Journal of Medical Toxicology (2020) 16:295-310
https://doi.org/10.1007/513181-020-00772-w

REVIEW @

Check for
updates

Review of Health Consequences of Electronic Cigarettes
and the Outbreak of Electronic Cigarette, or Vaping, Product
Use-Associated Lung Injury

Dazhe James Cao'? - Kim Aldy ' - Stephanie Hsu? - Molly McGetrick® - Guido Verbeck® - Imesha De Silva® -
Sing-yi Feng*”

Received: 4 January 2020 /Revised: 15 March 2020 /Accepted: 17 March 2020 / Published online: 16 April 2020
© American College of Medical Toxicology 2020

Abstract

Electronic cigarettes (e-cigarettes) are battery-operated devices to insufflate nicotine or other psychoactive e-liquid aerosols. Despite
initial claims of e-cigarettes as a nicotine-cessation device, aggressive marketing of e-cigarettes has led to an explosion in adolescents’
and young adults’ use over the last few years. Coupled with a lack of adequate investigation and regulation of e-cigarettes, the USA is
facing an outbreak of e-cigarette, or vaping, product use-associated lung injury (EVALI) starting in mid-2019. While little long-term
health hazard data are available, the components and constituents of e-cigarettes may adversely impact health. Propylene glycol and
glycerin are humectants (water-retaining excipients) that generate pulmonary irritants and carcinogenic carbonyl compounds (e.g.,
formaldehyde, acetaldehyde, and acrolein) when heated in e-cigarettes. Metals contained in heating coils and cartridge casings may
leach metals such as aluminum, chromium, iron, lead, manganese, nickel, and tin. Flavoring agents are considered safe for ingestion but
lack safety data for inhalational exposures. Diacetyl, a common buttery flavoring agent, has known pulmonary toxicity with inhala-
tional exposures leading to bronchiolitis obliterans. In 2019, clusters of lung injury associated with e-cigarette use were identified in
Wisconsin and Illinois. Patients with EVALI present with a constellation of respiratory, gastrointestinal, and constitutional symptoms.
Radiographically, patients have bilateral ground glass opacifications. As of February 18, 2020, the Centers for Disease Control has
identified 2807 hospitalized patients diagnosed with either “confirmed” or “probable” EVALI in the US. Currently, vitamin E acetate
(VEA) used as a diluent in tetrahydrocannabinol vape cartridges is implicated in EVALIL VEA cuts tetrahydrocannabinol oil without
changing the appearance or viscosity. When inhaled, pulmonary tissue lacks the mechanism to metabolize and absorb VEA, which
may lead to its accumulation. While most EVALI patients were hospitalized, treatment remains largely supportive, and use of
corticosteroids has been associated with clinical improvement. The outbreak of EVALI highlights the need for regulation of e-
cigarette devices and e-liquids. Clinicians need to be aware of the health hazards of e-cigarettes and be vigilant in asking about vaping.
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Introduction

Electronic cigarettes (e-cigarettes) are battery-operated de-
vices that allow users to vape (the act of insufflating from an
e-cigarette) aerosols containing nicotine and flavors. Since
their appearance on the market, newer generations of e-
cigarettes have been designed with refillable liquid chambers,
introducing the potential for a wide array of additives includ-
ing delta-9-tetrahydrocannabinol (THC). With growing popu-
larity, these devices have assumed many different names in-
cluding cig-a-likes, e-hookahs, electronic nicotine delivery
systems (ENDS), mods, and vapes.

E-cigarettes were originally marketed as a safer alternative
to traditional combustible cigarettes although they still expose
users to known toxins and carcinogens. While little data is
available on the long-term effects of e-cigarette use, thousands
of'users have fallen acutely ill in an epidemic of e-cigarette, or
vaping, product use-associated lung injury (EVALI) in the
USA since March of 2019 [1]. The outbreak highlights the
heterogeneity of the constituents of e-cigarette liquid (also
called e-liquid or e-juice) and casts doubt on the long-term
safety of e-cigarette use.

Vitamin E acetate (VEA, also known as alpha-tocopherol
acetate) has been linked to EVALI though no definitive causal
relationship has been established. As the investigation is on-
going, the number of fatalities is rising, and the magnitude of
impact on public health is expected to be vast. In this review,
we describe e-cigarettes basics, summarize established risks of
vaping, illustrate characteristics of patients with EVALI, dis-
cuss potential causative agent(s) in the outbreak, and present
proposed treatments.

Methods

Relevant studies on EVALI were identified through PubMed
using the query “((Vaping OR E-cigarette) AND “Lung inju-
ry®) OR EVALI” and searched through February 8, 2020.
Additional references were identified through search of pub-
lication bibliography and primary references posted on the
Centers for Disease Control and Prevention (CDC)
“Outbreak of Lung Injury Associated with the Use of E-
Cigarette, or Vaping, Products” webpage [1].

Epidemiology

Among all e-cigarette users, demographic data show that e-
cigarette use is more prevalent among men, individuals who
identify themselves as Hispanic or non-Hispanic white, and
individuals with incomes at least 4 times the federal poverty
level [2-4].

Since e-cigarettes first appeared in the USA in 2006, use of
these products has steadily increased and has
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disproportionately affected the country’s youth. Several na-
tional surveys of middle and high school students including
the National Youth Tobacco Survey, Youth Risk Behavioral
Surveillance, and Monitoring the Future (MTF) have consis-
tently demonstrated an upward trend of e-cigarette use [5].
According to the results of these studies, the use of e-
cigarettes has grown exponentially in middle and high school
students since 2014 with the greatest growth between 2017
and 2019. In December 2018, annual survey results from
MTF showed 13.5% of 8th graders have used nicotine vape
products in their lifetime with 6% of those surveyed reporting
use in the preceding 30 days. These numbers increased to 34%
and 20%, respectively, in the 12th grade population [6].
Strikingly, early surveys from 2019 demonstrate even higher
rates of frequent and daily use of e-cigarette products in mid-
dle and high school students, showing that prevalence more
than doubled between 2017 and 2019 [7]. As of September
18,2019, 40.5% of 12th graders reported ever vaping nicotine
[7]. In contrast, rates of daily combustible cigarette smoking
were low, at only 0.8% in 8th graders and 3.6% in 12th
graders. Similarly, use of alcohol, opiates, and illicit use of
prescription medications had steadily declined over the pre-
ceding five years [6].

E-cigarette use among adults is predominantly in the youn-
ger 18- to 24-year-old demographic with less frequent to rare
use in older demographics [2]. In a large cohort of adults in
2018, only 3.2% of adults surveyed reported using e-ciga-
rettes, demonstrating a small overall increase in use from
2.8% in 2014 [2, 8]. Older adults switch to vaping as an exit
strategy for combustible cigarette smoking. Conversely, in
adolescents and young adults, vaping is a means of social
inclusion, pure enjoyment of flavors and serves as a gateway
to future combustible cigarette use [5, 9]. The contrast be-
tween adult and adolescent use is striking and highlights a
need to better understand the reasons for this divide.

