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Electronic cigarette, or vaping, products (EVP) heat liquids (“e-liquids”) that contain

substances (licit or illicit) and deliver aerosolized particles into the lungs. Commercially

available oils such as Vitamin-E-acetate (VEA), Vitamin E oil, coconut, and medium chain

triglycerides (MCT) were often the constituents of e-liquids associated with an e-cigarette,

or vaping, product use-associated lung injury (EVALI). The objective of this study was to

evaluate the mass-based physical characteristics of the aerosolized e-liquids prepared

using these oil diluents. These characteristics were particle size distributions for modeling

regional respiratory deposition and puff-based total aerosol mass for estimating the

number of particles delivered to the respiratory tract. Four types of e-liquids were

prepared by adding terpenes to oil diluents individually: VEA, Vitamin E oil, coconut oil,

and MCT. A smoking machine was used to aerosolize each e-liquid at a predetermined

puff topography (volume of 55ml for 3 s with 30-s intervals between puffs). A cascade

impactor was used to collect the size-segregated aerosol for calculating themassmedian

aerodynamic diameter (MMAD) and geometric standard deviation (GSD). The respiratory

deposition of EVP aerosols on inhalation was estimated using the Multiple-Path Particle

Dosimetry model. From these results, the exhaled fraction of EVP aerosols was calculated

as a surrogate of secondhand exposure potential. The MMAD of VEA (0.61µm) was

statistically different compared to MCT (0.38µm) and coconut oil (0.47µm) but not to

Vitamin E oil (0.58µm); p < 0.05. Wider aerosol size distribution was observed for VEA

(GSD 2.35) and MCT (GSD 2.08) compared with coconut oil (GSD 1.53) and Vitamin

E oil (GSD 1.55). Irrespective of the statistical differences between MMADs, dosimetry

modeling resulted in the similar regional and lobular deposition of particles for all e-liquids

in the respiratory tract. The highest (∼0.08 or more) fractional deposition was predicted

in the pulmonary region, which is consistent as the site of injury among EVALI cases.

Secondhand exposure calculations indicated that a substantial amount of EVP aerosols

could be exhaled, which has potential implications for bystanders. The number of EVALI

cases has declined with the removal of VEA; however, further research is required to

investigate the commonly available commercial ingredients used in e-liquid preparations.
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estimates

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2021.744166
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2021.744166&domain=pdf&date_stamp=2021-11-04
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:rlebouf@cdc.gov
https://doi.org/10.3389/fpubh.2021.744166
https://www.frontiersin.org/articles/10.3389/fpubh.2021.744166/full


Ranpara et al. Modeled Respiratory Deposition of Aerosolized Diluent-Oils

INTRODUCTION

Electronic cigarette, or vaping, products (EVP) work by
aerosolizing a liquid that is inhaled into the lungs by the
user. The liquid used in an EVP, also known as e-liquid, can
contain humectants, nicotine, flavorings, and other types of
chemicals. EVP can be modified to aerosolize e-liquids that
contain various forms of cannabis plant extracts, oil diluents,
and other substances and additives. One of these extracts,
delta-9-tetrahydrocannabinol (19-THC), used in some e-liquids,
contains mind-altering psychoactive properties that give a “high”
(1). Along with reports that most EVALI patients (85%) were
18 years or older, ever use of 1

9-THC among youth (8.9%),
and use of 1

9-THC among EVP users (30.6%), are indicative
of potential health risks in the United States (2–5). Perrine et
al. (6) stated that among college students, 75% of EVP users
consumed various products of cannabis extracts in e-liquids. He
et al. first reported a case of acute respiratory failure in a person
who inhaled aerosolized 1

9-THC in 2017 (7). Subsequently,
in 2019, the United States experienced an epidemic of acute
lung injury termed as “e-cigarette or vaping use-associated
lung injury” (EVALI) among persons who reportedly inhaled
aerosolized 1

9-THC or nicotine e-liquids (8). As of January 14,
2020, among 2,668 hospitalized EVALI cases or deaths, about half
were younger than 24 years, and 82% reported using an EVP to
inhale 1

9-THC (9–11).
1

9-THC extracts are hydrophobic, highly viscous, and semi-
solid, and require thinning by dilution to be used in e-liquids
aerosolized by EVP. Oils such as Vitamin-E acetate (VEA),
Vitamin E oil, medium chain triglycerides (MCT), and coconut
oil are used to dilute1

9-THC extracts to create e-liquids. Heating
these diluents to aerosolize 1

9-THC oils produces harmful
chemicals, such as acetone, duroquinone, durohydroquinone,
short chain esters, short chain alkanes, and ethenone (12–16).

Blount et al. (13, 14) measured several possible toxic
substances as exposure markers in bronchoalveolar lavage
fluid (BALF) samples from EVALI patients and an unaffected
comparison group. These included 1

9-THC and e-liquid
constituents such as VEA, MCT, coconut oil (identified as a
common MCT), and terpenes such as limonene. VEA, coconut
oil, and limonene were quantified in 94, 2, and 3% of EVALI-
patient BALF samples, respectively, but were not detected in
BALF samples from a comparison group. Among these oil
diluents, tasteless, and odorless VEA is likely preferred by
manufacturers because its viscosity profile makes it difficult to
differentiate between pure1

9-THC extracts and diluted products
(14, 17).

