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In recent years, electronic-cigarette (e-cigarette) use has spread to the point of
a public health emergency. E-cigarettes deliver well-known toxic materials such
as nicotine, carbonyls, tobacco-specific n-nitrosamines, and heavy metals.! While
these toxic materials likely cause pulmonary epithelial and endothelial dysfunction,
their effects on the human lungs are poorly understood, especially for healthy
young adults during the early exposure period. Recent epidemiologic studies have
raised serious concern for at-risk groups of adolescents and young adults, especially
considering the exponentially increasing consumption and immense popularity of
e-cigarettes.”® Numerous cases of severe respiratory failure linked to e-cigarettes
have been reported in young adults and adolescents who use e-cigarette containing
tetrahydrocannabinol (THC) oil.* Now, emerging cases link e-cigarette use in
adolescents to confusing pictures of risk for acute lung injury during the days of
COVID-19.°> These events have raised an urgent need to understand potential
pathology caused by e-cigarettes so that appropriate warnings can be provided to
the users, scientific communities, and regulatory authorities. Although some reg-
ulatory restrictions on e-cigarettes have started, the medical community needs to
educate the public with scientific information to adjust the public perception
regarding the risk of e-cigarettes.

Early-stage pulmonary abnormalities in these young e-cigarette users are too
subtle to be detected by traditional diagnostic tools. Hyperpolarized xenon-129
magnetic resonance imaging (HP-'2*Xe MRI) is a robust tool capable of acquiring
3-dimensional images of pulmonary gas distribution and gas exchange capacity
with high resolution. Previous studies employing HP-'?°Xe MRI have demonstrated
its capability to visualize regions of airflow obstruction and parenchymal disease in
patients with pulmonary pathologies, including chronic obstructive pulmonary
disease (COPD).® We anticipate that HP-'*Xe MRI can help characterize early-
stage pulmonary pathophysiology in three distinctive microcompartments of the
e-cigarette users’ lungs: airspaces, alveolar-interstitial tissues, and capillaries.” This
knowledge can inform us about subclinical but potentially significant health effects
related to e-cigarette use.

The University of Virginia Institutional Review Board approved this research
study protocol, which was conducted in accordance with the Declaration of

Helsinki. All subjects signed informed consent. In this exploratory study, five

Received: 15 June 2021
Accepted: 25 October 2021
Published: 23 November 2021

International Journal of Chronic Obstructive Pulmonary Disease 2021:16 3183-3187 3183
© 2021 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-9418-5103
mailto:yss6n@virginia.edu
http://www.dovepress.com/permissions.php
https://www.dovepress.com

He et al

Dove

young, healthy e-cigarette subjects (age = 21.0+£6.0 years
[median =+ interquartile range (IQR)]) were enrolled for
HP-'*Xe MRI evaluations and compared to ten age-
matched healthy controls with no smoking history (age =
21.0 + 2.8 years). All e-cigarette users were asymptomatic.
One user smoked traditional cigarettes for four years (1 pack
per day) before transitioning to e-cigarette. All e-cigarette
users smoked e-cigarette from one to five years. None of the
users were dual users. One subject used the Joyetech pen,
and four used the Pod system. Three subjects used no
flavoring, and two used mint flavor. None of the subjects
used THC products. The dose of e-cigarette use was 1.0
+1.0 mL/day for 1.543.5 years, with a 5% nicotine content.
All e-cigarette users were asked to refrain from smoking
overnight before the study. Pulmonary Function Test (PFT)
results were performed on the day of the MRI.

All e-cigarette users underwent HP-'**Xe ventilation and
gas exchange scans, acquired during two separate breath-
hold imaging sessions, using a 1.5-Tesla MR scanner (Dot
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Avanto, Siemens Healthineers, Malvern, PA, USA).® For the
control subjects, ventilation maps were derived from the data
acquired during HP-'*’Xe gas-exchange scans. HP-'**Xe
ventilation scans visualized and quantified the ventilation
defect percentage (VDP) (Figure 1,
reflects the percentage of lung volume with no ventilation

second row), which

(red).® HP-'*’Xe gas-exchange scans quantified three gas-
exchange capacities: Tissue-to-Gas ratio (Tissue/Gas), which
reflects xenon gas movement from airspaces to alveolar-
RBC-to-Gas ratio (RBC/Gas), which
reflects xenon gas movement from airspaces to capillary
RBCs; and RBC-to-Tissue ratio (RBC/Tissue), which reflects
the efficiency of the xenon gas movement from the alveolar-

interstitial tissues;