Devices

The basic functional components of an e-cigarette include a
battery, heating coil, wick, cartridge containing e-liquid, and a
mouthpiece that the user inhales through [5]. With activation
of the heating element, either through pressure changes initi-
ated by inhalation or manually pressing an activation button
on the device, e-liquid saturated on a wick is aerosolized using
a heating coil and is inhaled [5]. Although the act of inhaling
these compounds is colloquially called “vaping,” this term is
misleading as it is in fact a superheated complex aerosol of
semi-liquid particulate matter, not a gaseous vapor, that the
user takes in [10, 11].

E-cigarette devices continue to evolve to meet the ever-
changing demands and desires of users, generating a vast se-
lection of devices of different shapes, sizes, and capabilities.
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For simplicity, these devices are now classified by generation
from first through fourth.

First-generation devices, known commonly as “cig-a-
likes” or “vape sticks,” are disposable, non-refillable electron-
ic devices that have an appearance very similar to a traditional
nicotine cigarette or pipe. Their long slender appearance made
them ideal for individuals seeking an alternative to combusti-
ble cigarettes, closely simulating the cigarette smoking expe-
rience [5].

With the advent of second-generation e-cigarettes, the com-
pact design was sacrificed for bulkier devices with more pow-
erful batteries, which are often three to seven times heavier
than that used in the first-generation [12]. These pen-sized
devices have a cartomizer or clearomizer, which is made up
of a cartridge containing a larger quantity of the e-liquid, a
heating element, and an atomizer. Appropriately so, these de-
vices are known as “personal vaporizers,” “tank systems,” or
“vape pens” [5].

Third-generation devices are more diverse in appearance
and capability, and many no longer resembled the esthetic of
traditional combustible cigarettes in the least [12]. Third-
generation “mods” come with the capability to customize fea-
tures to individualize the vaping experience [5]. These devices
are highly technical, allowing individuals to modify the bat-
tery voltage, coils/wicking configurations, and components of
the e-liquid with commercial or homemade formulations.
Common modifications allow the user to add more coils or
use coils with less resistance so that more heat, and subse-
quently denser aerosols, may be generated. “Mods” have be-
come particularly popular among youth who are drawn to the
highly technical designs.

The most recent fourth-generation devices are less well
defined. Some sources describe fourth-generation devices as
an extension of third-generation “mods” to increase
customizability, while other sources describe fourth-
generation as commercial “pod” vape devices resembling
small electronic devices such as flash drives [9, 12]. Of the
multiple brands of fourth-generation “pod” e-cigarette de-
vices, JUUL® is the most popular, especially among youth
[9]. In 2018, sale of these devices and pods made up almost
three-quarters of the legal e-cigarette sales in the USA [9]. The
compact design enables discrete use of the product, even in
prohibited areas such as school classrooms. Additionally, the
manufacturers of JUUL® have heavily advertised their vast
array of flavors using tactics that appeal to a young audience

[9].
E-Liquid Constituents and Potential Health Hazards
Challenges in E-Cigarette Research

Numerous factors in smoking aerosol of e-liquids make
conducting up-to-date peer-reviewed research difficult. First,

e-cigarette industries innovate to bring newer and more potent
delivery systems with little to no regulation and/or standardi-
zation of production. Markets can change dramatically be-
tween the inception and publication of a well-conducted
peer-reviewed study. Second, since users can fill their own
clearomizers, the permutation of possible e-liquid combina-
tions is innumerable. Third, modifiable e-cigarette devices
add complexity and heterogeneity to the aerosols inhaled by
end-users. The chemicals in e-liquids degrade in the heating
process, and degree of degradation varies based on the resis-
tance of the heating coils in combination with the voltage and
power applied to the atomizer [13]. At temperatures as high as
350°C, chemical reactions between e-liquid constituents can
occur (e.g., formation of benzene) [13, 14]. Gas
chromatography-mass spectrometry (GC-MS) analysis of the
flavored e-cigarette aerosol by Eddingsaas et al. identified 19
unique compounds, which were generated in heating and
emissions process and not detected in the unheated e-liquid
[15]. Finally, the current published results of thermal decom-
position products of e-cigarettes show wide ranging and con-
flicting concentrations of toxins [10].

Nicotine E-Liquids

Nicotine e-liquids usually contain a combination of nicotine,
propylene glycol (PG, also called 1,2-propanediol), glycerin
(also called vegetable glycerin [VG] or glycerol), water, and/
or flavoring. Nicotine added to most e-liquids is isolated from
the tobacco plant, although synthetic tobacco has become
available [16]. Tobacco-based nicotine is highly purified and
distilled, but trace impurities including nicotine-related alka-
loids and tobacco-specific nitrosamines (TSNAs) are impos-
sible to completely remove [17]. TSNAs are known carcino-
gens. While the concentration of TSNAs in e-cigarettes is
significantly less than that of combustible cigarette products,
the carcinogenic effect on users is unknown.

Nicotine concentrations within e-liquids are highly vari-
able. In a study of e-cigarette sales data between
March 2013 to November 2018, nicotine concentrations of
over 1350 e-liquid containing products ranged from 0 to
87.2 mg/mL [18]. Interestingly, products with higher concen-
trations of nicotine correlated with better product sales, and
thus nicotine concentrations have steadily increased over the
years [5].

In 2016, Pax Labs Inc., the company that developed
JUUL® e-cigarettes, announced that they received a US pat-
ent for an e-cigarette nicotine salt formulation by combining
liquid nicotine with an acid (e.g., benzoic acid, acetic acid, or
lactic acid). The nicotine salts delivered through a
temperature-regulated device theoretically permits more effi-
cient nicotine absorption with each inhalation than the previ-
ous free-base nicotine solutions [19]. Additionally, a JUUL®
pod contains 61.6 mg/mL of nicotine, one of the highest
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nicotine concentrations on the market, and yields higher se-
rum blood nicotine concentrations than other e-cigarettes [14,
20]. As of October 1, 2019, JUUL® still captured 66.7% of
US e-cigarette sales despite their decreasing market share
since the end of 2018 [21].

The high concentrations of nicotine in e-liquids pose a
threat to exploratory toddlers. Nicotine e-cigarette—related
calls to the US poison control centers are most frequently
due to exposures in the five years and younger age group;
accounting for 64.8% of all e-cigarette exposure calls between
2010 and 2018 [22]. Death in an 18-month-old was reported
where the toddler drank from an open container of e-cigarette
nicotine liquid and was found to have large concentrations of
nicotine and metabolites in cardiac blood and gastric contents
[23]. The lethal nicotine dose ranges between 1 and 7 mg/kg,
and due to the high concentration of e-cigarette liquid, a min-
iscule amount ingested by a child will be enough to cause
fatality [23]. After an initial surge of reported cases from
2012 to 2014, the Child Nicotine Poisoning Prevention Act
of 2015 and individual states’ legislations mandated child-
resistant packaging on all nicotine containing e-liquids and
devices [24]. Nonetheless, e-cigarette and e-liquid exposures
resurged in nearly all age groups from 2017 to 2018 in part
due to the skyrocketing popularity of JUUL® products [22].