A joint investigation conducted by the Centers for Disease
Control and Prevention (9), the U.S. Food and Drug
Administration, and the state health authorities identified
VEA as strongly linked to the clinical presentation among EVALI
cases and it also led to pulmonary damage in vivo using a mouse
model (18). Although EVALI appeared to resolve by stopping
the use of VEA, other diluents could potentially play a role or
have other toxic effects (9, 10, 19). While studies have shown the
formation of potentially toxic gases when these diluents were
heated, information is lacking on the physical and chemical

properties of inhaled aerosol particles after aerosolizing diluent
oils (20).

EVP aerosol is a two-phase mixture of gases and particles
(21–23). Sosnowski and Kramek-Romanowska (24) highlighted
the need to understand the size distribution of inhaled EVP
aerosols as an influential factor for estimating their regional
deposition in the respiratory tract. Other studies have mentioned
sites of regional lung depositions for inhaled, and fractions for
exhaled, micron-sized particles (25, 26). Measurement of the
size distribution of the EVP aerosol can be challenging because
aerosolized liquid droplets change their native size, depending
on various conditions such as evaporation and hygroscopic
growth. Evaporation of liquid droplets in the EVP aerosol during
sampling results in an under-estimation of particle size, while
hygroscopic growth results in an over-estimation of particle
size (23). These deviations in size distribution, in turn, result
in errant predictions of regional deposition in the respiratory
tract. The native physical and chemical properties of particles
should be maintained as intact as possible during measurement
to determine the accurate size distribution of the emitted
EVP aerosol (27, 28). Oldham et al. (27) predicted gas and
particle phases as a function of the mass of collected aerosols
without dilution, and therefore unadulteratedmass-based aerosol
size distribution is considered as an important parameter to
determine their lung deposition (29, 30).

Recently, one study has assessed particle size distribution
of aerosolized VEA from a commercially available EVP using
a combination of a differential mobility spectrometer and
an electrical low-pressure impactor. The authors noticed a
substantial decrease in particle size for three out of four
tested vape-pens, a type of commercially available EVP, because
of air dilution caused by high puffing flow rates (31). In
the current study, mass-based particle size distribution was
directly measured with as little dilution as possible for several
common oil diluents used as a constituent of EVP e-liquids
for inhalation of 1

9-THC. We then estimated the location and
mass concentration of deposited inhaled EVP aerosols in the
respiratory tract. In addition, we estimated the exhaled fraction
as secondhand exposure fraction, which can potentially affect
the health of the bystanders and workers at certain occupational
settings, such as vape shops and smoking centers.

MATERIALS AND METHODS

Diluents and Simulated e-Liquid
Preparation
VEA was purchased from Sigma–Aldrich (St. Louis, MO,
United States), and the Vitamin E oil (42,900 IU, 100% pure
& natural, Chandler, AZ, United Sates), MCT (100% organic
unflavored, Garden of Life LLC, FL, United Sates), and coconut
oil (Organic unflavored, Carrington Farms, Closter, NJ, United
Sates) were purchased from Amazon (Seattle, WA, United Sates).
To more closely mimic herein prepared simulated e-liquids with
commonly used e-liquids, these oils were thinned with ethanol
(200 proof, ACS/USP grade, CAS# 64-17-5, Pharmaco-Aaper,
Brookfield, CT, United Sates) at 0.6% w/w and with terpenes:
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FIGURE 1 | Schematics of the experimental setup.

d-limonene (ACS grade, CAS# 5969-27-5, Sigma–Aldrich) at
0.2% w/w and α-pinene (ACS grade, CAS# 80-56-8, Sigma–
Aldrich) at 0.2% w/w. We chose to simulate e-liquid formulation
because ethanol is a solvent commonly used to extract and
solubilize 1

9-THC oils, and terpenes are used to make 1
9-THC

miscible in e-liquids (14, 17). Simulated e-liquids were prepared
gravimetrically using a Mettler Toledo XS 205 dual-range
microbalance capable of measuring to 0.01mg (Mettler-Toledo
LLC, Columbus, OH, United States) and homogenized for 1 h
using a ThermoScientific rotator, Model 4152110 (Dubuque, IA,
United States). The density of the diluent oils was measured
in grams per cubic centimeter (g/cm3): Vitamin E oil (1.21
g/cm3), VEA (0.96 g/cm3), coconut oil (0.94 g/cm3), and MCT
(0.91 g/cm3).

