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ABSTRACT

Background: There are over 7,000 e-cigarette flavors currently marketed. Flavoring chemicals
gained notoriety in the early 2000’s when inhalation exposure of the flavoring chemical diacetyl
was found {o be associated with a disease that became known as “Popcorn Lung.” There has
been limited research on flavoring chemicals in e-cigarettes.

Objective: To determine if the flavoring chemical diacetyl, and two other high-priority flavoring
chemicals 2,3-pentanedione, and acetoin, are present in a convenience sample of flavored e-
cigarettes.

Methods: We selected S1 types of flavored e-cigarettes sold by leading e-cigarette brands and
flavors we deemed were appealing to youth, E-cigarette contents were fully discharged and the
air strecam was captured and analyzed for total mass of diacetyl, 2,3-pentanedione, and acetoin,
according to OSHA Method 1012.

Results: At least one flavoring chemical was detected in 47 of 51 unique flavors tested. Diacetyl
was detected above the laboratory limit of detection 39 of the 51 flavors tested, ranging from <
limit of qualification (LOQ) to 239 pg/e-cigarette. 2,3-pentanedione and acetoin were detected in
23 and 46 of the 51 flavors tested at concentrations up to 64 and 529 pg/e-cigarette, respectively.
Conclusion: Duc to the associations between diacetyl, bronchiolitis obliterans and other severe
respiratory diseases observed in workers, urgent action is recommended to further evaluate this

potentially widespread exposure via flavored ¢-cigarettes.
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INTRODUCTION

The World Health Organization (WHO) reports that $3 billion was spent on electronic cigarettes
(e-cigarettes) in 2013 in the United States alone, with sales expected to increase 17-fold in 15
years. Centers for Disease Control (CDC) estimates that 1.78 million children tried e-cigarettes
as of 2012, with 160,000 of them reporting that they had not used tobacco cigarettes (WTO
2014; CDC 2013). E-cigarettes are not currently regulated; the U.S, Food and Drug
Administration (FDA), which has the authority to regulate certain tobacco and nicotine-
containing products under the Food, Drug, and Cosmetic Act, has issued a proposed rule to
include e-cigarettes under this Act (FDA 2014). Although the popularity and use of e-cigarettes
continues to increase, there is a lack of data on the exposures and potential human health effects

of the use of e-cigarettes.

Concerns regarding e-cigarettes primarily focus on nicotine exposure, second-hand exposure, the
potential for e-cigarcttes to be a gateway to cigarette use, and renormalization/social acceptance
of smoking (Trehy et al. 2011; Goniewicz et al. 2013; Long 2014; Coleman et al, 2014; Bell and
Keane 2014; McMillen et al, 2014). Other recent investigations have focused on the chemical
content of the e-cigarettes beyond nicotine, with researchers finding that users of c-cigarettes are
exposed to carbonyl compounds, aldehydes, fine particulate matter, metals, propylene glycol,
glycerol, formaldehyde, VOCs, and other additives (Bekki et al, 2014; Goniewicz et al. 2014;
Pellegrino et al. 2012; Williams et al. 2013; Jensen et al. 2015; Uchiyama et al. 2013; Hutzler et
al. 2014; Orr 2014; Callahan-Lyon 2014; Cheng 2014). However, despite over 7000 flavors of e-
cigarettes currently marketed (Zhu et al. 2014), there have only been three published papers that

focus on exposure to flavoring chemicals specifically (Farsalinos et al, 2015; Hutzler et al. 2014;
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Behar et al. 2014}, and onc opinion piece in JAMA that highlights the potential respiratory health

effects from using flavored e-cigarettes (Barrington-Trimis ct al. 2015).

The use of flavorings in food products gained public attention in the early 2000s because of
reports of serious lung disease in microwave popcorn workers (NYT, 2001). The flavoring
chemicals involved were on the Generally Recognized As Safe (GRAS) list that applies only to
ingestion, but exposures were occurring via inhalation and very little was known about potential
inhalation hazards of these chemicals at that time (ECRF, 2015). In May 2000, eight persons
who had previously worked at a microwave-popcorn processing plant were reported to have
severe bronchiolitis obliterans (Kreiss 2002), an irreversible loss of pulmonary function that can
become s0 severe that the only treatment option may be a lung transplant (OSHA 20073).
Rescarchers from the National Institute of Occupational Safety and Health (NIOSH) Division of
Respiratory Disease Studies conducted an investigation at the facility where the impacted
workers were employed. The NIOSH investigation included medical testing (including
pulmonary function testing, medical questionnaires and work history documentation) and
industrial hygiene exposure measurements (including grab samples, use of direct reading
mmstruments and full shift samples). NIOSH determined that workers at this plant had greater than
two times the expected rates of chronic cough, shortness of breath, asthma, and chronic
bronchitis, and non-smokers had over 10 times the expected prevalence of airway obstruction
(Kreiss 2002; CDC 2007). A strong association was found between this excess of lung disease,
including bronchiolitis obliterans, and airborne exposures to butter-flavoring chemicals in the
facility. Diacetyl was the most prominent chemical in the butter flavorings. Two other flavoring
compounds of interest, acetoin and 2,3-pentanedione, were present in significant amounts and

not sampled, respectively. Workers in the area where diacetyl-containing butter-flavoring was
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added into heated mixing vats were exposed to volatilized flavor chemicals and a significant,
positive dose response relationship was identified (Kreiss 2002; CDC 2007). A follow-up
investigation at six other microwave popcorn manufacturing facilities found that, in five of six
plants, mixers of butter flavoring and packaging-area employees working near tanks of heated
oil, with exposure to diacteyl as low as 0.2 ppm, had fixed airway obstruction consistent with
bronchiolitis obliterans (Kanwal 2006). Based on its occurrence in microwave popcorn

manufacturing plants, bronchiolitis obliterans (and some related respiratory diseases of the smail

airways) became commonly known as “Popcorn Lung”, The findings of adverse health effects in
workers at microwave popcorn plants prompted additional investigations. The CDC identified
seven additional cases of bronchiolitis obliterans in workers at a flavoring manufacturing

company (CDC 2007).

