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Figure E1. Participant flow diagram  



 

Figure E2. Association of tidal volume and fractional deposition for the total respiratory system 

and alveolar region. Separation is apparent by age <12 and age ≥12 due to model design (see 

methodology details). 

  



 

Figure E3. Association of respiratory rate and fractional deposition for the total respiratory 

system and alveolar region. Separation is apparent by age <12 and age ≥12 due to model design 

(see methodology details). 

  



 

Figure E4.  Association of BMI z-score with fractional deposition with reduction of FRC among 

obese participants. Estimates from participants with a BMI z-score >1.645 (corresponding to the 

95th percentile) were made with model-predicted FRC reduced by 20%.



Table E1. Association of tidal volume, respiratory rate, and BMI z-score with total and regional fractional deposition of PM2.5  

  Regional Fractional Deposition (%) 

Parameter Total Fractional  

Deposition (%) 

URT TB Alveolar 

Tidal Volume (per 100mL) 2.3 (0.6, 3.9) -0.2 (-0.21, -0.14) 0.17 (0.05, 0.29) 3.8 (2.5, 5.3) 

Respiratory Rate (per 1 breath/second) -0.48 (-0.8, -0.17) 0.22 (0.14, 0.30) -0.13 (-0.14, -0.11) -0.58 (-0.86, -0.30) 

BMI z-score (per 1 unit) 1.42 (0.35, 2.49) -0.09 (-0.38, 0.20) -0.27 (-0.11, 0.05) 1.54 (0.58, 2.49) 

URT: upper respiratory tract; TB: tracheobronchial; BMI: body mass index 

 

Table E2. Association of BMI z-score with total and regional deposition rates of PM2.5 

  Regional Deposition Rate (ng/min) 

Parameter Total Deposition 

Rate (ng/min) 

URT TB Alveolar 

BMI z-score (per 1 unit) 4.56 (2.56, 6.55) 0.83 (0.43, 1.24) 0.52 (0.19, 0.84) 3.21 (1.77, 4.64) 

URT: upper respiratory tract; TB: tracheobronchial; BMI: body mass index 



Methodology details: Flow-time waveform analysis 

Flow-time waveforms were uploaded into a time-series analysis program written in Igor Pro 

(WaveMetrics; Portland, OR). All tracings were manually reviewed by study staff. Periods of 

artifact (principally those due to sensor noise or if a participant was talking) were discarded. A 

semi-automated process of breath-to-breath review and quality assurance analysis of airflow 

waveforms were performed to identify inspiration and expiration. Inspiratory airflow was 

integrated to derive tidal volume for each breath. Individuals’ mean tidal volume for the 

recording period was then calculated. The total respiratory cycle time (inspiratory + expiratory 

time) was used to determine mean respiratory rate, calculated as the total number of inhalations 

over the total time period of recording. 

Internal validity was determined by randomized duplicate ventilatory analysis in 10% of the data 

set by a second investigator. It was determined that the limits of agreement for tidal volumes, 

respiratory rates, and minute ventilations were within 5%. 

Methodology details: Multiple-path particle deposition model 

We utilized the multiple-path particle deposition model (MPPD version 3.04; Applied Research 

Associates, Raleigh NC) to computationally estimate total and regional particle deposition 

characteristics (fraction and rate). The MPPD computes deposition patterns for particles ranging 

from 0.01 to 10 µm in size due to sedimentation, diffusion, and impaction mechanisms and is 

based on lung geometry scans for different age groups. The model splits the respiratory system 

into three major regions including upper respiratory tract (URT), tracheobronchial (TB), and 

alveolar region. In this model, the URT is defined as the area from nose down to the trachea. The 

TB region is the area that extends from the trachea down to the 16th airway generation, and the 



alveolar region includes the rest of the child respiratory system that consists of terminal 

bronchitis, respiratory bronchial, alveolar ducts, and alveolar air sacs. 

The MPPD consists of four sub-models including URT deposition modeling, respiratory tract 

geometry, respiratory tract ventilation, and particle transport modeling. The URT deposition sub-

model applies numerical computations based on semi-empirical equations1,2. The respiratory 

tract geometry sub-model includes asymmetric scans of two-dimensional images of the airways 

that includes 5 lobes3. The respiratory tract ventilation sub-model incorporates the steady 

breathing pattern and air flows, and the particle transport sub-model solves the mass balance 

equation for each airway using a Eulerian finite element scheme. Further details on the 

computational schemes used for estimating the deposited particles within each region and 

verification of all sub-models have been elucidated elsewhere4–6. 

Due to lack of empirical data for nasal deposition efficiency in young children, the MPPD model 

extrapolated data from adult studies. The designers produced separate estimates of deposition 

efficiency for children less than 12 years of age, between 12-15 years of age, and 16 years of age 

or above. In exploratory analysis, we noted that this difference introduced clustering by age 

strata in the relationships of fractional deposition to tidal volume and fractional deposition to 

respiratory rate (figures E2 and E3). However, correlations were largely similar within each age 

strata, resulting in model estimates that were not qualitatively different from unstratified analysis 

in any comparison. Thus, unstratified results are presented. 

Volumes of the functional residual capacity (FRC) and the upper respiratory tract are sensitive to 

the child’s age. Therefore, the asymmetric age-specific sub-model with 5 lobes was used for the 

respiratory tract geometry sub-model. Using the model default values for FRC and URT volumes 



for 9 years old children (683 mL and 22.44 mL, respectively) and for 14 years old children (988 

mL and 30.63 mL, respectively) the corresponding FRC and URT values for the children ages 

between 9 to 14 years old were approximated through linear interpolation.  

An average count median diameter (CMD) of 44 nm, approximately equivalent to a mass median 

diameter (MMD) of 78 nm, and an average geometric standard deviation (GSD) of 1.55 were 

assumed based on a study by Géhin et al7. In that study, the aerosol generating sources included 

a wide list of indoor activities such as a lit candle, a 1000-W electric stove switched on max to 

cook a piece of meat, and a piece of butter burning in a pan.  In all simulations, only the nasal 

route was considered for the respiratory inhalation. The inspiratory and expiratory periods in a 

breathing cycle were assumed to be equal with no pause in between. All particles were assumed 

to be spherical (aspect ratio of 1). The density of all particles was assumed to 1000 kg/m3.  
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