Experimental Setup
The U.S. National Institute of Drug Abuse has developed a
Standardized Research E-Cigarette (SREC) and consideredNJOY
(NJOY Inc., Scottsdale, AZ, United States) as a reference EVP
(32). Studies reported the prevalent use of “Dank Vapes” among
EVALI cases, which are 1

9-THC-containing pre-filled cartridges
that operate below one ohm of resistance (33, 34). We used
NJOY top tanks in our study because they are refillable and
compatible with the sub-ohm resistance of “Dank Vapes” devices
although they are a different EVP brand. NJOY top tanks, Model
# UVTB02, can be filled with 1.6ml of e-liquid. An automated
e-cigarette aerosol generator (ECAG; e∼Aerosols LLC, Central
Valley, NY, United States) was programmed to aerosolize each
simulated e-liquid. The ECAG works on positive pressure to
aerosolize the simulated e-liquids by heating the coil at 3.7 volts
(set) of electric current at a determined puff topography. Puff
topography was calibrated daily to 55ml puff volume within

3 s (1 puff) with a 30-s puff delay (35), using a soap-bubble
flow meter (Borgwalt KC GmbH, Hamburg, Germany) as a
primary volumetric flow calibration device. Three puffs were
directly sampled without dilution into a MiniMOUDI (MSP
Corporation, Shoreview, MN, United States), a type of low-flow
cascade impactor, to preserve the native physical and chemical
properties of the aerosol intact (27, 28). The MiniMOUDI was
used to size fractionate e-cigarette aerosol (size range: 0.056–
10µm) at a sampling flow rate of 2 liters per minute (LPM).
The mass of aerosols deposited on each impactor stage at cut
off particle diameter (Dp: 0.056–10µm)] was measured on a 37-
mm aluminum filter using a Mettler Toledo XS 205 dual range
microbalance with a mass resolution of 0.01mg (Mettler-Toledo
LLC, Columbus, OH, United States).

A new NJOY tank was used to fill 1.3 ± 0.5ml for each
laboratory prepared e-liquid, which was puffed for 3min before
conducting the trials. Five trials were conducted for each of the
e-liquids. The second set of five trials was conducted with a single
VEA e-liquid preparation to assess reproducibility across each
day of testing. There was no significant difference (p-value =

0.19) between the average mass median aerodynamic diameter
(MMAD) of aerosolized VEA across days (0.71µm on day 1 and
0.61µm on day 2), which indicated that the size distribution
based on mass for VEA was reproducible.

Figure 1 shows a schematic of the experimental setup. The
ECAG provided power to the device and forced air with
an established puff topography through the tank into the
MiniMOUDI. When the ECAG was operating, 1.1 LPM of
EVP aerosol was sent directly to the MiniMOUDI along with
0.9 LPM of high-efficiency particulate air (HEPA: Whatman
Schleicher & Schuell; Stockbridge, GA, United States)-filtered
bypass air. During the puff delay, the impactor sampled 2.0 LPM
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from the bypass air that did not result in any mass loading
on the aluminum filters for any size of aerosols. To avoid
aerosol losses, the mouthpiece of the tank was connected to the
inlet of the MiniMOUDI using a small piece of flexible, black
conductive silicone tubing with an inside diameter of 0.5 cm.
A bypass HEPA-air filter was attached to allow uninterrupted
flow to the impactor and to alleviate pressure drops and
volume flow differences between the aerosol supply and the
sampler requirements.

Statistical Analyses
Data were log transformed and analyzed using JMP 13.0 (SAS
Institute Inc., Cary, NC, United States). To determine particle
size distributions, the MMAD and GSD were calculated by
including each cutoff size of the MiniMOUDI using a probit
model for five trials on each e-liquid. To consider the significant
differences (p < 0.05) between the particle size distribution of
e-liquids, the average MMAD (n = 5) between e-liquids was
compared using a one-way ANOVA and Tukey’s HSD multiple
comparisons. Deposited mass (in mg) of EVP aerosols for each
size bin (Dp) was calculated by measuring aluminum substrate
before (pre) and after (post) sampling. The total deposited mass
of e-liquid aerosol was calculated by adding the mass collected
at each particle cut-off diameter (µm) from Dpi = 0.056–10
for every trial (n = 5). Puff mass (mg/puff) was calculated for
e-liquids according to Equation 1. Consideration of total mass
collection per puff-based particle size distribution was intended
to allow for the comparison between studies that researched
mass-based particle size distribution.

Puff mass

(

mg

puff

)

for every trial (n = 5) =

[
∑10

Dpi=0.056 (Post mass
(

mg
)

− Pre mass
(

mg
)

)

#of puffs

]

(1)

Lung Deposition Modeling
Based on the MMAD and GSD, the fraction of inhaled particles
that could deposit in different sites of the human respiratory
tract was predicted using the Multiple-Path Particle Dosimetry
(MPPD), version 3.04 (ARA, Albuquerque, NM).