Humectants in Nicotine E-Liquids

Humectants are excipients added to food and cosmetics to
help retain water. PG and VG are common organic humectants
for e-liquids. The concept of delivering nicotine via heated PG
or VG has been around since the 1960s, but the twenty-first
century’s improved battery technology and heightened com-
mercialization and industrialization practices ultimately pop-
ularized e-cigarettes in the USA and Europe [25, 26]. PG is a
common solvent in intravenous (IV) medications (e.g., loraz-
epam, phenytoin) but is also considered a “toxic alcohol” at
high doses [27]. The Food and Drug Administration (FDA)
considers both PG and VG as “Generally Recognized as Safe”
(GRAS) [28]. However, the GRAS designation applies only
to dermal application or ingestion and does not address or
imply the safety of inhalation exposure to these products or
their thermal degradation products [5]. Chronic low dose ex-
posure to PG may cause pulmonary irritation and allergic re-
actions [29]. Furthermore, PG/VG-containing e-liquids, when
heated, generate pulmonary irritants as well as known and
suspected carcinogenic carbonyl compounds (formaldehyde,
acetaldehyde, and acrolein) [13, 14]. As mentioned previous-
ly, the generation of carbonyl compounds in heated e-liquids
vary highly upon the specific brand of e-liquid and device
used [5]. Although the full extent of damage of inhaling PG/
VG is not fully known, some studies suggest PG/VG can
cause significant damage. An animal study where mice in-
haled e-cigarette smoke of nicotine and VG demonstrated a
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statistically significant increase in the development of lung
adenocarcinoma and bladder urothelial hyperplasia [30].
Also, two randomized clinical trials of acute vaping of PG/
VG with or without nicotine in young tobacco smokers in-
duced airway epithelial injury and sustained decrease in trans-
cutaneous oxygen tension [31].

Other potentially harmful humectants have been detected
in nicotine-containing e-cigarettes, including diethylene gly-
col, ethylene glycol, and 1,3-propanediol [32—-34]. However, a
recent study out of Switzerland that tested common e-liquids
sold out of the USA, UK, France, and Switzerland did not
detect ethylene glycol, and the recent study by Etter et al.
did not detect diethylene glycol [33, 34]. These studies high-
light the variable and dynamic nature of e-liquids.

THC E-Liquids

Prevalence of vaping with cannabis products such as THC oil
or loose-leaf marijuana has been steadily increasing. Nineteen
percent of 18- to 24-year-old ever cannabis users reported
vaping cannabis products [35]. E-cigarette users can make
their own cartridge by filling it with various THC-containing
products (oil, tincture, or concentrate) which may also contain
propylene glycol or other excipients. Unfortunately, due to the
wide variability of these products and accessibility, determi-
nation of the exact constituents in THC-containing products is
difficult, if not impossible. Some individuals have described
vaping THC in e-cigarettes as “dabbing,” and thus, the CDC
included “dabbing” in the epidemiologic definition of EVALI,
discussed below. However, “dabbing” is better known as a
method of aerosolizing desired inhalants, most commonly
cannabis concentrates. The wax form of a concentrate is ap-
plied or “dabbed” onto a heated nail attached to a modified
water pipe. The aerosol is contained via a dome placed over
the nail and passed through the water pipe and inhaled by the
user [36].

Other Psychoactive E-Liquids

Multiple websites propose the addition of ethanol and caffeine
to e-cigarettes. However, one study that looked at the effect of
ethanol-containing e-cigarettes on young adult smokers
showed no difference in subjective drug effects, and plasma
alcohol levels were undetectable during testing, even when
vaping a 23.5% ethanol concentration solution. The authors
noted that there was not enough data to make definitive con-
clusions on the effects of vaping ethanol, but they strongly
advised against its use [37]. Similarly, caffeine e-liquids have
much lower concentrations of caffeine (3.3 to 703 pug/g) than
traditional caffeinated drinks. The estimated daily caffeine-
absorbed dose from most vaping is less than 1 mg with the
highest at 27.9 mg of caffeine [38]. Other possible substances
in e-liquids include, but are not limited to, powdered cocaine,
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ecstasy, hallucinogens, heroin, methamphetamine, prescrip-
tion pain medications, and prescription stimulants [39, 40].

Flavoring Agents

Flavoring agents in e-liquids pose another threat to health. The
addition of flavoring agents enhances appeal and reduces the
risk perception of e-cigarettes in youth and nascent smokers,
which is in part contributory to the discussed epidemiologic
trend of youth e-cigarette use [41]. Similar to PG/VG, these
agents are designated GRAS by the FDA but have limited
inhalational exposure safety data [42]. For example, diacetyl
(butanedione or butane-2,3-dione), a chemical with an intense
buttery flavor, has known pulmonary toxicity causing bron-
chiolitis obliterans or “popcorn lung” in microwave popcorn
workers via inhalation exposure [43]. Multiple studies have
detected diacetyl and its diketone analogue, 2,3-pentanedione,
in vape e-liquids [44, 45]. Although the exposure to diketones
in flavored e-cigarette products is avoidable and unnecessary,
the estimated quantitative exposure remains lower than that of
combustible cigarettes. By one estimate, diacetyl generated as
a combustion degradation product in traditional cigarettes
may be 100-fold greater than that present in e-cigarettes
[45]. Currently, no guidelines establish an acceptable risk for
inhalation of diacetyl or its analogs in e-cigarettes.
Extrapolating occupational risk levels of diacetyl to estimates
of vaping exposure is fraught with potentially inaccurate as-
sumptions, especially when applied to adolescents.

Metals in E-Liquids

E-cigarette device components that contact the e-liquid can
leach metals into the e-liquid and subsequently, the aerosol.
Additionally, cannabis plants, used to derive THC, absorb
metals from the soil [46]. While studies have demonstrated
detectable metal concentrations in e-liquids and aerosols such
as aluminum, chromium, iron, lead, manganese, nickel, and
tin, long-term studies are lacking to define the associated
health risk of vaping posed by these metals [47]. E-
cigarettes have a higher number of detectable metals (35 of
out 36 tested elements) as compared with combustible ciga-
rettes (15 out of 36 elements) [48]. Cadmium, a direct pulmo-
nary toxin, was lower in e-cigarette aerosol (below level of
detection at < 0.1 pg/kg) than in combustible cigarette smoke
(between < 5 and 80 ng per cigarette), but other metals were
comparable or higher [47].

Microbial Contaminants

Microbial agents in the form of bacterial endotoxin
(lipopolysaccharides) and fungal (1,3)-beta-D-glucans have
been detected in e-liquids [49]. However, live bacteria, mold,
and yeast have not been found [34]. While endotoxin and

glucans may cause respiratory irritation, long-term conse-
quences at concentrations found in e-liquids have yet to be
studied.

E-Liquid Legislation

On December 19, 2019, the Tobacco 21 bill was signed into a
law that set legal age to purchase tobacco and e-cigarettes
products to 21 years of age throughout the USA [50]. On
January 2, 2020, the FDA issued a policy to prioritize enforce-
ment against illegally marketed ENDS, specifically any fla-
vored, cartridge-based ENDS product (other than a tobacco-
or menthol-flavored ENDS product); all other ENDS products
for which the manufacturer has failed to take (or is failing to
take) adequate measures to prevent minors’ access; and any
ENDS product that is targeted to minors or likely to promote
use of ENDS by minors. It is not specifically a ban on flavored
or cartridge-based ENDS but rather a way for companies to
demonstrate that a product meets the applicable standards set
by Congress. The policy is also a way to increase education
for the prevention of e-cigarette usage by youth [51].