Diacetyl is contained in a variety of flavors in addition to butter-flavor (Table 1; OSHA 2010),
and its use is not limited to microwave popcorn facilities or food flavoring production facilities.
Diacetyl, 2,3-pentanedione (a structurally related replacement for diacetyl), and acetoin are used
in the manufacture of many other foods for a wide range of flavors beyond butter flavorings
(e.g., caramel, butterscotch, pina colada, strawberry). Many of these same flavors are common in
e-cigarette flavor cartridges, and are often sold with names that we consider to be potentially
appealing to children, teenagers, and young adults: Cupcake, Fruit Squirts, Waikiki Watermelon,
Cotton Candy, Tutti Frutti, Double Apple Hookah, Blue Water Punch, Qatmeal Cookie and
Alien Biood. Further, e-cigarettes utilize a battery-driven nicotine delivery system in which an
atomizer produces an acrosol (and vapors of evaporated liquids) through the heating of e-
cigarette liquids contained in replaceable cartridges or re-fillable wells (Burstyn 2014; Jensen et

al. 2015).
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The heating, vaporization, and subsequent inhalation of these flavoring chemicals in e-cigarettes
makes an exposure pathway for these flavorings that has significant similarities to those of the
workers at the microwave popcorn facilities. In microwave popcorn manufacturing, flavorings,
salt and colorants are added to heated soybean oil (57-60 °C). Kuliman, et al., 2005 reported that
aerosols and flavoring ingredient vapors were found in these mixing rooms. The aerosol found to
have a combustible fraction that ranged from 70-85% by weight (average 79%) and a
noncombustible fraction of 21%. The acrosol was identified as salt particles and oil coated salt
particles, much of which was of respirable size. The mixing rooms were where the highest air

concentration of flavorings was found, (Kuilman et al 2005),

Based on the widespread use of these food flavors across many industries and knowledge that
specific chemicals/artificial flavors were developed to mimic certain natural flavers commonly
used in e-cigarettes, we hypothesized that these compounds are likely uséd in the manufacturing
of flavored e-cigarettes. We sought to expand the state of knowledge on flavoring chemicals in e-
cigarettes with a particular focus on e-cigarettes sold by the largest cigarette companies and also

those flavors that we deem would be appealing to children, teenagers, and young adults.

METHODS

e-Cigarette Sclection

A convenience sample of 51 e-cigarette tlavors was selected for use in this study. Electronic
cigarette cartridges, liquids, and their associated devices and batteries were purchased online and
in retail locations. We evaluated 51 flavors, including all available flavors from three large
cigarette companies (Brands A, B, and C, with 2, 2, and 7 flavors, respectively); 5 flavors from a
large independent e-cigarette company (Brand D); and 24 additional flavors from three e-

cigarette distributors (Brands E, F, and G, 10, 8, and 6 flavors, respectively) that we selected
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based on their potential appeal to children, teenagers and young adults (Table 2). In addition, we
evaluated 11 ¢-liquid flavors that are inserted into a cartomizer (disposable cartridge and

atomizer system) (Brands H and 1, 6 and 5 flavors, respectively).

The emissions from the e-cigarctte are composed of an aerosol and flavor/solvent vapors. The
acrosol and vapors are released after contact of the flavoring solution with the heater coil in the
atomizer/cartomizer. In this study we used OSHA method 1612 for sampling of three flavoring
chemicals (OSHA, 2008). The sampling media consists of a glass wool plug and glass fiber filter
{(GFF) in front of a dried silica bed. During the development of OSHA method 1012, the
effectiveness of the silica gel tubes for capturing diacetyl and acetoin was examined. In part of
that assessment, samples were taken with a PVC filter a powder on its surface which contained a
known amount of the flavoring chemicals. The PVC filter was placed in series (before the silica
gel tubes) and samples were taken. Both the filter and silica gel tubes were analyzed for the
flavoring chemicals. OSHA reported that between 94.4% and 99.7% of the flavorings that were
present in the powder were recovered from the silica gel tubes not the filter, i.e., the majority of

the flavoring chemicals were stripped away and captured on the silica gel (OSHA 2008).

Sampling Protocol

The goal of the sampling protocol was to estimate the total mass of diacetyl, 2,3-pentanedione
and acetoin emitted from each cartridge. Each e-cigarette was inserted into a sealed chamber
attached to a lab-built device that drew air through the e-cigarette for cight seconds at a time with
a resting period of 15 or 30 second between each draw (Figure 1). Eight seconds was chosen to
make certain that each draw had adequate time for the entire contents to be forced out of the
smoking device and through the sampling media. The draws werc automated using a Pneucleus

Technologics, LLC MediFlo Mass Flow Controller. Air from the chamber was split into high and
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low flows to meet the lower flow sampling requirements for OSHA Method 1012 (OSHA,
2008). The low flow (target 200 m}/min) was optimized to carry the emissions of the e-cigarette
through the sampling media (two SKC silica gel sorbent tubes containing 600 mg of specially
washed and baked silica gel connected in series). The higher flow path was filtered and
discharged. The total flow was set to the minimum needed to initiate a draw from the automatic
e-cigarette and was measured at the beginning and end of each sample to determine the ratio
between the high and low flows. The samples were collected until the e-cigarette cartridges or

cartomizers were exhausted, determined by the lack of visible emissions in the chamber,

The samples from the lower flow portion of the sampling system were analyzed for diacetyl, 2,3-
pentanedione, and acetoin using OSHA Method 1012 (OSHA, 2008). In order to determine the
total concentration emitted, the reported values from the lab were adjusted using the
corresponding ratio of low flow to total flow for each sample. For example, if the volume of air
passing through the sampling media was 10% of total flow, the mass reported by the laboratory
was multiplied by 10 to estimate the total chemical mass emitted from the e-cigarette cartridge.
For the first batch of samples, the 0.12 liter volume chamber was passively purged for
approximately 10 minutes between sampling different e-cigarettes by opening the chamber. For
the second batch of samples, we included a 10-minute active purge of the chamber where the
pumps were turned on and fresh air was drawn into the chamber. Quality assurance / quality

control samples were collected for each batch.