Estimates for regional deposition as the fraction of inhaled
EVP aerosols were considered according to the Yeh–Schum
model. The Yeh–Schum single-path model considers the whole
human lung as a symmetric tree; therefore, respective regional
depositions are average values for three regions: the head,
trachea—bronchial (TB), and pulmonary regions (36). Regional
deposition in the head includes mouth, nose, larynx, and pharynx
to the trachea (generation 0). The TB region is from the
trachea (generation 0) to the bronchioles (generation 16). The
pulmonary region is from the terminal bronchioles onward to
the alveoli. Deposition estimates are average values for each
generation. Total respiratory tract deposition was calculated by
summing three regional depositions. Based on the predicted
deposition fractions, we modeled the conceptual estimation of
EVP aerosol mass concentration (mg/puff) deposited in the
respiratory tract as a product of deposition fraction and puff

mass yield (Equation 1). For example, the mass of EVP aerosol
deposited in the head region was modeled by multiplying
the regional deposition fraction in the head with puff mass
(mg/puff) yield for each e-liquid. Based on the total respiratory
tract deposition upon inhalation by the EVP user, we could
also estimate the fraction of EVP aerosol that is potentially
exhaled out. The exhaled particles fraction was estimated using
Equation 2. Both the estimated exhaled EVP aerosol fraction and
the modeled mass concentrations could serve as indicators of
potential secondhand exposure.

Secondhand exposure fraction =

1− Total respiratory deposition fraction (2)

Unlike regional deposition, Yeh–Schum lobular deposition
pattern characterized the segmental bronchi within each lobe as
a single symmetric path to report the mass deposited in each
of the five lobes of the human lungs: right upper (RU), right
middle (RM), right lower (RL), left upper (LU), and left lower
(LL) (36). The total lobar deposition includes deposition in the
TB and pulmonary regions of each lung lobe but not the initial
airways as they do not belong to any lobe. Default parameters
for Yeh–Schum model were as follows: forced residual capacity
= 3,300ml, upper respiratory tract volume = 50ml, breaths per
minute (bpm)= 12, and tidal volume= 625 ml.

RESULTS

Figure 2 shows a representative particle size distribution (in the
x-axis) and size-segregated mass (mg) deposition (in the y-axis)
for all the e-liquids evaluated in the study. The average MMAD
and standard deviation for five trials evaluating e-liquids were as
follows: Vitamin E containing e-liquids (VEA: 0.61 ± 0.16µm)
and Vitamin E oil (0.58 ± 0.05µm) and without Vitamin E
containing e-liquids (coconut oil: 0.47 ± 0.00µm) and MCT
(0.38 ± 0.03µm). One-way ANOVA (p = 0.0012) and Tukey’s
test resulted in a statistically significant difference (at p < 0.05)
between the MMADs for VEA and MCT, VEA, and coconut
oil, and Vitamin E oil and MCT (Supplementary Table S2).
However, we detected no significant statistical difference between
the MMADs of VEA and Vitamin E oil (p = 0.24). Additionally,
there was a wider aerosol size distribution emitted by e-liquids for
VEA (GSD 2.35) and MCT (GSD 2.08) compared with coconut
oil (GSD 1.53) and Vitamin E oil (GSD 1.55). Results of MMAD
and GSD values for individual trials for all the e-liquids are
presented in Supplementary Table S1.

Data (average, standard deviation for n= 5) in Figure 2 shows
the total mass and puff mass yield (mg/puff) of EVP aerosol
emitted by all the e-liquids. We found that both these attributes
correlated with the MMADs of the e-liquids. MMAD of VEA
was the largest (0.61µm) and resulted in the highest averaged
total mass collected and puff mass yield for VEA (5.60mg)
compared with other e-liquids. Additionally, VEA and Vitamin
E oil (VEA at 5.60mg and Vitamin E oil at 4.58mg) resulted in
the comparable total mass collection and puff mass yield (VEA:
1.87 mg/puff and Vitamin E oil: 1.53 mg/puff). Because of the
potential hygroscopic nature of VEA particles, larger-sized EVP
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FIGURE 2 | Size distribution (MMAD and GSD), puff mass yield, and statistical comparisons of e-liquids. Note that the total (non-size-segregated) mass presented at

the top is different from the size-segregated mass collection presented in the y-axis. E-liquids connected by the same symbols are significantly different. *VEA and

MCT are significantly different. 8VEA and coconut oil are significantly different. †Vitamin E oil and MCT are significantly different.

TABLE 1 | Predicted* deposition fraction and modeled doze deposition for e-liquids.

E-liquids Predicted* fraction Modeled mass (mg/puff)

Regional deposition Total deposition Secondhand exposure Regional deposition Total deposition Secondhand exposure

Head TB Pulmonary Head TB Pulmonary

VEA 0.09 0.06 0.11 0.26 0.74 0.17 0.11 0.21 0.49 1.38

Vitamin E oil 0.05 0.06 0.09 0.20 0.80 0.08 0.09 0.14 0.31 1.22

Coconut oil 0.04 0.06 0.08 0.18 0.82 0.05 0.07 0.10 0.22 1.00

MCT 0.05 0.06 0.10 0.21 0.79 0.02 0.02 0.04 0.08 0.30

*As per MPPD, version 3.04 (ARA, Albuquerque, NM).