Health Risks of Nicotine E-Cigarette Use

The National Academies of Science, Engineering, and
Medicine reviewed the health literature of e-cigarettes in
2018 and provided evidence-based summary of health con-
cerns [5]. The report on long-term health effects was limited
by the absence of studies rather than the presence of negative
studies.

Cardiovascular Effects

The report found no evidence on long-term cardiovascular
outcomes such as coronary heart disease, stroke, and periph-
eral artery disease and insufficient evidence for long-term ef-
fects on heart rate, blood pressure, and cardiac function [5]. In
the short term, nicotine increases heart rate and diastolic blood
pressure [5]. Since the report, cross-sectional National Health
Interview Surveys of daily e-cigarette smokers found a statis-
tically significant increase odds ratio of myocardial infarction
[52]. Other new studies in abstract form also suggest an asso-
ciation with myocardial infarction as well as an association
with strokes [53].

Pulmonary Effects

The report also found no long-term evidence that e-cigarette
use causes respiratory disease in humans [5]. The authors did
find moderate evidence for increased asthma exacerbation,
cough, and wheezing in adolescents who smoke e-cigarettes.
The findings are further supported by two cross-sectional
studies published in 2017 that suggest associations of e-
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cigarette use in adolescents with asthma exacerbation and
chronic bronchitis [54, 55].

Prior to the current EVALI outbreak, scattered case reports
and case series described cohorts of patients with a range of
radiographic findings of pulmonary disease in the setting of e-
cigarette use. The variation in radiographic patterns of pulmo-
nary disease associated with vaping was summarized by
Landman et al. and Henry et al. in a literature review spanning
nearly two decades [56—58]. Lung injury with an organizing
pattern (e.g., organizing pneumonia, acute fibrinous pneumo-
nitis with organization) was the most common finding on their
reviews though hypersensitivity pneumonitis, diffuse alveolar
damage, and lipoid pneumonia were also reported in the liter-
ature [56-58].

Carcinogenicity

Similarly, no long-term studies on carcinogenicity were avail-
able at the time of publication [5]. Growing evidence is avail-
able on the carcinogenic potential of e-cigarette acrosol (e.g.,
carbonyl compounds and benzene) and on the deregulation of
cancer-associated genes [53].

Secondhand Exposure

While secondhand exposure to combustible cigarettes has
known health risks, the data surrounding secondhand expo-
sure to the aerosols from vaping is limited. Secondhand smoke
from combustible cigarettes differs from e-cigarette aerosol in
genesis and constituents. Combustible cigarettes generate
smoke that is mostly solid and semisolid material, whereas
e-cigarette generates a semi-liquid aerosol. Additionally,
80% of secondhand exposure from combustible cigarettes oc-
curs from the side-stream originating from the burning ciga-
rette whereas nearly 100% of the e-cigarette aerosol is inhaled
by the user in the mainstream with little to no side-stream. The
resulting secondhand exposure originates from the exhaled
vapors [5]. Finally, e-cigarette acrosol varies by the e-liquid
constituent and the voltage applied to the vaping device as
discussed above. Given these differences, health conse-
quences from secondhand e-cigarette aerosol are not compa-
rable with secondhand smoke.

Most studies have evaluated the chemical and environmen-
tal characteristics of secondhand e-cigarette aerosol rather
than long-term clinically relevant endpoints. Studies of air
quality after vaping demonstrate increased air concentrations
of carbon dioxide, carbonyls, nicotine, particulate matter (ul-
trafine particles, 2.5 pum or less [PM, 5] and 10 pm or less
[PM;]), and volatile organic compounds (e.g., benzene,
diacetyl, and toluene) [5, 59]. One recent unblinded crossover
study of secondhand aerosol exposure found increased fre-
quency of respiratory irritation symptoms, breathlessness,
and headaches [60]. The study was limited by the unblinded
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design, proximity (1.5 m away), and short duration of expo-
sure (30 min). In a neonatal mouse model, exposure to 1.8%
nicotine and PG e-cigarette aerosol impaired alveolar devel-
opment at 10 days of life and negatively impacted weight gain
[61]. While these studies suggest negative health conse-
quences from secondhand e-cigarette aerosol, long-term stud-
ies and comparative studies with secondhand combustible cig-
arette smoke are needed.

Battery Risks

The batteries used in e-cigarettes have become more sophisti-
cated and powerful as e-cigarettes have evolved; allowing
users to alter power delivered to the coils and customize the
vaping experience. Larger batteries allow for increased power
delivery and extended use time but increased risk of serious
injury. Thermal burns, alkali burns (from lithium hydroxide),
house fires, and fatalities have been reported from e-cigarette
use [62]. Battery malfunction occurs for several reasons in-
cluding faulty casing, over-heating, over-charging, exposure
to perspiration (e.g., from pant pockets), or short-circuit by
metal contact (e.g., with coins or keys) [62].

E-Cigarette, or Vaping, Product Use-Associated Lung
Injury

Since the introduction of e-cigarettes to China in 2004 and to
the USA in 2006, cases of lung injury have been associated
with their use as mentioned previously [56, 58]. The severity
and consistent association of lung injury with e-cigarette use
became more broadly recognized in July 2019 as the health
departments of Wisconsin and Illinois published a case series
of 53 patients presenting with pulmonary illnesses related to e-
cigarette use [63]. Investigators at the Wisconsin and Illinois
Departments of Health and the CDC used these patient data to
generate case definitions to assist with disease surveillance in
anticipation of a larger scale outbreak [63, 64]. What was first
described as vaping-associated pulmonary injury is now
termed EVALI [65]. “Confirmed” cases of EVALI include
patients reporting use of an e-cigarette, “vaping,” or “dab-
bing” in the 90 days prior to symptom onset; pulmonary in-
filtrate on plain film chest radiograph or ground-glass opaci-
ties on chest computed tomography (CT); and absence of
pulmonary infection or other plausible diagnoses.
“Probable” cases are those meeting the above criteria but with
findings of a pulmonary infection which the clinical team
believes is not the sole cause of the underlying lung injury
(Fig. 1) [64].

Accurate and updated epidemiologic data remains depen-
dent on voluntary reporting by state health departments. State
and national task forces have coordinated their efforts for case
reporting and monitoring, most notably state health depart-
ments, the Council of State and Territorial Epidemiologists,
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Use of an e-cigarette (vaping) or dabbing in 90 days before symptom onset

N

Pulmonary Infiltrate”

No evidence of alternative plausible diagnoses

. N

-

Absence of Infection' identified$ bu't the clinical pulmonary infection not met (testing
pulmonary infection team caring for the patient believes not performed) and clinical team
on initial workup" that this is not the sole cause of the believes that infection is not the sole
underlying respiratory disease process cause of the underlying respiratory

Minimum criteria" to rule out

disease process

. e

-

Confirmed Case

Probable Case

Fig. 1 Centers for Disease Control and Prevention surveillance case
definitions for e-cigarette, or vaping, product use-associated lung injury
[64].#Opacities on plain-film radiograph of the chest or ground-glass
opacities on chest computed tomography. “Minimum criteria include
negative respiratory viral panel and influenza polymerase chain reaction
(PCR) or rapid test if local epidemiology supports testing. All other

Vaping Associated Pulmonary Injury Epidemiology Task
Force, and the CDC. Complicating these efforts are incom-
plete or inaccurate social histories because they are obtained
through proxies (e.g., spouses, parents) as many patients are
too critically ill, or reluctant to admit illicit substance use, to
participate in information gathering.