Quality Assurance / Quality Control
Seven blank samples (>10% of total sample size) were collected using the same procedure
outlined in the previous section but without an e-cigarette in the chamber. The same ratio

adjustment process was conducted using the ratio of the low and high flow rates to obtain the
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total chemical mass of chemical in the blanks, if any. Vatues for all three chemicals were <LOD
in four of the seven field blanks, one had detectable levels of diacetyl and acetoin (1.2 and 10.7
ug/e-cig, respectively), one had detectable levels of 2,3-pentanedione and acetoin (0.4 and 9.2
ugle-cig, respectively), and one had detectable acetoin only (1 pg/e-cig). Once the blanks were
adjusted for flow, we performed a blank correction by batch according to the following
procedure. Blank samples were averaged by batch before blank correction, and values below the
laboratory limit of detection (LOD) were imputed with a value of ' the detection limit before
averaging, We calculated a limit of quantification (LOQ) for our procedure that was higher than
the laboratory reported limit of detection (LOD; 0.05 ug/sample) using three times the standard
deviation of the field blank samples. After blank correction, primary samples were compared to
this LOQ by Batch 1 and Batch 2 (Diacetyl: 2.3 ug, 0.19 ug; 2,3-pentanedione: 0.07 ug, 0.38 ug;
acetoin: 1.08 ug, 3.2 ug).If the blank-corrected mass was above the LOQ, the chemical was
labeled as ‘detected’ and the value reported, and if the blank-corrected mass was not above the
LOQ but still detected, we reported the value as “<LOQ”. If the sample was reported as not-
detected by the lab, we report the value as “<LOD”, We re-sampled several of the same flavors
from the same package (ie, testing two e-cigarette cartridges from the same pack). These
replicate samples were collected for six flavors: Braqd C Pina Colada (3 replicates), Brand C
Cherry Crush, Brand D Pomegranate, Brand E Iced Berry, Brand F Watermelon, and Brand A
Classic. The root mean square error (RMSE) for replicate samples ranged from 2.9 nug/e-cigarette

to 98.4 pgle-cigarette.

All samples were analyzed by ALS Laboratories in Salt Lake City, US, a laboratory accredited
by AIHA Laboratory Accreditation Program for Industrial Hygiene. To check the integrity of the

calibration curve, a separate “Initial Calibration Verification (ICV)” standard was introduced at
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the mid-range level of the curve. A separate stock solution was used to generate a Liquid
Calibration Standard (LCS) (89.9 % recovery) and Liquid Calibration Standard Duplicate
(LSCD) (89.9 % recovery) as an overall accuracy and precision check. A reagent blank was
prepared and run along with the samples to ensure that the laboratory did not introduce any
contamination that would affect the analyte of interest recovery. For the three analytes in this
study, the reagent blanks reported levels were all less than the laboratory reporting limit of 0.05

ug per sample.

Statistical Analysis

We grouped the samples using the product names and descriptions on the distributors’ websites
into the categories into the following flavoring categories based on OSHA’s categories (Table 1):
dairy, brown, fruit, and cocktail. Additional categories were created for tobacco flavored e-
cigarettes and flavors that did fall into any other categories. Distributions of the mass of each of
the three chemicals were compared according to flavor type using two sample t-tests and
boxplots (R version 3.0.0, R Project for Statistical Computing, Vienna, Austria). When
summarizing distributions, we substituted one half the value of the 1LOD as the mass for samples

<LOD or < LOQ.

RESULTS

The total mass per e-cigarette (ug/c-cigarette) of the flavoring chemicals diacetyl, 2,3-
pentanedione and acetoin are presented in Table 2. Diacetyl was above the level of detection in
39 of the 51 flavors tested, ranging from <LOQ to 239 pg/e-cigarette. 2,3-pentanedione and
acetoin were detected in 23 and 46 of the 51 flavors tested at concentrations up to 64 and 529

ug/e-cigarette, respectively.

10
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At least one of the flavoring chemicals was detected in 47 of the 51 unique flavors tested (92%).
This includes several e-cigarette flavors that are not candy or fruit flavored, such as ‘Classic’ and
‘Menthol’. Diacetyl and 2,3-pentanedione were detected simultancously in 21 unique flavors,
suggesting that 2,3-pentanedione may not be only a replacement for diacetyl but is often used in
conjunction with diacetyl in e-cigarettes. Similarly, 2,3-pentanedione and acetoin were also
detected simultaneously in 22 flavors. Diacetyl and acetoin were simultancously detected in an

even greater number of flavors (n=38).

Figure 2 depicts the distribution.s of the chemical masses of the e-cigarette samples, including
replicates, according to flavor type. The three compounds were detected in all flavor types, with
the exception of 2,3-pentanedione in dairy flavored e-cigarettes, which only had two samples.
The median masses of the flavor types did not have a consistent ranking from one chemical to
the next. For example, tobacco flavors had the second to lowest median mass for diacetyl
compared to the fourth lowest for acetoin. The cocktail flavored e-cigarettes had the highest
median masses and largest range for all three compounds, but none of the differences in the
mean masses of each flavor type were statistically significant, using the bonferroni correction for

multiple comparisons.

