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ABSTRACT

Originally marketed as a safer tool for cigarette smoking cessation, electronic cigarettes (e-cigarettes) and vaping
devices have now been associated with e-cigarette/vaping associated lung injury (EVALI). Examination of lung tissue
from these patients is infrequent. We now report a cohort of 19 vaping adults hospitalized with EVALI (IRB 20-
0094 Feinstein Institutes of Medical Research, Northwell Health). 8 patients were biopsied and one patient’s lung
tissue was examined at Brookhaven National Laboratory’s National Synchrotron Light Source 1l Beam Line ID-5 for
the presence of metals. This sample contained abundant amounts of titanium and small amounts of chromium,
iron, zinc, calcium, and copper. Vaping coils contain titanium, which is heated via a battery and aerosolized in the
inhaled plume. Titanium is pro-inflammatory and may induce lung scarring. Subjects who vaped more frequently
and for a longer duration had a lower DLCO, increased necessity of undergoing a lung biopsy, and a longer duration
of hospitalization. Lung volumes and spirometry were normal in all patients. Concurrent cannabis use was self-
reported in 95% of subjects, while concurrent tobacco use was 32%. 26% were diagnosed with COVID-19 pneumonia
during their hospitalization.

EVALI may result in hospitalization and respiratory failure. An etiology for EVALI is not yet determined. We report, for
the first time, titanium, among other metals, in the biopsy of a patient with EVALI. Titanium may induce lung injury
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among the 2.55 million adolescents who vape regularly. We earlier reported oxidized titanium in lung tissue
of soldiers exposed to burn pits in Irag and Afghanistan with Irag Afghanistan War Lung Injury (IAW-LI). Those
samples also indicate titanium was burned before inhalation. The role of titanium in both these inhalational lung

injuries requires further investigation.

Keywords: Vaping; E-cigarette; Titanium; EVALI; Lung biopsy; Diffusing capacity for carbon monoxide;
Marijuana/Cannabis; Tobacco

INTRODUCTION

According to the 2022 National Youth Tobacco Survey (NYTS),
more than 2.55 million (9.4%) high school and middle school
students in the United States use e-cigarettes [1,2]. E-cigarette
use (vaping) has previously been marketed as healthier, as well
as a safe cessation tool for cigarette smoking [3]. However,
vaping has been associated with EVALI since August 2019, in a
Wisconsin cohort [4]. Further, the CDC reports 2,807 cases of
EVALI and 68 associated deaths as of February 2020 [5,6]. In
2016, other investigators found that 75% of electronic-liquids
(e-liquid), the substance in e-cigarettes that is aerosolized
and inhaled, contained diacetyl and 94% of bronchoalveolar
lavage (BAL) samples from e-cigarette users contained vitamin
E acetate [7,8]. Diacetyl was previously associated with
bronchiolitis obliterans, initially described as “popcorn lung,”
which is a form of severe obstructive lung disease of the small
airways [9,10]. The role of vitamin E acetate has not been
further elucidated. Thus, many researchers and health officials
largely associated the negative health effects of vaping with
these ingredients [11]. Diacetyl was originally banned from
e-cigarette products by the European Union in 2016, and the UK
followed suit in 2019 [12]. Furthermore, diacetyl and vitamin E
acetate are now undetectable in regulated e-cigarettes in the
US, including brands JUUL, King Louis, and Crazy 8 products,
although they are not formally banned [13]. However, despite
an undetectable amount of diacetyl and Vitamin E acetate in
e-liquids, cases of EVALI, although fewer than in past years,
have still been reported [14].

Given recent EVALI cases despite the absence of diacetyl and
vitamin E acetate, it is reasonable to pursue an alternative
cause of EVALI. We hypothesize that fragments of metal from
the e-cigarette coil are being aerosolized when heated by the
battery and inhaled by the user, causing an accumulation of
metals, such as titanium, chromium, calcium, iron, nickel, and
copper, in the lungs. Inhalation exposure to titanium causes
pulmonary inflammation and may lead to fibrosis in the lungs
[15]. We hypothesized that pulmonary function testing with
spirometry and lung volumes is not sensitive enough to detect
EVALI, and that DLCO should be included in evaluations. For
our cohort, we investigated contributory factors for morbidity
due to EVALI. These factors included frequency and duration
of vaping, concurrent tobacco and marijuana smoking with
vaping, as well as rates of COVID-19 pneumonia.

METHODS

Study Design

This study was approved by the Feinstein Institutes of Medical
Research, Northwell Health (IRB 20-0094). We retrospectively

examined a database consisting of an anonymously coded, de-
identified cohort of 19 patients who were hospitalized at either
North Shore University Hospital or Long Island Jewish Medical
Center with new-onset respiratory symptoms and diagnosed
with e-cigarette/vaping associated lung injury (EVALI). We also
reviewed patient-demographics, including: Age, sex, tobacco
and marijuana smoking status, duration of hospitalization, and
vaping status. All patients underwent extensive pulmonary
workup, and clinical indices included:

e  Spirometry

e Lung biopsy when applicable

e Lungvolumes

o Diffusing capacity for carbon monoxide (DLCO)

Venovenous extracorporeal membrane oxygenation (VV-
ECMO) was employed for one patient who experienced severe
refractory respiratory failure. 7 patients had transbronchial lung
biopsies, while one had a thoracoscopic lung biopsy performed.
All patients were tested for COVID-19 via polymerase chain
reaction (PCR) during hospitalization. Patients who had a
positive COVID-19 PCR result and abnormal chest X-ray were
diagnosed with COVID-19 pneumonia by a pulmonologist.