Patient Characteristics

As of February 18, 2020, 2807 patients have been hospitalized
with “confirmed” or “probable” EVALI reported to the CDC,
including 64 (2%) associated deaths [1]. CDC last reported
non-hospitalized cases in November 2019. At that time, only
110 (5%) cases out of 2016 were managed as outpatients [66].
Of the cases through December 2019, the median age was
24 years old, and most were white (75%) and male (67%) [67].
No cases have been reported in pregnant women. EVALI has
disproportionately affected young adults and adolescents with
76% of patients aged < 35 years old and 15% < 18 years [68].
These demographics reflect the overall trends in e-cigarette use.

Patient deaths from EVALI has exhibited a similar racial
distribution in comparison to e-cigarette users with a greater
proportion of White or Caucasian patients (83%) compared
with Hispanic (11%) and non-Hispanic, non-White patients
(6%). The median age in EVALI-related deaths has been
higher than the median age in EVALI-affected patients overall
(45 years old vs 24 years old, respectively), though the range

clinically indicated testing for respiratory infectious disease (e.g., urine
antigen testing for Streptococcus pneumoniae and legionella, sputum cul-
ture if productive cough, bronchoalveolar lavage culture if done, blood
culture, and presence of HIV-related opportunistic respiratory infections if
appropriate) must be negative. §Identified by means of culture or PCR

of ages has been similar [69]. Limited data have been avail-
able on the presence of co-morbid conditions for these pa-
tients. Some investigators have noted positive asthma history
in subpopulations of EVALI patients, but no association has
been linked between the two disease processes [70, 71]. The
relative contribution of EVALI versus a co-morbidity to the
death of these patients remains unclear.

Reported duration of exposure has varied widely. One study
cited a median of 225 days of e-cigarette use before presentation
with an upper range of five-years, but most patients (43%) have
reported less than one year of use [70]. Frequency of e-cigarette
use also has varied greatly among patients from as infrequently
as one or two times per week to over 50 times per day but with no
comment on associated severity of illness [70]. A high proportion
of hospitalized EVALI patients have reported use of THC-
containing products compared with those reporting traditional
use of e-cigarettes for nicotine delivery. As of January 14,
2020, 82% have reported any use of THC-containing products
with 33% having exclusive THC-containing product use, com-
pared with 57% reporting any use of nicotine-containing prod-
ucts with only 14% having exclusive use of nicotine-containing
products [1].

Clinical Presentation

Three reported case series detailing clinical presentation and
patient management have provided some insight on the early
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stages of disease presentation and treatment strategies [63, 70,
72]. Aggregate data from these studies are provided in
Table 1. Unsurprisingly, nearly all patients have presented
with respiratory complaints (98%). Eighty percent of patients
have presented with cough; 33% with productive cough.
Interestingly, dyspnea has been the most common pulmonary
symptom (86%) with 77% experiencing associated hypox-
emia as defined by a peripheral capillary oxygen saturation
(spO,) < 95% while breathing room air. A higher incidence of
hypoxemia may have been expected as vaping of e-cigarette
liquid alone has been linked to impaired pulmonary gas ex-
change [73].

Gastrointestinal (GI) symptoms also have been a common
chief complaint affecting 86% of patients. Nausea (71%) and
vomiting (70%) have been the most common, while a smaller
number of patients have experienced general abdominal pain
(43%) and diarrhea (40%). In one case series of 60 patients,
two patients were diagnosed with EVALI only after incidental
findings of pulmonary ground glass opacities on abdominal
CT obtained during workup for primary abdominal symptoms
[70]. Constitutional symptoms have been common (94%) and
included subjective fever (79%), chills, (50%), and fatigue
(47%) [63, 70, 72].

Duration of symptoms prior to presentation has not been
predictive of severity of illness, although a prospective study
by Blagev et al. noted a trend toward milder presenting symp-
toms and earlier presentation to care as national media cover-
age heightened [70]. Of the patients included in the case se-
ries, 90% have been initially managed on inpatient services
[63, 70, 72]. Fifty-four percent have presented with severe
illness requiring intensive care unit (ICU) admission, slightly
greater than CDC data that reported a 47% ICU admission
rate. Most patients (82%) have required some degree of sup-
plemental oxygen during hospital admission. Maximal level
of respiratory support has included high-flow nasal cannula
support (47%), non-invasive positive pressure ventilation
(30%), and invasive mechanical ventilation (22%) [63, 70,
72]. Severe cases of EVALI have required veno-venous extra-
corporeal membrane oxygenation (VV-ECMO) with one case
proceeding to lung transplantation [56, 71, 74].

Median hospital length of stay has been five-six days in
patients < 50 years of age but increases to 12 days in patients
> 50 years old. Twenty-four percent of patients have required
supplemental oxygen upon discharge with a 10% readmission
rate reported in one study [70, 72]. Half of the patients
readmitted have reported continued e-cigarette use, highlight-
ing the importance of integrating substance abuse and addic-
tion therapy into treatment strategies [70].

Nationally, of the 1139 EVALI patients who have been
discharged on or before October 31, 2019, 2.7% have required
rehospitalization in addition to seven deaths after hospital dis-
charge. Hospital readmission has occurred a median of
four days after discharge, and death has occurred a median
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Table 1 Aggregate symptoms, evaluation, clinical course, and
outcomes from three case series [63, 70, 72]

Symptoms reported at presentation no./total no. (%) Values (%)

Respiratory symptoms 122/125 (98)

Dyspnea 107/125 (86)
Chest pain 55/113 (49)
Pleurisy 47/125 (38)
Cough 100/125 (80)
Sputum 4/12 (33)
Hemoptysis 14/125 (11)

Gastrointestinal symptoms 108/125 (86)

Nausea 89/125 (71)
Vomiting 88/125 (70)
Diarrhea 26/65 (40)

Abdominal pain 54/125 (43)
118/125 (94)

99/125 (79)

Constitutional symptoms
Subjective fever

Malaise 9/12 (75)
Sweats 5/12 (42)
Chills 62/125 (50)
Weight loss 21/113 (19)
Fatigue 53/113 (47)
Headache 35/125 (28)
Myalgias 2/12 (17)

Vital signs at presentation no./total no. (%)
Febrile, temperature > 38 °C
Heart rate > 100 beats per min

58/123 (47)
92/125 (74)
Respiratory rate > 20 breaths per min 68/123 (55)