DISCUSSION

Diacetyl, a flavoring compound associated with the development of “Popcorn Lung” in workers
after inhalation exposure, was detected in 39 of the 51 flavored e-cigarettes tested in this study, -
including flavors that have particular appeal to children, teenagers and young adults. 47 of the 51
flavors tested in our study had at least one of the three flavoring compounds detected (diacetyl,

2,3-pentandedione, acetoin). These compounds were ubiquitous among flavor types: “tobacco”

11
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and “menthol” flavored e-cigarettes contained diacetyl despite not being listed on OSHA’s list of

flavors that likely contain diacetyl (Table 1).

The health concerns related to inhaling diacetyl and other flavoring chemicals are now well
recognized by OSHA and the flavoring industry. OSHA established a National Emphasis
Program (NEP) in 2007 focused on respiratory disease in workers at microwave popcorn
processing facilities, and a NEP in 2009 focused on “Facilities that Manufacture Food Flavorings
Containing Diacetyl” (OSHA 2007b; OSHA 2009). The Flavoring and Extract Manufacturers
Association of the United States released a report in April, 2012 on respiratory health and safety
in the food manufacturing workplace that highlighted the potential risks associated with inhaling
diacetyl and a long list of other food flavoring chemicals (FEMA 2012). They recommend the
following warning for, “Any compounded flavors (liquid, dry or powdered) containing any
flavoring substances listed in Table 1 in any concentrations if the compounded flavor or any of
its individual flavoring substances will be heated during processing.” [The ‘Table 1’ referenced
is specific to diacetyl ]

WARNING — This flavor may pose an inhalation hazard if improperly handled.

Please contact your workplace safety officer before opening and handling, and

read the MSDS. Handling of this flavor that results in inhalation of fumes,

especially if the flavor is heated, may cause severe adverse health effects.

Unlike these efforts by OSHA and the flavor industry to raise awareness of the hazards
associated with inhaling flavoring chemicals, our review of the websites and packaging for the
flavored e-cigarette brands in our study did not identify any similar notifications regarding

diacetyl specifically, or flavorings generally, Two companies explicitly stated that their products

12
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do not contain diacetyl in written communication, yet in our testing we did find diacety! in their

product,

Rules for labeling do not currently exist for e-cigarettes, because, unlike tobacco products, which
are regulated by the U.S. Food and Drug Administration (FDA) under authority of the Family
Smoking Prevention and Tobacco Act (Tobacco Control Act, 2009), a statute that authorizes the
FDA to require warning labels on packages and advertisements and bans flavored cigarettes, e-
cigarettes are not currently regulated. However, this may be changing. In 2014, the FDA issued a
proposed rule that seeks to expand the legal definition of tobacco products to include e-cigarettes
and other nicotine-containing products (FDA, 2014). If finalized, the rule may include minimum
age and identification requirements and proposed addictiveness warnings. Specifically related to
the research presented in this manuscript, and our opinion that many flavors are appealing to
youth, the FDA states that, .. .some tobacco products, such as e-cigarettes and certain cigars, are
being marketed with characterizing flavors, and that these flavors can be especially attractive to
youth.” The FDA then acknowledges that the existing Family Smoking Prevention and Tobacco
Act of 2009 that prohibits flavors only currently applies to cigaretics, not e-cigarettes, and they
are seeking additional information regarding the effects e-cigarettes have on public health, The
data presented in this manuscript on the presence of flavoring chemicals in e-cigarettes that have
been previously associated with severe respiratory disease are a step toward addressing this

information gap.

As a result of the toxicological and epidemiological studies by NIOSH, inhalation exposure
limits for adult workers have been established for several food-flavoring compounds, including
diacetyl and its structurally similar replacement, 2,3-pentanedione (Table 3). However, there are

no health-based standards for diacetyl inhalation for the general public, and no standards for

13




Environ Health Perspect DOI: 10.128%/ehp.1510185
Advance Publication: Not Copyedited

children. We agree with a recent response to an article by NIOSH investigators (Hubbs ct al.
2015), and an advisory released by FEMA (2015), that there are important considerations in
interpreting analyses that use occupational health limits for estimating risk for e-cigarette
smokers. First, these occupational health limits are set for healthy workers, not the general
population, and e-cigaretie users are not exclusively workers. Second, the U.S. regulatory
agencies accept greater risk for workers than for the general population. For example,
‘acceptable’ risk for workers is generally 1 in 1,000 to 1 in 10,000 risk of an adverse event
(Hubbs et al, 2015), while the U.S. EPA uses 1 in 100,000 to 1 in {,000,000 as ‘acceptable’ for
the general population (Castorina and Woodruff 2003). By applying occupational health limits to
the general population of flavored e-cigarette smokers, we would thus be accepting a higher risk
than typical. Third, the occupational limits are based on an 8-hour period, 5 days week, and come
with the assumption that a worker will have 16 hours of recovery time between shifts, and 2 day
recovery on the weekend, which is not applicable to e-cigarette users. Fourth, these exposure
limits are for adults, not children, who on average have a smaller body weight compared to
typical adult workers, resulting in a greater overall dose per e-cigarette for children and
adolescents. Fifth, we do not know if the dose-response relationships observed for workers
would be similar for children, who can be more susceptible to some environmental exposures.
Last, the occupational exposure limits are not ‘bright lines’; values below the limit should not
automatically be interpreted as ‘safe’. In fact, there is guidance for interpreting values below the
occupational health limits. The American Industrial Hygiene Association (ATHA) first uses the
upper confidence limit of the 95th percentile exposure value when comparing exposure
measurements to an occupational limit, not just a point estimate or mean. They then use a

‘control banding’ to establish where the exposure fits within five ATHA exposure control

14
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categorics (Bullock 2006). Even when the 95th percentile exposure estimate is 10% of the
occupational limit, at a minimum hazard communication is a typical control response to the
exposure (Hewett et al. 2006). At 50% of the occupational limit, additional controls are also
typical, including: exposure surveillance, medical surveillance, and work practice evaluation

(Hewett et al. 2006).