Pulmonary Function Testing

Within 6 weeks of discharge from the hospital, we conducted
spirometry, lung volumes, and DLCO, according to American
Thoracic Society guidelines. Findings were interpreted using
the standards of Crapo and colleagues [16-18].

Procurement and Pathological Analysis of Lung

Tissue

Subjects underwent lung biopsy when clinically indicated. 7
subjects received transbronchial lung biopsies, and one subject
underwent a thoracoscopic lung biopsy. Lung tissue from one
patient was examined for metals, including titanium, zinc,
calcium, iron, chromium, and copper at Brookhaven National
Laboratory’s National Synchrotron Light Source Il Beam ID-5.

National Synchrotron Light Source Il Beam ID-5
Samples were thin sections prepared by our team:
e Sample is a biopsy of a subject’s lung

e The biopsy sample was embedded in paraffin; thin sections
were taken for these studies

e Sections were mounted on a polymeric microscopy
slide (Ted Pella Corporation) for support during the
measurements
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e The physicists at NSLS-1l were blinded to the identity of the
sample

PyXRF and Athena software were utilized. Both software
packages are open-source and can be found on github.

e  http://nsls-ii.github.io/PyXRF/
e  https://bruceravel.github.io/demeter/

There is no written permission necessary as this is open-source
[19,20].

X-ray fluorescence (XRF) mapping and X-ray absorption near-
edge fine structure (XANES) spectroscopy are techniques
available at beamline 5-ID, the Sub-micron Resolution X-ray
spectroscopy (SRX) beamline, of NSLS-Il [20,21]. This lung
biopsy sample was prepared as a thin section on a polymeric
microscopy slide. The slide was mounted into the beamline
for XRF mapping. The optical system of beamline 5-ID allows
for focusing X-rays to a spot of about 0.5 um diameter through
which the samples were raster-scanned. The interaction
of X-rays with the elements within the sample causes XRF
radiation which is collected with an energy dispersive silicon
drift detector. Thus, a full XRF spectrum for each individual
scan point is created. To identify individual elements, the XRF
spectra are fitted using the software PyXRF [19]. With this
method, maps showing the distribution of elements were
created. Using these maps, hotspots of Ti and Cr within the
more abundant Fe have been identified.

Retrospective Chart Review

We retrospectively examined medical records for: Demographic
information, vaping device-type, vaping frequency and
duration, length of hospitalization, tobacco and marijuana
smoking status, radiologic imaging and non-invasive pulmonary
function testing, using the American Thoracic Society (ATS)
standard interpretation based on Crapo et al., and for a limited

cohort, lung biopsy data.

Statistical Analysis

Characteristics and demographic information of the patients
were tabulated and the means and standard deviations of
pulmonary function testing were calculated. These means
were compared to those derived from predictions based on
each patient’s height, weight, sex, and race as described by the
American Thoracic Society [23]. All statistical testing was done
at a 95% confidence interval.

Ethics Approval

All methods were carried out in accordance with guidelines
and regulations. All experimental protocols were approved
by Feinstein Institutes for Medical Research IRB Institutional
Review Board Northwell IRB: 20-0094 Feinstein Institute for
Medical Research.

RESULTS

Our cohort was separated into groups based on whether the
subject had a lung biopsy performed (group 1) or did not (group
2). 42% of subjects presented with symptom severity that
warranted lung biopsy analysis, based on physician evaluation.
The average ages of group 1 and group 2 were statistically
similar (p=0.76). Subjects in group 1 vaped for an average of 1.2
hours per day more than those in group 2 (p=0.02). Similarly,
subjects in group 1 vaped for an average of 1.4 years longer
than those in group 2 (p=0.006). Both groups had similar
rates of COVID-19 pneumonia (p=0.74), concurrent marijuana
smoking (p=0.23), and concurrent tobacco smoking (p=0.65).
Subjects in group 1 were hospitalized for an average of 1.7 days
longer than those in group 2 (p=0.36). Subjects who vaped
more frequently and for a longer duration had a lower DLCO
(p=0.02), increased necessity of undergoing a lung biopsy, and
a longer duration of hospitalization (Table 1).