Modeled mass (mg/puff) = predicted fraction * puff-mass yield (mg/puff).

aerosols have more condensable material available for particle
mass-growth, which corresponds well with the finding of the
higher mass collection with larger MMAD (23, 24, 37, 38). MCT
and coconut oil aerosolized into smaller particles and because
they have lower liquid densities (relative to VEA and vitamin E
oil), they resulted in comparably less mass collection. The results
of mass collection for the individual trials for all the e-liquids are
presented in Supplementary Table S1.

Table 1 presents the predicted regional and total respiratory
deposition (inhaled), as well as secondhand exposure (exhaled)
fraction of EVP aerosols for the various e-liquids. Dosimetry

modeling predicted that, out of the total respiratory deposition,
higher fractions of particles were estimated to deposit in deeper
lung regions (pulmonary and TB) compared with the head
region. Among these e-liquids, VEA had the highest total
respiratory tract deposition (0.26). Out of the total respiratory
tract depositions, the majority (∼0.14–0.17) of the aerosolized
e-liquids were estimated to deposit in the TB (∼0.06) and
pulmonary (∼0.08–0.11) regions.

Based on the predicted deposition fractions (Table 1) and
calculated puff mass yield (Figure 2), modeled EVP mass
concentrations (∼mg/puff) for regional, total, and secondhand
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FIGURE 3 | Average lobular deposition for all e-liquids.

exposure are presented in Table 1. For e-liquids, puff mass
yields (mg/puff) were as follows: VEA (1.87), Vitamin E oil
(1.53), coconut oil (1.22), and MCT (0.38), and therefore were
predicted to deposit more mass per puff in the respiratory
tract (total and regional) of the EVP user as well as exhalation
for secondhand exposure conditions. Out of the total inhaled
EVP mass concentrations (∼0.08–0.49 mg/puff), considerable
amounts were deposited in the deeper (pulmonary and TB) lung
regions, ∼0.08–0.33 mg/puff, compared with the head region
(∼0.02–0.16 mg/puff) for all the e-liquids. For e-liquids studied
in this work, the total mass inhaled per puff estimated to deposit
in pulmonary regions (mg/puff) were: VEA (0.21/0.49), Vitamin
E oil (0.14/0.31), coconut oil (0.10/0.22), and MCT (0.04/0.08)
compared with the head and TB regions.

Indication of considerable physical deposition of
herein studied EVP aerosols into the TB and pulmonary
regions (predicted fraction: ∼0.14–0.17 and modeled mass
concentration: ∼0.08–0.33 mg/puff) could explain respiratory
illnesses, including BALF investigations associated with EVALI
(13, 14, 17). Dosimetry analysis calculations indicated that MCT
(MMAD: 0.38µm) had a high proportion of pulmonary region
deposition (∼0.10) out of the total respiratory tract deposition
(∼0.21) because of its smaller size. However, compared to other
e-liquids, estimates for MCT (puff mass yield: 0.38 mg/puff)
translated to less mass concentration inhaled (∼0.08 mg/puff)
and deposited in pulmonary regions (∼0.04 mg/puff). One of the
other possibilities for these smaller-sized particles was reported
to be exhaled with greater chances than larger-sized particles
(25, 26). Consideration of exhalation of the smaller-sized
particles is addressed in this study by presenting estimates of
secondhand exposure fractions. Like MCT, similar observations
were noticed for coconut and vitamin E oils regarding higher
predicted pulmonary deposition fraction (∼0.08 or more)
and modeled mass concentrations (∼ 0.10–0.14 mg/puff) and
considerable secondhand exposure conditions (∼0.80 or more).

Note that the predicted total respiratory tract deposition
estimates and the secondhand exposure condition are inversely
related, that is, the lower the total respiratory tract deposition
fraction, the higher the secondhand exposure fraction. For
example, with coconut oil only a small fraction of the particles

estimated to account for total respiratory tract deposition
(fraction: ∼0.18 and mass concentration: ∼0.22 mg/puff) so
more particles were estimated to be exhaled out (fraction:
∼0.82 and mass concentration: ∼1.00 mg/puff). For all the e-
liquids, the predicted total respiratory tract deposition fraction
was 0.21 ± 0.04 and the estimated secondhand exposure
fraction was ≥0.74. MCT resulted in the smallest MMAD
and the least total mass collection, but modeling projected a
considerable amount (∼0.10/0.21) of emitted MCT particles
that would deposit in the pulmonary region. Because of its
smaller size, deposition of particles emitted by aerosolizing MCT
is predicted deep in the pulmonary region and exhaled out
as well, which explains estimates for the regional deposition,
lower total respiratory tract deposition (∼0.21), and total
mass concentration (∼0.08 mg/puff). It is noteworthy that
we did not detect a significant difference between MMAD
of vitamin E oil (0.58µm) and VEA (0.61µm), and like
VEA (∼0.11), a considerable amount of total inhaled vitamin
E oil aerosols (∼0.20) was also predicted to deposit in the
pulmonary region (∼0.09). Additionally, a large fraction (∼0.80)
of aerosolized vitamin E oil particles could potentially account
for secondhand exposure conditions. Exhaled EVP aerosols
fraction and mass per puff can be a potential indicator of
secondhand exposure conditions for bystanders including those
in occupational settings.