Strengths and Limitations

One major goal of our study was to determine if diacetyl and other flavoring compounds were
present in the vapors released from flavored e-cigarettes. Due to the vast number of flavored e-
cigarettes currently on the market, and our convenience sample of 51 flavors, the extent to which
are results are generalizable to the entire population of ¢-cigarette flavors is simply unknown; we
did, however, detect at least one flavoring compound in 47 of the 51 flavors tested, suggesting
the need to rapidly determine if this high prevalence found in our study is consistent across the
many thousands of flavors being sold. Our method for determining when the e-cigarettc was
fully spent relied on a visual determination of emissions of the e-cigarette in the chamber. Tt is
possible then that our samples did not fully reflect the total chemical content in the e-cigarettes if
liquid remained in the e-cigarette at the time our sampler was turned off, causing an
underestimate of chemical content. This method may explain the variability in replicate samples,
as well as variable chemical doses in c-cigarettes of the same type. Another approach to
determine total content would be to directly analyze the chemical content in the liquid contained
in flavored e-cigarettes, but this does not permit analysis of the vapor. Also, our blank correction
procedure used an imputed value for blank samples that were less than the limit of detection.
Typically, blank correction would not be performed when blank samples do not have detectable

levels of a chemical. However, to be consistent in how we handled blanks that did have

15




Environ Health Perspect DOI: 10.1289/ehp.1510185
Advance Publication: Not Copyedited

detectable levels across the different batches, we decided to uniformly blank correct, including
the incorporation of non-detected blank samples (imputed, as previously described). This also
would iead to an underestimate of chemical concentrations in the vapor. Lastly, our samples also
showed within-flavor variabilily, as evidenced by the RMSE for replicate samples. This
variability could be due to our method or variability in chemical content in flavored e-cigarettes;
Cheng et al. (2014) reported a high degree of variability in nicotine content within e-cigarettes of
the same brand. Based on these limitations, we urge caution in interpreting samples with values

below the limit of quantification but above the limit of detection as being ‘diacetyl-free’.

Strengths of our approach include measuring actual concentrations of these three flavoring
chemicals in the vapor of e-cigarettes using repeatable and validated sampling and analytical
methods, and methodological decisions that gave us confidence in reporting the presence of
diacetyl in e-cigareties. Future studies should refine these and other methods to further quantify
the amount of flavoring chemicals in e-cigarettes, and the prevalence of diacetyl and alternative
flavoring chemicals in a wider range of samples. Last, studies need to be performed to assess
potential differences between the particulate and vapor contribution to exposure and test other
environmental conditions, including variability in humidity, differences in smoker draw
time/pressures, and different designs of the vaporization systems. For example, Zhang et al.
showed that puffs generated smaller peak particle sizes compared té drawing at a constant rate,
which has implications for where inhaled particles will penetrate in the lungs (Zhang et al. 2013),
A standardized protocol for evaluating emissions (particulate and vapors) of e-cigarettes would

facilitate interpretation of study resulis.
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CONCLUSION

Our findings confirm the presence of diacetyl and other high priority flavoring chemicals in
flavored e-cigarettes. Due to the associations between diacetyl, bronchiolitis obliterans and other
severe respiratory discases among workers inhaling heated vapors containing diacetyl, urgent
action is recommended to further evaluate the extent of this new exposure to diacetyl and related

flavoring compounds in e-cigarettes.

17



Environ Health Perspect DOL 10.128%/ehp. 1510185
Advance Publication: Not Copyedited

REFERENCES

Barrington-Trimis, I, Samet, J, McConnell R. 2015 Flavorings in electronic cigarettes, an
unrecognized respiratory health hazard? JAMA 312(23): 2493-2494,

Behar RZ, Davis B, Wang Y, Bahl V, Lin S, Talbot P. 2014. Identification of toxicants in
cinnamon-flavored electronic cigarette refill fluids. Toxiéol in Vitro 28: 198-208.

Bekki K, Uchiyama S, Ohta K, Inaba Y, Nakagome H, Kunugita N. 2014, Carbonyl compounds
generated from electronic cigarettes. Int J Environ Res PH 11: 11192-11200;
doi:10.3390/ijerph111111192.

Bell K, Keane H. 2014. All gates lead to smoking: the ‘gateway theory’, e-cigarettes and the
remaking of nicotine. Soc Sci Med 119; 45-52,

Bullock WH, eds. 2006. A Strategy for Assessing and Managing Occupational Exposures. 3rd
ed. Fairfax, VA: AIHA Press.

Burstyn 1. 2014. Peering through the mist: systematic review of what the chemistry of
contaminants in electronic cigarettes tells us about health risks, BMC Public Health 14;
doi: 10.1186/1471-2458-14-18.

Callahan-Lyon P. 2014, Electronic cigarettes: human health effects. Tob Control 23(2): 36-40,

Castorina R, Woodruff TJ. 2003. Assessment of potential risk levels associated with US
Environmental Protection Agency reference values. Environ Health Persp 111: 1318-1325,

CDC (Centers for Disease Control and Prevention). 2007. Fixed obstructive lung disease among
workers in the flavor manufacturing industry--California, 2004-2007. MMWR 56(16): 289-
293.

CDC (Centers for Disease Control and Prevention). 2013. Electronic cigarette use among middle
and high school students--United States, 2011-2012, MMWR 62(35): 729-730,

Cheng T. 2014. Chemical evaluation of electronic cigarettes. Tob Control 23(2): 11-17.