Table 1: Self-reported demographic information and pertinent medical/social history. One subject in group 1 and three subjects in group 2 were lost

to follow up
Variable Group 1 (biopsy) Group 2 (no biopsy) P-value Between-group difference
N (subjects) 7 8 N/A N/A
Age (years) 34.5+15.9 36.9+17.9 0.76 2.4
Vaping frequency (hrs/day) 41+0.6 29+1.0 0.02* 1.2
Vaping duration (years) 45+0.9 3.1+0.7 0.006* 1.4
E-cigarette brands JUUL, King Louis, Crazy-8 JUUL, Crazy-8 N/A N/A
Length of hospitalization 83+45 6.6+ 2.9 0.36 17
(days)
Concurrer?t malruuana 88 100 0.23 12
smoking (%)
Strain of marijuana Delta-9-THC: Delta-8-THC Delta-9-THC; Delta-8- N/A N/A
consumption THC
Concurrent tobacco
smoking (%) 25 18 0.65 7
COVID-19 pneumonia (%) 25 27 0.74 -2

Note: ‘denotes statistically significant p-value at 95% confidence interval
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All spirometry and lung volume measurements were normal.
Diffusing capacity for carbon monoxide was decreased in all
subjects. However, DLCO was worse in subjects who underwent

biopsy (53%), compared to those who did not (71%) (p=0.02)
(Table 2).

Table 2: Pulmonary function testing results conducted within 6 weeks after hospital discharge. Two subjects in group 1 and four subjects in group 2

were lost to follow up

Pulmonary Function Group 1 (biopsy)

Group 2 (no biopsy)

P-value Between-group difference

Testing
N (subjects) 6 N/A N/A
FVC (% predicted) 79.7+42.4 92.4 +16.1 0.51 12.7
FEV1 (% predicted) 82.5+423 91.4+95 0.64 8.9
FEV1/FVC (% predicted) 86.0 + 3.7 82.0+10.3 0.37 4
TLC (% predicted) 945+ 23.6 93.6 £12.9 0.93 0.9
DLCO (% predicted) 53.8+12.4 71.9+9.0 0.02* -18
ERV (% predicted) 73.8+11.8 84.7 +39.6 0.51 -10.9
RV (% predicted) 86.2 +29.7 91.1+14.6 0.72 -4.9

Note: ‘denotes statistically significant p-value at 95% confidence interval

Lung tissue from one subject was examined at Brookhaven
National Laboratory’s National Synchrotron Light Source I
Beam ID-5 for the presence of metals, including titanium. This
sample contained titanium, and small amounts of chromium,
zing, iron, calcium, and copper were detected (Figures 1 and 2).

Sample 20-0094 slide 2-1

XRF scan of tip, 150x150 pxl = 150x150 pm?2 , E=12 keV
color viridis log

RGB zoomed-in on
large particle

Figure 1: Lung biopsy sample from one subject. Titanium is shown in
red and calcium in green in a metal particle mostly consisting of copper,
shown in blue. This particle was detected in lung tissue from a patient
with EVALI.

Figure 2: Lung biopsy sample from one subject. Here, titanium is shown
as green dots on the background of abundant iron in red in the tissue.
The large picture is 800 x 500 pixels with 1 um pixel size. The blue dots
represent calcium. The yellow-framed inset depicts a scan of a smaller
area with 0.5 pm pixel size and 160 x 160 pixel. Here, titanium is again
visible in green, but as well chromium is apparent in blue. Both elements
are known to cause lung diseases, and both metals are constituents of
a vaping device. The lung tissue originates from a patient with EVALI.

X-ray energy=12 keV, dwell time 0.2 sec/pxl

DISCUSSION

Titanium and chromium, among other metals, were detected
in the lung tissue of a subject with EVALI, which was identified
by analyzing this tissue at Brookhaven National Laboratory’s
National Synchrotron Light Source Il beamline ID-5. The
accumulation of titanium and chromium suggests that both
metals from the e-cigarette coils were burned and aerosolized
prior to inhalation. Thus, we present a previously undescribed
mechanism for EVALI. A similar finding of inhalation related
lung injury was observed in Irag-Afghanistan War Veterans
diagnosed with Irag Afghanistan War Lung Injury (IAW-LI),
who were exposed to burn pit plumes and found to have
oxidized titanium in lung tissue [24]. Subjects who vaped
more frequently and for a longer duration had a lower DLCO,
increased necessity of undergoing a lung biopsy, and a longer
duration of hospitalization. Spirometry and lung volumes were
not sensitive enough to detect EVALI. However, DLCO was
reduced in all subjects and worse in those who vaped more
frequently and for a longer duration. These subjects were more
likely to have undergone a lung biopsy [25].

CONCLUSION

Vaping is not safe and may result in respiratory failure
and hospitalization. To date, the mechanism of lung injury
associated with EVALI isincompletely understood. However, we
have detected an association between EVALI and deposition of
metals in the lungs. The severity of EVALI appears to correlate
with more frequent and longer duration of vaping and lower
DLCO. We believe it is necessary to conduct serial DLCO testing
to determine if these changes are acute or chronic in nature.

Although the percentage of cigarette smokers in the US has
declined to <12% of the population, the use of e-cigarettes
has increased. Considering the rapid increase in popularity of
vaping, especially among adolescents with developing lungs,
there is notable concern for a future epidemic of vaping-related
lung injury. At risk individuals warrant earlier identification and
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serial monitoring.
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