.26%) 1877 (44.9%)

Confidence levelsa in the filtered feature table: 1 3 (0.63%) 0 (0%) 19 (1.05%)

2 64 (13.5%) 3 (1.57%) 4 (0.22%)

3 341 (71.9%) 160 (83.8%) 714 (39.5%)

4 57 (12.0%) 25(13.1%) 312 (17.3%)

5 9 (1.90%) 3 (1.57%) 757 (41.9%)

Proportion of features that decreasedb 75.1% (356) 69.6% (133) 95.3% (1721)

Proportion of features that increasedb 24.9% (118) 30.4% (58) 4.71% (85)

*
We used three analytical methods for NTA/SSA, LC-HRMS in negative ionization, LC-HRMS in positive ionization, and GC-HRMS in electron 

ionization.

a
We harmonized to confidence scoring schemes, the Schymanski scale for LC-HRMS and the Actionable GC Scoring framework by Koelmel et 

al. Level 1 indicates a confirmed identification, Level 2 indicates a probable structure, Level 3 indicates a tentative candidate, Level 4 indicates a 
molecular formula or chemical group (for GC), and Level 5 indicates an unknown feature. The percentages represent the distribution of confidence 
scores in the filtered feature table.

b
Proportion of features that decreased was calculated by determining the number of features with beta coefficients less than 1 (features with 

>50% decrease) divided by the total number of features in the final filtered feature table. Proportion of features that increased was calculated by 
determining the number of features with beta coefficients greater than 1 (features with >50% increase) divided by the total number of features in 
the final filtered feature table.
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