Cichocki JA, Smith GJ, Morris JB. 2014, Tissue sensitivity of the rat upper and lower
extrapulmonary airways to the inhaled electrophilic air pollutant diacetyl and acroin. Tox
Sci 142(1): 126-136; doi: 10.1093/toxsci/kful65.

Coleman BN, Apelberg BJ, Ambrose BK, Green KM, et al. 2014, Association between
electronic cigarette use and openness to cigarctte smoking among U.S. young adults.

Nicotine Tob Res 17(2): 212-218.

18




Environ Health Perspect DOI: 10.1289/ehp.1510185

Advance Publication: Not Copyedited

ECFR (Electronic Code of Federal Regulations). 2015. Title 21: Food and Drugs, Chapter I,
Subchapter B, Part 184: Direct Food Substances Affirmed as Generally Regarded as Safe.
http://www.ecfr.gov/cgi-bin/text-
1dx?SID=¢956d645a8b4e6b3e34ede5d1b690209& me=true&node=pt21.3.184&rgn=div5

Farsalinos K, Kistler KA, Gillman G, Voudris V. 2015. Evaluation of electronic cigarctte liquids
and aerosol for the presence of sclected inhalation toxins, Nicotine Tob Res 17(2): 168-174.

FDA (Food and Drug Administration, HHS). 2014. Deeming tobacco products to be subject to
the Federal Food, Drug, and Cosmetic Act, as amended by the Family Smoking Prevention
and Tobacco Control Act; Regulations on the sale and distribution of tobacco products and
required warning statements for tobacco products. Federal Register (Proposed Rule) 79(80):
23142-23206. Available: https:/federalregister.gov/a/2014-09491,

FEMA (Federal Emergency Management Agency). 2012. Respiratory health and safety in the

flavor manufacturing workplace. Flavor and Extract Manufacturers Association of the

United States. Available:
https://tobacco.ucsf.edu/sites/tobacco.ucsf.edu/files/ud/ResH%265%20201 2%20FINAL.pdf.

FEMA (Federal Emergency Management Agency). 2015, Safety assessment and regulatory
authority to use flavors: focus on e-cigarettes. Flavor and Extract Manufacturers Association
of the United States. Available:
http.//www.femaflavor.org/sites/default/filess FEMAGRAS Ecig 3 3 15 0.pdf.

Goniewicz M, Hajek P, McRobbie H. 2013. Nicotine content of clectronic cigarettes, its release
in vapour and its consistency across batches: regulatory implications. Addiction 109(3).
Goniewicz M, Knysak J, Gawron M, Kosmider L, Sobczak A, Kurek J. 2014. Levels of selected

carcinogens and toxicants in vapour from electronic cigarcttes. Tob Control 23(2): 133-139.

Hewett P, Logan P, Mulhausen J, Ramachandran G, Banerjee S. 2006, Rating exposure control
using Bayesian decision analysis. ] Occup Environ Hyg 3(10): 568-581.

Hubbs AF, Battelli LA, Goldsmith WT, Porter DW, et al. 2002. Necrosis of nasal and airway
epithelium in rats inhaling vapors of artificial butter flavors. Toxicol Appl Pharm 185(2):
128-135; doi: 10.1006/taap.2002.9525. '

Hubbs AF, Cummings KJ, McKernan LT, Danvorkic DA, Park RM, Kreiss K. 2015. Comment
on Farsalinos et al., “cvaluation of electronic cigarette liquids and aerosol for the presence of

selected inhalation toxins. Nicotine Tob Res; doi: 10.1093/ntr/ntu338.

19



Environ Healih Perspect DOL 10.1289/ehp. 1510185

Advance Publication: Not Copyedited

Hubbs AF, Goldsmith WT, Kashon ML, et al. 2008, Respiratory toxicology pathology of inhaled
diacetyl in Sprague-Dawley rats. Toxicol Pathol 36: 330-344.

Hutzler C, Paschke M, Krushinski S, Henkler F, Hahn J, Luch A. 2014. Chemical hazards
present in liquids and vapors of electronic cigarettes. Arch Toxicol 88: 1295-1308,

Jensen PR, Luo W, Pankow JF, Strongin RM, Peyton DH. 2015. Letter to the editor: Hidden
formaldehyde in e-cigarette acrosol. New Engl J Med 372(4): 392-394.

Kanwal R, Kullman G, Piacitelli C, et al. 2006. Evaluation of flavorings-related lung disease risk
at six microwave popcorn plants. J Occup Environ Med 48(2): 149-157.

Kreiss K, Gomaa A, Kullman G, Fedan K, Simoes EJ, Enright PL. 2002, Clinical bronchiolitis
obliterans in workers at a microwave-popcorn plant. NEIM 347(5): 330-338.

Kullman, G, et al., 2005, Characterization of Respiratory Exposures at a Microwave Popcorn
Plant with Cases of Bronchiolitis Obliterans, JOEH, Vol. 2, Pages 169-178.

Larsen ST, Yves A, Hammer M, Nielsen GD. 2009. Acute airway effects of diacetyl in mice.
Inhal Toxicol. 21(33): 1123-1128.

Long G. 2014, Comparison of select analyses in exhaled acrosol from e-cigarettes with exhaled
smoke from a conventional cigarette and exhaled breaths. Int J Environ Res PH 11: 11177-
11191.

McMillen R, Gottlieb M, Whitmore R, et al. 2014, Trends in electronic cigarette use among U.S.
adults: Use is increasing in both smokers and nonsmokers. Nicotine Tob Res; Advance
Access: 1-8; doi: 10.1093/nir/ntu213.