SpO, while breathing room air

>95% 27/124 (22)
89-94% 39/112 (35)
<88% 47/112 (42)
Initial laboratory results no./total no. (%)
White blood cell count > 11,000 per mm® 91/112 (81)
White-cell count with > 80% neutrophils 34/36 (94)
Erythrocyte sedimentation rate > 30 mm/h 35/36 (97)
Sodium < 135 mmol/l 15/49 (31)
Potassium < 3.5 mmol/l 16/46 (35)
Aspartate aminotransferase or alanine aminotransferase, or both
>35U/L 41/100 (41)
>105 U/L 10/100 (10)
Initial radiographic findings no./total no. (%)
Abnormal chest radiograph 117/124 (94)
Abnormal chest CT 104/104 (100)
Treatment no./total no. (%)
Bronchoscopy 23/72 (32)
Antibiotics for lower respiratory tract infection 110/122 (90)
Glucocorticoids 111/122 (91)

Clinical course no./total no. (%)
112/125 (90)
68/125 (54)

Hospitalization

Admission to intensive care unit
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Table 1 (continued)

Symptoms reported at presentation no./total no. (%) Values (%)

Respiratory support

Supplemental oxygen 103/125 (82)

High-flow nasal cannula 34/72 (47)
Non-invasive positive pressure ventilation 37/125 (30)
Invasive mechanical ventilation 28/125 (22)
Outcome no./total no. (%)
Discharged on supplemental oxygen 17/72 (24)
Readmission to hospital or ICU 6/58 (10)
Death 3/125 (2)

of three days after discharge. The median age of patients re-
quiring rehospitalization (57 years) and those who die after
discharge (27 years) have been higher compared with those
who neither required rehospitalization nor died (23 years).
Similarly, the presence of more than one chronic, co-morbid
conditions has been significantly higher in those who required
rehospitalization (70.6%) and those who died after discharge
(83.3%) compared with those who neither require rehospital-
ization nor die (25.6%). Interestingly, the symptoms reported
on presentation, duration of initial hospitalization, and expo-
sure to corticosteroid therapy or antibiotic therapy during ini-
tial hospitalization do not differ among the three groups. All
patients who have died after discharge had been admitted to an
intensive care unit and had experienced respiratory failure
requiring intubation and mechanical ventilation. Considering
these data, the CDC recommends close follow-up for EVALI
patients within 48 h after hospital discharge, particularly for
older patients with chronic medical conditions and those re-
quiring ICU admission with intubation and mechanical venti-
lation [75]. Further discussion on suggested management of
EVALI is discussed below.

Radiographic Findings

Evaluation of disease burden has universally revealed opaci-
ties on chest radiograph with or without additional CT imag-
ing. Consistent with epidemiologic definitions, all patients
have had abnormal findings on either chest x-ray (CXR) or
CT chest imaging. Ninety-four percent of patients in three case
series have presented with abnormal initial chest x-rays [63,
70, 72]. On CT imaging, bilateral ground-glass pulmonary
opacifications in a gravitational dependent gradient, with or
without subpleural sparing, have been the most consistent
finding among cases of EVALI. Kalininskiy et al. and
Thakar et al. reported bilateral ground-glass opacification in
all 23 combined cases with CT results; both patchy and/or
confluent [72, 76]. These findings are suggestive of acute lung
injury or a diffuse alveolar damage pattern [76]. In the same
case series, subpleural sparing were found in 16 patients

(70%), pleural effusions in three (13%), fibrotic features (re-
ticulation, bronchiectasis, and/or honeycombing) in eight
(35%), and mediastinal lymphadenopathy in 12 (52%) [72,
76]. Diffuse centrilobular nodularity suggestive of bronchiol-
itis was described in one case report and in 11 of the 12 cases
by Thakar et al. [56, 76]. While Thakar et al. suggested hy-
persensitivity pneumonitis as a possible etiology for the bron-
chiolitis, the lower-lung distributions were not consistent with
the diagnosis [76]. Air leak syndrome as defined by dissection
of air out of the normal pulmonary airspace (e.g.,
pneumomediastinum and pneumothorax) has been a com-
monly reportedly complication; affecting 16% of patients in
one case series [70, 77]. Spontaneous pneumothoraces are
more common in young, male smokers, the same patient pop-
ulation as those who have been presenting with EVALI.
Furthermore, underlying lung disease and the need for posi-
tive pressure ventilation have placed them at increased risk for
developing secondary spontancous pneumothoraces [78].
Interestingly, although lipoid pneumonia has been a common
diagnosis based on positive oil-red-O stains from bronchoal-
veolar lavage (BAL) samples, neither case series by Maddock
et al. and Henry et al. suggested the characteristic findings of
fat attenuation on CT lung imaging expected with lipoid pneu-
monia [57, 63, 79].

Laboratory Findings and Evaluation

EVALI remains a diagnosis of exclusion necessitating an ex-
tensive workup. Initial laboratory findings from selected pa-
tients are available in two case series by Layden et al. and
Blagev et al. and are summarized in Table 1. EVALI seems
to cause an acute inflammatory response as demonstrated by a
white blood cell count > 11,000 per cubic millimeter in 81%
of patients, with > 80% neutrophils on differential in 94% of
patients, and an erythrocyte sedimentation rate >30 mm/h in
97% of patients [63, 70]. Localized, acute inflammatory re-
sponse in the lower airways as measured by serum levels of
specific pneumoproteins is a known association with vaping
of e-liquid [73]. Mild elevations of transaminases have oc-
curred in a small proportion of cases. Forty-one percent of
EVALI patients have had > 35 units/L of aspartate aminotrans-
ferase (AST) and/or alanine aminotransferase (ALT), and 10%
have had > 105 units/L. AST and/or ALT. Mild hyponatremia
(<135 mmol/L) and mild hypokalemia (< 3.5 mmol/L) have
been noted in 31% and 35% of patients, respectively [63, 70].

Secondary epithelial cell damage from e-cigarette use has
been associated with an increased risk of pulmonary infec-
tions; however, EVALI patients have had negative infectious
workup as per the CDC case definition [80]. Current recom-
mendations for evaluation include respiratory viral panel test-
ing including influenza testing during flu season, testing for
community-acquired pneumonia including Streptococcus
pneumoniae, Legionella pneumophila, Mycoplasma
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pneumoniae, endemic mycoses, and opportunistic infections
[65]. Although the CDC case definition includes the possibil-
ity of co-infection in patients with “probable” EVALI, some
case series have only reported on confirmed cases of EVALI
[63, 70, 72]. Limited data has been published specifically
highlighting patient characteristics of “probable” EVALI
cases.

The urine drug screen for THC metabolite may be a useful
adjunct. As most cases (80%) have reported some THC use,
the screen may identify recent cannabis product use, especial-
ly in cases where the history may be less reliable (e.g., ado-
lescents who are reticent historians about substance use). Very
few false positives have been reported with the immunoassays
but includes efavirenz, ibuprofen, and naproxen [81]. While
urine quantitative analysis for THC may indicate the frequen-
cy of recent use, a risk factor for EVALLI, the test has not been
studied to correlate with severity of symptoms or outcomes
[82]. Additionally, urine testing of THC metabolite does not
differentiate between the source of THC—marijuana versus
cannabis concentrates versus vape oils.