Figure 3 presents the average lobular aerosol mass depositions
of all the studied e-liquids. However, higher percentages of
the aerosol mass were found to be deposited in right-sided
lung lobes (RU, RM, and RL = 54%) compared with the left-
sided lung lobes (LU and LL = 46%). Manigrasso et al. have
presented right lung lobes as the sites where effects of the
EVP aerosol occur more likely than left lung lobes (39). The
highest percentages of lobular deposition of emitted aerosols
from all the oils were predicted in the lower lobes (right: 30
± 0.2% and left: 30 ± 0.2%) compared to other lobes of the
lungs (RU 16 ± 0.2%; RM 8 ± 0.1%; and LU 16 ± 0.2%). For
particle sizes in the range from 0.2 to 1µm, higher deposition
fractions in lower lobes compared to the upper lobes were also
documented, as observed in our results and prior studies (36, 40–
43).
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DISCUSSION

In the CDC update on February 2020, 68 confirmed deaths
were reported out of a total of 2,807 hospitalized EVALI cases
(9). Studies have quantified some toxic chemicals present in
BALF at the time of clinical examination from EVALI cases and
confirmed that VEA was strongly linked to EVALI (9, 14, 17).
However, the physiological mechanism by which aerosolized
diluent oils found in BALF of EVALI patients actually injured
lungs remains unclear. Not only does the pathophysiology of
these chemically-induced damages remain unclear, but adequate
research on the physical characteristics of the EVP aerosols,
necessary to understand regional lung depositions, has, until
now, been lacking.

Mikheev et al. (31) evaluated the particle size distribution
and chemical composition of aerosolized VEA using four
commercially available vape pens. This group measured particle
size distribution by sampling eight puffs of aerosolized VEA with
a 60-s puff interval, which required high flow rates (20–40 LPM).
The two puff flow rates considered in the study of Mikheev
et al. were 20 ml/s and 40 ml/s for 5 s with a 60-s puff delay.
Although particle size distribution was also dependent on the
types of commercial EVP devices and their heating capability,
the authors noticed a strong influence of puffing flow rate on
the size of aerosolized VEA particles that resulted in particle
sizes smaller than 50 nm at the higher puffing flow rate (40 ml/s)
(31). In contrast to the study of Mikheev et al., we sampled
three puffs of EVP aerosols at a puff flow rate of 18.33 ml/s
with a 30-s puff delay with no dilution flow. Our study focused
on directly measuring mass-based particle size, to the extent
feasible without deviation, from their native size aerosolized from
simulated e-liquids. The intention was to mimic the composition
of oil diluent constituents consistent with products associated
with EVALI cases but without the presence of 19-THC for safety
reasons. Rather than using commercially available e-liquids, we
prepared e-liquids in the laboratory that contained each diluent
oil, to evaluate the specific influence of that diluent oil onMMAD
and lung deposition. This study showed no statistical difference
(p = 0.24) between the MMAD values of VEA (0.61µm) and
Vitamin E oil (0.58µm), which translated into similar estimates
regarding respiratory deposition behavior. Compared to MCT
and coconut oil, the aerosolization of Vitamin E-containing e-
liquids (VEA and Vitamin E oil) was observed to report larger
MMADs and a greater total mass of EVP aerosol.

Variations in EVP aerosol generation and characterization
methods have led to a lack of reproducibility. Therefore, the
ability to compare various studies or to integrate information
is difficult (44–46). The puff-based mass collection presented in
this study was an attempt to compare the results between existing
studies within the given experimental parameters. Using the same
type of cascade impactor, (37) found size distributions of two
commercial e-cigs comparable to the size distributions measured
by Ingebrethsen et al. (38) using spectral extinction with a slightly
variable puff topography. As presented in Figure 2, we observed
a similar trend between MMAD and mass collected for all the
studied e-liquids. For VEA with MMAD of 0.61µm, puff mass
yield resulted in 1.87mg/puff, which is comparable with the study

of Alderman et al. results for one commercially available e-cig
with MMAD of 0.63µm that yielded puff mass of 2.16 mg/puff.
Apart from different experimental parameters and sampling
methods, differences were noticed in puff-mass measurements
between these two studies for the same EVP devices. It was
also hypothesized that the possibility of growth for larger-sized
particles resulted in more mass collection. Similar to the study
of Alderman et al., we observed more mass collection [Puff mass
yield: VEA (1.87 mg/puff), vitamin E oil (1.53 mg/puff), coconut
oil (1.22 mg/puff), and MCT (0.38 mg/puff)] for larger MMAD
[VEA (0.61µm), vitamin E oil (0.58µm), coconut oil (0.47µm),
andMCT (0.38µm)] of diluent oils, respectively. Our laboratory-
prepared e-liquids included common diluent oils but not
polypropylene glycol (PG), vegetable glycerin (VG), or nicotine.
Particle size distribution of EVP aerosol depends on e-liquid
compositions. This being one of the first studies to address the
mass-based direct measurement of the particle size distribution
for diluent oils, it is important to present the information in a
way that could be compared with further research considering
different experimental parameters. Moreover, by considering the
accurate measurement of native particle size as close as possible,
we provided conceptual estimates for deposition fraction and
modeled per puff mass–dose deposition.