Morgan DL, Flake GP, Kirby PJ, Palmer SM. 2008. Respiratory Toxicity of Diacetyl in C57BI/6
Mice. Toxicol Sci 103(1): 169-180,

NIOSH (National Institute for Occupational Safety and Health). 2010. NIOSH pocket guide to
chemical hazards. U.S. Departiment of Health and Human Services, CDC. Cincinnati, OH:
National Institute for Occupational Safety and Health.

NIOSH (National Institute for Occupational Safety and Health). 2011, Draft criteria for a
recommended standard, occupational exposure to diacetyl and 2,3-pentanedione. U.S.

Department of Health and Human Services, CDC. Cincinnati, OH: National Institute for

Occupational Safety and Health.

20




Environ Health Perspect DOI: 10.1289/ehp.1510185

Advance Publication: Not Copyedited

NYT (New York Times). 2001. Artificial butter suspected in lung disease. Philip Hilts, October
4,2001. Accessed online: http://www.nytimes.com/2001/10/04/us/artificial-butter-
suspected-in-lung-disease.html '

Orr MS. 2014. Electronic cigarettes in the USA: A summary of available toxicology data and
suggestions for the future. Tob Control 23(2): 18-22.

OSHA (Occupational Safety and Health Administration). 2007a. Respiratory disease among
employees in microwave popcorn processing plants, Effective 9-24-07. SHIB. Available:
https://www.osha.gov/dts/shib/shib092 107.pdf.

OSHA (Occupational Safety and Health Administration). 2007b. National Emphasis Program

(NEP)- microwave popcorn processing plants, CPL 03-00-005, Effective 7-27-07.
Available:
https://www.osha.gov/pls/oshaweb/owadisp.show document?p table=DIRECTIVES&p id
=3649.

OSHA (Occupational Safety and Health Standards). 2008. OSHA Method 1012, Table 4.9.4,

Occupational Safety and Health Administration, Washington, D. C.

OSHA (Occupational Safety and Health Administration). 2009. National Emphasis Program
(NEP)- microwave popcorn processing plants, CPL 03-00-011, Effective 6-27-2009.
Available: https://www.osha.gov/OshDoc/Directive_pdf/CPL_03-00-011.pdf,

OSHA (Occupational Safety and Health Administration). 2010. Occupational exposure to
flavoring substances: Health effects and hazard control. SHIB. Available:

https://www.osha.gov/dts/shib/shib10142010.html,

OSHA (Occupational Safety and Health Standards). 2015. Code of federal regulations Title 29,
Part 1910. Washington, DC: U.S. Occupational Safety and Health Administration.

Pellegrino RM, Tinghino B, Mangiaracina G, Marani A, et al. 2012. Electronic cigarettes: an
evaluation of exposure to chemicals and fine particulate matter (PM). Ann Ig 24(4): 279-
288.

Tobacco Control Act, H.R. 1256 (111th): Family Smoking Prevention and Tobacco Control Act.
June 22, 2009,

Trechy ML, Ye W, Hadwiger ME, Moore TW, et al. 2011. Analysis of clectronic cigarette

cartridges, refill solutions, and smoke for nicotine and nicotine related impurities. I Lig

Chromatogr R T; 34: 1442-1458; doi: 10.1080/10826076.2011.572213.

21



Environ Health Perspect DOI: 10.1289/ehp. 1510185

Advance Publication: Not Copyedited

Uchiyama S, Ohta K, Inaba Y, Kunugita N, 2013. Determination of carbonyl compounds
generated from the e-cigarette using coupled silica cartridges impregnated with
hydroquinone and 2,4-dinitrophenythydrazine, followed by high-performance liquid
chromatography, Anal Sci 29: 1219-1222.

U.S. EPA (United States Environmental Protection Agency). 2009. Risk assessment guidance for
superfund volume I: Human health evaluation manual (part {, supplemental guidance for
inhalation risk assessment). EPA; 540-R-070-002.

WHO (World Health Organization). 2014. Electronic nicotine delivery systems. Conference of
the Parties to the WHO Framework Convention on Tobacco Control, Provisional Agenda
Item 4.4.2 Sixth Session. Moscow Russian Federation FCTC/COP/6/10.

Williams M, Villarreal A, Bozhilov K, Lin S, Talbot P. 2013, Metal and silicate particles
including nanoparticles are present in electronic cigarette cartomizer fluid and aerosol.
PLOS ONE 8(3); doi: 10.1371/journal.ponc.0057987.

Zhang Y, Sumner W, Chen DR. 2013, In vitro particle size distributions in electronic and
conventional cigarette aerosols suggest comparable deposition patterns, Nicotine. Tob Res,
Vol. 15, Pages 501-8.

Zhu S, SunJY, Bonnevie E, Cummins SE, et al, 2014. Four hundred and sixty brands of e-
cigarettes and counting: implications for product regulation. Tob Control 23(2): 3-9; doi:
10.1136/tobaccocontrol-2614-051670.

22




Environ Health Perspect DOF 10.1289/ehp.1510185
Advance Publication: Not Copyadited

Table 1. Flavors

that contain diacetyl according to OSHA (OSHA, 2010).