Pathology Findings

In patients with BAL, most cases have shown either neu-
trophilic or macrophage predominance with few findings
of eosinophilic dominance [70, 79]. Four case series de-
scribing BAL findings have reported 22/33 (67%) with
lipid-laden macrophages (LLM) with oil-red-O staining
[63, 70, 72, 79]. In one case series, the quantification of
LLM exceeded 50% in four of six cases with the highest
greater than 75% [79]. Some of the heterogeneity reported
in BAL findings may have resulted from the administra-
tion of antibiotics and/or corticosteroids prior to bron-
choscopy. The findings of LLM are also non-specific
and do not discriminate between exogenous and endoge-
nous lipoid pneumonia. Whereas exogenous lipoid pneu-
monia occurs from aspirated oily substances, endogenous
lipoid pneumonia does not represent a true disease but
rather a histologic finding of phagocytosed phospholipid
membranes by macrophages [83]. Blount et al. reported
the detection of VEA in 48/51 (94%) patients’ BAL sam-
ples submitted to CDC from 16 states [84]. VEA will be
discussed in the next section.

Biopsy results from EVALI patients have been similarly
heterogeneous and confounded by corticosteroid use.
Reported findings have included nonspecific inflammation,
foamy macrophages, acute diffuse alveolar damage,
interstitial/peribronchiolar granulomatous pneumonitis, hya-
line membranes, and pneumocyte vacuolation [63, 85].
Biopsy results have not demonstrated evidence of exogenous
lipoid pneumonia but rather have suggested a chemical pneu-
monitis [83, 85].
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Etiology

On September 5, 2019, New York State’s Department of
Health announced that most of the cannabis-containing sam-
ples obtained from affected patients and analyzed by the
Wadsworth Center laboratory contained VEA [86, 87]. The
laboratory also found VEA as the primary component of two
of three tested THC diluents, and one of three THC oil “thick-
eners” [87]. In Minnesota, 52% of the 46 THC cartridges
submitted by patients contained VEA, and all 20 THC car-
tridges confiscated by Minnesota law enforcement in
September 2019 contained VEA [88]. A case series in Utah
found 89% of THC cartridges provided by patients contained
VEA [89]. Testing by the FDA as of February 12, 2020, found
VEA in 50% of the 511 THC-containing product samples
tested. The concentration of VEA ranged from 23 to 88% by
weight. The FDA has further tested samples linked to 70 pa-
tients reported to the CDC. Of the patients using THC con-
taining products, 81% of cases had a product containing VEA
as a diluent [90]. The CDC detected VEA in BAL samples
from EVALI patients and did not detect in BAL samples from
negative control patients [84]. Most recently, a mouse model
of VEA aerosol provided evidence of pulmonary injury on
BAL and pathology, including elevated albumin in BAL fluid,
leukocytosis in lung tissue, and lipid-laden macrophages [91].

In THC vape cartridges, VEA dilutes the amount of THC
product needed in each cartridge without affecting the appar-
ent viscosity of the oil. Prior to the use of VEA, propylene
glycol and other excipients have been used as cutting agents or
diluents. Those diluted products became less viscous,
allowing trapped air bubbles to move rapidly up the cartridge
when inverted. Consumers easily identified diluted cartridges
and avoided purchasing them. VEA as a diluent slows the
bubble movement in cartridges, inaccurately reassuring an
unsuspecting consumer that the “bubble test” is that of an
unadulterated product. The first company to market VEA as
a cutting agent in THC vape cartridges was Honey Cut in
2018. As market demand gradually increased for the product,
multiple other companies started marketing VEA to THC car-
tridge distributors and wholesale markets [92]. Despite the
high price markup of VEA, distributors sell VEA at $16-60
per milliliter when mixed into THC cartridges [93]. The ex-
posure to VEA as a diluent in THC cartridges is supported by
the apparent risk factors for EVALI: (1) use of THC contain-
ing products, (2) use more than five times per day, (3) acqui-
sition of products from “informal sources,” and (4) use of
Dank vapes (a brand that relies on lay persons to fill cartridges
and distribute) [82].

Many dietary supplements and skincare products contain
VEA for its antioxidant properties. For those products, VEA is
considered GRAS by the FDA. VEA has the advantage over
vitamin E because of shelf stability in heat and light. The
chemical structure of VEA is comprised of hydrophilic acetate
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group and a long lipophilic chain contributing a lipo-
hydrophilic property. Generally, supplemental VEA is safe
in the digestive tract through a two-step metabolic process
(Fig. 2). First, VEA is de-acetylated by an esterase enzymatic
reaction to vitamin E. Then, vitamin E is converted to a water-
soluble form by conjugations to bile salts and circulated non-
specifically by lipoproteins in the plasma [94-96]. The normal
intestinal bioconversion and absorption processes of the ace-
tate form of vitamin E do not exist in the lungs.

While VEA is safe for ingestion, inhaled VEA may in-
jure the lungs and lead to an inflammatory response. Three
current hypotheses postulate mechanisms of lung injury.
First, the lipo-hydrophilic chemical properties of VEA al-
low it to permeate pulmonary surfactant layers where VEA
may transition phospholipids from a gel to a liquid crystal-
line state [84]. Surfactant in the liquid crystalline state
loses ability to decrease alveolar surface tension. Second,
heated VEA releases a ketene (an organic compound with
the form R'R"C=C=0) which induces a chemical lung in-
jury [97]. Third, the BAL findings of LLM may have re-
sulted from exogenous VEA [79, 98]. This hypothesis is
supported by the accumulation of VEA in lung tissue after
IV exposure in a neonatal pig model [99], but as discussed
above, LLM may simply be endogenous lipoid pneumonia
and macrophage clearance of cellular debris. To further
complicate effects of VEA on pulmonary tissue, one study
demonstrated the presence of THC and VEA bonded het-
erodimer in both e-liquid and aerosol [100]. The clinical
significance of this complex is unknown but worthy of
future investigations. The CDC is currently performing

Deesterification in digestive track

an acetate group
enhances its natural
affinity for binding to
lung fluid

cell membranes

vitamin E acetate

Esterase
enzyme

emissions testing on case samples to evaluate the constit-
uents of e-liquid aerosol including ketenes.

Finally, several questions about VEA and EVALI remain
unresolved. (1) We do not know if VEA mediates the gastro-
intestinal symptoms seen in EVALI patients [85]. The gastro-
intestinal effects may be the result of ingested hydrocarbons or
a manifestation of cannabinoid hyperemesis syndrome [101,
102]. (2) While VEA is a proposed etiology associated with
EVALI, VEA may not be the sole etiology responsible for the
outbreak. Other diluents (e.g., medium-chain triglycerides oil,
squalene) and pesticides (e.g., myclobutanil, piperonyl
butoxide) have been detected in THC cartridges from
EVALI patients, but the associations with EVALI appear far
weaker though we cannot exclude them as contributing factors
[84, 87]. The CDC and FDA continue to investigate these
other potential toxins. (3) We do not fully understand why
14% of all EVALI cases reported only nicotine-product use
[1]. While nicotine solutions do not need VEA to thicken,
17% of EVALI cases obtained nicotine cartridges from infor-
mal sources [68]. Thus, we cannot exclude the possibility of
VEA contamination, but neither the CDC nor FDA have re-
ported to date that VEA has been detected in nicotine-
containing cartridges. More likely, however, we suspect pa-
tients, especially adolescents and young adults in THC
prohibited states, are underreporting THC use.