Out of the total respiratory tract deposition for all the
diluent oils, the highest fraction (∼0.08–0.11) and mass per puff
(mg/puff: 0.04–0.21) were predicted in the pulmonary region
where gas exchange occurs. Lewis et al. (29) noted that a
maximum probability of particle deposition in the pulmonary
region was for particles with MMAD <3µm and GSD <3. For
smaller-sized particles with MMAD <2µm, Raabe et al. (47)
concluded that the highest fraction of total deposited particles is
reported in the pulmonary region. Dosimetry results presented
in this study for VEA were consistent with these inhalation
toxicological evaluations. We observed that VEA resulted in
the highest total mass collected (5.60mg) via cascade impactors
and the highest total respiratory tract deposition (∼0.26) via
dosimetry analysis, compared with all the e-liquids included
in the study. Literature showed the higher lobular depositions
of submicron size particles in lower lobes than upper lobes of
the lungs (36, 40–43), which is the same as our study results.
Using number concentrations, Manigrasso et al. estimated size-
segregated aerosols emitted from commercially available EVP as
a function of the airway generation number in the lung lobes.
They concluded that, for both the TB and pulmonary regions,
twice as many particles were deposited in RU compared to the
LU and ∼0.20 more particles deposited in RL compared to LL.
Cumulatively, right lung and lobar bronchi were documented
as sites where PG–VG-based e-liquid aerosols may likely affect
more than the left lung, which is consistent with our study results.

It is possible that pulmonary deposition of constituents
of aerosolized e-liquids alters airway homeostasis, changes
surfactant integrity, and provokes oxidative or inflammatory
damages or contributes to the formation of lipid-laden
macrophages (14, 48–50). These histological findings might be
consistent with BALF investigations and clinical presentations,
such as chemical pneumonitis, among EVALI cases (14, 51).
Two research studies conducted in mice presented similar
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lung pathologies to EVALI patients following the inhalation of
aerosolized VEA (18, 52).

Jiang et al. (15) reported that the aerosolization of MCT,
Vitamin E oil, and VEA yielded the cytotoxic products short
chain esters, duroquinone, and durohydroquinone, respectively,
one or more of which might explain cellular damages among the
reported EVALI cases (15). In the current study, a greater fraction
of aerosolized MCT (∼0.10), VEA (∼0.11), and Vitamin E oil
(∼0.09) were predicted to deposit in the pulmonary region of the
lung. If one or more of the cytotoxic products reported by Jiang et
al. contribute to EVALI, our data support this exposure pathway
based on these similar respiratory particle deposition patterns.
Regarding MCT, a fraction (∼0.21) of aerosolized particle sizes
<1µm were estimated to be deposited in the respiratory tract,
which could be a reason why coconut oil was observed in BALF
samples for one of the EVALI cases (reference).

Herein discussed assessments aligning with the available
literature indicate that particles smaller than 1µm can deposit
in the pulmonary region of the lung and are also exhaled
from the lung with greater probability than particles larger than
1µm (25, 26). These exhaled particles could serve as a source
of potential secondhand exposure to nearby people (53, 54).
Secondhand exposures are not only important in maintaining
indoor air quality for bystanders at domestic settings where
vulnerable populations are in proximity to EVP users but also at
certain occupational settings such as vape shops (20, 53, 54). In
that regard, the greater fraction (∼0.74 or more) of the aerosols
emitted from all the e-liquids studied were estimated to be a
source of potential secondhand exposure. This high predicted
fraction of exhaled particles could also explain why analyses
found coconut oil (compared to VEA) in the BALF sample of
only one EVALI case (the lowest total respiratory tract deposition
at ∼0.18 and highest second-hand exposure fraction at ∼0.82)
(13, 14, 17). Direct measurement of exhaled aerosols should be
conducted to determine a true particle size distribution that could
contribute to secondhand exposure because the primary aerosol
inhaled by an EVP user likely differs from the secondhand aerosol
exhaled by a user.

Study Limitations
The results of this laboratory study are limited to one fixed
puff topography from the CORESTA method: 3 s puff, 30 s
interval, and 55ml puff volume. However, without standardized
experimental protocols, parameters included in any study
could be a source of limitation, which also causes a lack of
reproducibility. At times, contrasting observations were noticed
between studies that addressed the effects of the EVP settings,
such as voltage, power, and coil resistance, that influence
heating of e-liquids, on the particle size of the EVP aerosol
that is generated and lung depositions (55–59). Unlike Floyd
et al. and Lechasseur et al., Mulder et al. purported that the
compositions of e-liquids, such as the various proportions of
PG–VG, significantly impact particle size distributions, and
not the voltage and coil resistance. Studies also showed that
commercially available e-liquids do not have their ingredients
and their proportion of ingredients fully documented, which
limits their influence on conclusions drawn (60–65). Therefore,