Flavor Type | Flavors in this Group

Dairy Butter, Cheese, Cream Cheese, Cheesecake, Milk, Yogurt, Ice

Flavorings Cream, Egg, Ranch Dressing, Sour Cream, Buttermilk

Brown Butterscotch, Caramel, Vanilla Coffee, Tea, Toffee, Chocolate,

Flavorings Cocoa, Cocoa Butter, Maple, Brown Sugar, Marshmallow,
Peanut Butter, Praline, Hazelnut, other nut flavors

Fruit Strawberry, Cranberry, Raspberry, Boysenberry, Other Berry

Flavorings Flavors, Fruit Flavors - neatly any kind (e.g., banana, apple,
grape, pear), cider, tomato

Alcohol Brandy, Rum, Whisky, Tequila, Pina Colada

Flavorings

Miscellaneous | Nutmeg, Honey, Graham Cracker, Vinegar, Meat flavors

Flavorings
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Table 2, Estimated mass of flavoring chemicals in c-cigareties (ng/e-cigarette)

Flavor Brand ilﬁ;:r gi;(izﬁgne dione) 2,3-pentanedione | Acetoin
Classic A Tobacco |3.9 1.0 375
Classic A Tobacco |<LOD <LOD <L.OD
Menthol A Other <LOD <LOD <LOD
Menthol B Other <LOD <LOD <LOD
Original B Tobacco |<LOD <LOD <LOD
Cherry Crush C Fruit <LOQ <LOD 9.0
Cherry Crush C Fruit 14.7 34 165.6
Classic C Tobacco {<L.OQ 0.8 18.1
Java Jolt C Brown 215 7.4 212
Menthol C Other 8.3 2.7 18.3
Peach Schnapps C Cocktail |238.9 64.4 529.2
Pina Colada C Cocktail }27.0 7.1 45.5
Pina Colada C Cocktail | 1.6 <LOD 130
Pina Colada C Cocktail |<LOD <L.OD <LOD
Pina Colada C Cocktail | <LOD <LOD 16.5
Vanilla C Brown <LOD 0.9 <LOD
Bold D Tobacco |5.9 <LOD 39.8
Gold D Tobacco | 0.6 <LOD 7.0
Menthol D Other 49 <LOQ 9.6
Pomegranate D Fruit <LOD 0.2 11.9
Pomegranate D Fruit 6.9 <L.OD 41.4
Vanilla Bean D Brown 6.7 <LOD 13.1
Bad Apple E Fruit 6.0 <LOD <L.OQ
Banana E Fruit <L.OD <LOD <LOQ
Cin E Other 384 234 <L.OQ
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Iced Berry E Fruit 6.6 <LOD 334
Iced Berry E Fruit 2.6 <LOD 17.3
Just Guava E Fruit <L.OQ <L.OD 7.3
Kick! E Brown 20.0 <[.OD 19.1
Lime and Coconut E Fruit 10.3 <LOD 77.9
Peach Pit E Fruit <LOD <LOD 6.1
Snap! E Brown 10.9 3.4 88.2
Strawberry E Fruit <LOQ <LOD 5.2
Cherry F Fruit 4.2 <LOD 35.6
Double Apple Hookah | F Fruit 21.1 23 193.5
Franks Lemon Lime F Fruit 4.2 1.1 47.3
Grape Hookah F Fruit 1.5 1.6 279
Orange Mint F Fruit 1.1 1.5 27.9
Peach F Fruit 83 <LOD 117.5
Pina Colada F Cocktail [11.6 0.7 55.8
Watermelon F Fruit 13.3 1.4 2243
Watermelon F Fruit 7.4 <LOD 72.5
Bluewater Punch G Fruit <LOD <LOD 3.8
Chetry Lava G Fruit <LOD <L.OD 5.6
CooCoo Coconut G Brown 1.0 <LOD 19.5
Milk Chocolate G Dairy <LOD <LOD 9.7
Pineapple Punch G Fruit <LOD <LOD 10.4
Waikiki Watcrmelon G Fruit 4.4 <LOQ 2.1
Alien Blood H Fruit 0.4 <LOD 19.4
Carmel Popcorn H Brown 0.3 <LOD 1.5
Cupcake H Brown 0.3 4.6 1.3
Energy Drink H Other <LOD <LOD 12.2
Fruit Squirts H Fruit 0.9 <LOD 1144
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Oatmeal Cookic H Other 2.2 4.2 26.1
Bubble Gum | Other <LOD <L.OD <LOD
Cheesecake I Dairy 0.9 <LOD <LOD
Cola i Brown <LOQ 0.2 3.7
Cotton Candy I Fruit 0.8 <LOD 8

Tutti Frutti I Fruit 9.3 0.8 24.7
<LOQ: Detected by the laboratory above the laboratory limit of detection (LOD) but less than
the limit of quantification (LOQ); LOQ by Batch 1 and Batch 2 (Diacetyl: 2.3 ug, 0.19 ug;
2,3-pentanedione: 0.07 ug, 0.38 ug; acetoin: 1.08 ug, 3.2 ug). ‘

<LOD: Not detected above the laboratory limit of detection (LOD); 0.05 ug
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Table 3. Occupational exposure guidelines in parts per million.

Agency Averaging Time | 2,3-pentanedione | Diacetyl Acetoin Reference
8-hour NA NA NA
OSHA PEL OSHA 2015
16-hour* NA NA NA
8-hour 0.0093° 0.005" { NA (10-hour)
NIOSH REL
16-hour* 0023 00125 NA
NIOSH STEL { 15-minute ceiling 0.031* 0.025° NA
8-hour NA 0.01 NA
ACGIH TLV ACGIH 2014
16-hour* NA 0025 NA
ACGIH STEL 15 minutes NA 0.02 NA ACGIH 2014

NA Not available

PEL Permissable exposure limit
REL Recommended exposure limit
STEL Short-term exposure limit
TLV Threshold limit value

“ draft occupational exposure limit (ppm)

* Adjusted OEL using Brief and Scala method
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Figure Legends

Figure 1. Schematic of sampling apparatus

Figure 2. Boxplots showing the median, interquartile range, and 1.5 times the interquartile range
of e-cigarette sample masscs, including replicates, by flavor type for diacetyl, 2,3-pentancdione,
and acetoin. Samples outside 1.5 times the interquartile range are shown as dots. The two highest

concentrations for each chemical are not shown.
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