Analytical Testing of E-Liquid Constituents

Mass spectrometry analysis has become the main interest in
cannabis testing and regulations for the determination of
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Fig. 2 Digestion steps for vitamin E acetate in gastrointestinal tract
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“potency” and the percentage of cannabinoids in the material
[46]. Currently, high-performance liquid chromatography
coupled with photodiode array (HPLC/PDA) detectors and
gas chromatography with flame ionization (GC/FID) detectors
is popular and is accepted because of low-cost and secure
handling. While PDA and FID detectors are relatively specific
in identifying cannabinoids, they fail to provide information
about potential interferences co-eluted with endogenous plant
compounds. On the other hand, a mass spectrometer (MS)
detector is capable of performing higher sensitivity and spec-
ificity, which facilitates qualitative and quantitative identifica-
tion of trace amounts of targeted material, but at increased cost
and technical expertise [46]. Electrospray ionization (ESI), a
gentler ionization technique, can be coupled with MS for anal-
ysis of VEA and cannabinoids. Therefore, GC and HPLC
separations combined with mass spectrometry have been
employed to analyze cannabinoids, terpenes, VEA, and over
100 pesticides in low parts-per-billion range [46]. Meng et al.
have validated the HPLC/MS technique as reliable, sensitive,
and specific with a lower limit of quantification of cannabi-
noids at 0.195-50.0 ng/mL and a correlation of >0.99 accu-
racies [103]. Similar methods can also be applied to analysis
of e-liquid emissions [15]. Duffy et al. at the Laboratory of
Organic Analytical Chemistry, Wadsworth Center, New York
State Department of Health, used a combination of untargeted
GC-MS and HPLC in tandem with a high resolution (HR)
quadropole time-of-flight mass spectrometer (LC-HRMS/
MS) to detect VEA in the initial samples [87].

Metal testing uses atomic absorption spectrometry (AAS)
and inductively coupled plasma mass spectrometry (ICP/MS)
[46]. In general, flame techniques, such as AAS, are not as
sensitive as ICP/MS and are only capable of measuring one
element at a time. ICP/MS is typically employed for multi-
metal analysis with ten times the sensitivity of other tech-
niques [46].

Suggested Treatment Algorithm

Management of EVALI is anecdotal and based on limited
experience from treating similar disease processes.
Treatment algorithms for EVALI have been suggested by mul-
tiple groups [65, 70, 72, 104]. After careful evaluation of
exposure history and severity of symptoms, a decision for
outpatient versus inpatient management should be based on
O, saturation > 95% on room air, absence of respiratory dis-
tress, absence of comorbidities that may contribute to respira-
tory decline or resumption of e-cigarettes, having reliable ac-
cess to care, and reliability of follow-up within 24-48 h [104].
Clinical data collected from 2016 EVALI patients showed that
only 5% were not hospitalized. Among those not hospitalized,
81% were sent home with corticosteroids [66]. Adequate re-
turn instructions, coordination of follow-up and access to care,

@ Springer

including with social/mental health/substance use disorder
services, are key [104].

While some patients qualify for outpatient management,
most EVALI patients present with an ill appearance and look
floridly “septic” owing to tachycardia, tachypnea, and fever.
Respiratory failure in EVALI may be unpredictable but may
progress quickly. They may require admission for dehydra-
tion, respiratory failure, and further evaluation. Inpatient man-
agement should take a multidisciplinary approach and involve
the inpatient medicine or critical care team, pulmonology, and
medical toxicology. Infectious disease, addiction medicine,
and psychiatry may also be of benefit when determining the
diagnosis and aiding the patient in withdrawal from nicotine
and/or THC. Initiation of antimicrobial coverage until confir-
mation of EVALI is prudent because it may take several days
to rule out non-EVALI causes.

Corticosteroids are the main suggested treatment for
EVALI While outpatient corticosteroid treatment regimens
have been cautioned, a corticosteroid taper is more likely of
benefit with anecdotal evidence in other forms of pneumoni-
tis. Authors of the recent CDC interim clinical guidance
warned that the use of corticosteroids for outpatient manage-
ment may worsen undiagnosed infectious etiologies [104].
Improvement with systemic corticosteroids is reported, but
no controlled clinical trials of corticosteroids for EVALI exists
[63]. Although treatment algorithms recommend consider-
ation of corticosteroids, inpatient steroid regimens lack stan-
dard dosing and often depend on pulmonologist preference
and/or perceived severity of disease. Kalininskiy et al. suggest
starting methylprednisolone 40 mg every 8 h until the patient
shows improvement, then moving to an oral prednisone taper
for two weeks [72]. Blagev et al. reported 41 out of 60 patients
with EVALI received an average dose of IV methylpredniso-
lone 125 mg daily (range 120-240 mg) for an average of
two days prior to taper of oral prednisone that started at 40—
60 mg daily for an average of 11 days [70]. They attributed
clinical improvement to corticosteroids in 84% of their overall
cohort, but the authors did not report how many improved
without corticosteroids. Pulse dose steroids (IV methylpred-
nisolone up to 1 g per day) have also been administered in
severe cases.

In cases of severe respiratory failure refractory to inva-
sive ventilatory methods, VV-ECMO can be life sustain-
ing until lung injury improves. However, VV-ECMO may
need to be used for prolonged periods of time. Many
cases of VV-ECMO in EVALI have been reported, but
the long-term outcome is still unclear [63]. Those patients
with worsening clinical deterioration despite prolonged
VV-ECMO may be evaluated for lung transplantation.
As the majority of EVALI patients have been otherwise
healthy adolescents and young adults, a discussion of
transfer to a tertiary transplant center or with the trans-
plant team can be lifesaving if decompensation occurs. To
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date, only one EVALI patient, a 17-year-old male, suc-
cessfully received a double lung transplant [74].

Readiness for hospital discharge is challenging in EVALI
patients. Guidelines support discharge in patients that are clin-
ically stable for at least 24—48 h. Due to high rates of hospital
readmission and a large number of deaths having occurred
within two days of discharge, patients should have primary
care follow-up established within 48 h of discharge [104].
Initial follow-up with a pulmonologist within two-
four weeks is suggested. Subsequent pulmonology follow-
up for pulmonary function testing and/or repeat imaging
should occur within one-two months [104].

Conclusions

Electronic cigarettes have been promoted as “safer” alterna-
tives to combustible cigarettes and as a smoking cessation
tool. However, the recent outbreak of EVALI highlights the
potential threat unregulated e-liquids pose to the increasing
number of young users of e-cigarettes. VEA has been associ-
ated with constellation of pulmonary, gastrointestinal, and
constitutional symptoms in EVALI. While the underlying
pathophysiology remains unclear, clinicians need to be vigi-
lant when managing patients with severe respiratory and gas-
trointestinal symptoms. Asking about e-cigarette use is para-
mount to the diagnosis. The treatment of EVALI requires mul-
tidisciplinary coordination, and the use of corticosteroids may
lead to improvement of symptoms.
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