in this study, we prepared e-liquids in the laboratory that
contained each diluent oil with terpenes to validate their
influence on particle emission after heating at 3.6V with a
particular puff topography. Li et al. (66) evaluated the effects of
heating PG–VG-based e-liquids at different puff volumes, puff
duration, and interval on the particle size of aerosols and mass
deposition in the respiratory tract. One of their puff profiles was
exactly what we used in this study, but further investigations are
necessary to evaluate the effects of puff profile on the particle
size distribution and lung deposition using e-liquids containing
diluent oils. We addressed the particle size distribution of diluent
oils in e-liquids intended to mimic products used by EVALI
cases and revealed that more experiments regarding different puff
topographies are needed in the future.

For any study of EVP aerosols, the determination of the
particle size distribution in its native state is complex because of
the dynamics involved in generating and measuring a mist from
a variety of EVP devices (23). Protano et al. (45) demonstrated
that there were significant variations in puff-to-puff EVP aerosol
generation within a single device with all other parameters
held constant. Considering impaction and spectral transmissions,
various studies using different EVP models and brands, reported
particle sizes that ranged from 0.1 to 0.9µm and utilizing
sampling methods without the dilution of the emitted aerosol
(24, 37, 38, 67). Using a low-flow impactor, MMADs observed in
our studies for all e-liquids ranged from 0.38 to 0.61µm, which
was comparable with the study results of Alderman et al. (MMAD
range: 0.43–0.63µm) for similar puff topography (with 3 s puff,
30 s interval, and 50ml of puff volume). MMAD results (0.38–
0.61µm) presented in this study using NJOY top tank sub-ohm
EVP devices were comparable with previous reports (37, 38).

The EVP construction material such as ceramic vs. non-
ceramic coil used to heat e-liquid could be a source of variability
that influences the size distribution of aerosol e-liquids. VEA
and the other oils tested are more typically aerosolized using
a ceramic cell EVP device that usually functions at a higher
temperature than a sub-ohm resistance device. One limitation
of our study is that we evaluated a sub-ohm resistance NJOY
top tank EVP device, not a ceramic cell device, which could
modify the size distribution generated for the prearranged
puff topography.

Finally, the estimated respiratory deposition fractions
using MPPD were not modified for hygroscopic growth
and evaporation according to the human lung environment.
Dosimetry analysis did not consider various factors such as
aerosol temperature, hygroscopicity, relative humidity, and
gas–vapor interchange, all of which can impact modeled lung
deposition from the oral cavity throughout the respiratory tract
(68–70). Our approach was to accurately measure the native size
distribution of particles emitted after aerosolizing diluent oils
and to predict respiratory deposition fraction and mass–dose per
puff. Future studies should incorporate, to the extent feasible,
these factors that influence deposition into models (where
available) to provide more accurate dose estimates. Within
the presented experimental parameters, our results bolster
ongoing EVALI investigations as well as provide valuable data
on the physical deposition of particles in the deep regions of
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the respiratory tract, which, when coupled with toxicological
investigations associated with diluent oils in e-liquids, provided
insights into the disease.

CONCLUSIONS

Diluent oils such as VEA, Vitamin E oil, coconut oil, and
MCT are mixed with 19-THC extracts, so the thinned down
products can be used as a constituent of e-liquids. Although
various toxicological investigations and histopathological
studies have reported evidence of lung damage from inhalation
of these diluent oils in aerosolized e-liquids, particle size
distribution, which is necessary to understand regional
depositions in the respiratory tract, has not been addressed.
This study focused on determining and comparing particle
size distributions of aerosol emitted from simulated e-liquids
that contained VEA, Vitamin E oil, coconut oil, or MCT
with terpenes. Based on MMADs, particle size distribution
for VEA (0.61 µm) was significantly different than coconut
oil (0.47 µm) and MCT (0.38 µm) but not Vitamin E
oil (0.58 µm).

Dosimetry analysis predicted that ∼60% of total respiratory
depositions of particles were in the pulmonary (∼42%) and TB
(∼20%) regions for VEA. Irrespective of statistical difference in
their size distribution, aerosolized particles were predominantly
(∼69% or more) deposited in lower lobes (Right: ∼30% and
Left: ∼30%) of the lungs. These observed particle deposition
patterns were consistent with previous inhalation toxicological
studies and with characterization of BALF of EVALI cases,
which support the pulmonary region of the lung as the site of
injury. The study results presented herein help to explain existing
clinical presentations and pathological findings by providing
particle size distribution of diluent oils and their respiratory
depositions. Additionally, EVP aerosol sizes less than 1 µm,
which have high probability of being inhaled then exhaled,

could pose secondhand exposure risk to persons in proximity to
EVP users in occupational and non-occupational settings. While
elimination of VEA in e-liquid products seemed to mitigate the
EVALI outbreak, further research is required to investigate the
usage of other commonly available oil diluents in19-THC-based
e-liquid preparations, which could also be potentially harmful for
users and bystanders.
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