interstitial tissues to capillary RBCs. As shown in Figure 1
(rows 3-5), the color gradient from red to yellow indicates
low to high gas exchange capacity detectable by HP-'*"Xe.
Heparinized venous blood was collected at the time of
MRI for toxicology analysis. Plasma from e-cigarette users
was processed to remove proteins and phospholipids
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Figure | Representative ventilation and gas-exchange MRI with quantitative maps for a healthy control (FEV1% =103%, FVC%=109%) and an asymptomatic e-cigarette user
(FEV1% =104%, FVC%=106%, %DLCO=103%). The first row shows ventilation scans (brighter appearance represents better-ventilated areas). For the quantitative
ventilation maps (second row) of the young, healthy control vs the e-cigarette subject, VDP (areas without any ventilation) was 1% vs 1%. The third through fifth rows
show the three gas-exchange ratios: Tissue-to-Gas (T/G, third row), RBC-to-Gas (R/G, fourth row), and RBC-to-Tissue (R/T, fifth row) ratios, where red indicates low gas
exchange and yellow indicates high gas exchange. For the quantitative gas exchange maps of the young, healthy control vs the e-cigarette subject, T/G ratio was |.11% vs

0.84%, R/G ratio 0.36% vs 0.34%, and R/T ratio 0.32 vs 0.41.
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interfering with LC-MS/MS analysis using 1 mL Resprep
PLR cartridges containing 25 mg of sorbent (Restek
Corporation, State College, PA, USA). Quality control was
maintained by adding 25 uL of a 4 pg/mL solution containing
(¥)-Nicotine-D4, DL-Cotinine-D3 trans-3'-Hydroxycotinine
(3HC)-D3 internal standards. Samples were analyzed on
a Shimadzu Nexera ultra-high-performance liquid chromato-
graphy (UHPLC) with an 8050 triple quadrupole mass spec-
trometer (Shimadzu Scientific Instruments Corporation,
Columbia, MD, USA). Nicotine, cotinine, and nicotine meta-
bolite 3HC levels were measured.

PFT were normal in healthy controls vs e-cigarette
users: Forced Expiratory Volume in 1 second (FEV,) 3.2
+0.2 L vs 3.4+0.7 L (p=0.32), Forced Vital Capacity
(FVC) 3.840.6 L vs 4.2£1.6 L (p=0.28), percent predicted
value of FEV; (%FEV,) 99.5+£12.0% vs 103.0£9.0%
(p=0.74), percent predicted value of FVC (%FVC) 107.0
+11.8% vs 101.0£7.0% (p=0.97), and FEV,/FVC ratio
82.8£5.5% vs 85.0+4.0% (p=0.69). Diffusion capacity
for carbon monoxide (DLCO) was measured only for the
e-cigarette users. DLCO was 27.243.9 (Range [24.1,
35.3]) (mL/min/mm Hg), and the percent predicted
DLCO (%DLCO) was 94.0£15.0% [80%,
118%]). Four active e-cigarette users had detectable levels
of nicotine (7.9+12.2 ng/mL), cotinine (171.6£61.4 ng/
mL), and nicotine metabolite 3HC (83.4£70.1 ng/mL).

Gas distribution (VDP) was similar between e-cigarette
users (1.5+0.2%) and healthy controls (0.6+1.5%) (p=0.24,
Figure 2A). We observed a significantly smaller amount of

(Range

xenon gas diffusing from airspaces to alveolar-interstitial
tissues in e-cigarette users than healthy controls: Tissue/Gas
healthy controls 1.18+0.26% vs e-cigarette users 0.88+0.27%,
p=0.04, (Figure 2B). However, a similar amount of xenon gas
diffused from airspaces to capillary RBCs in e-cigarette users
compared to healthy controls: RBC/Gas healthy controls 0.35

+0.07% vs e-cigarette users 0.41£0.16%, p>0.999,
(Figure 2C). RBC/Tissue showed a significantly increased
proportion of xenon gas diffusing from alveolar-interstitial
tissues to capillary RBCs in e-cigarette users compared to
healthy controls: RBC/Tissue, healthy controls 0.28+0.06%
vs e-cigarette users 0.45+0.10%, p=0.0007, (Figure 2D).
Our exploratory study has characterized five healthy
asymptomatic young adults with normal PFTs and less
than five years of e-cigarette use. In these e-cigarette
users, HP-'?°Xe MRI ventilation scans did not detect
abnormal gas distribution. However, despite normal PFT
%DLCO HP-'"*’Xe MRI detected

a significantly reduced gas exchange from airspaces to

values, scans
alveolar-interstitial tissues, illustrating the abnormal alveo-
lar-interstitial tissues. We previously published a strong
correlation between HP-'Xe MRI and %DLCO, and
the reduced Tissue/Gas was found with loss of gas-
exchange capacity in patients with emphysema or inter-
stitial lung diseases.” In our pilot cohort, the reduced
Tissue/Gas in e-cigarette users suggests possible early
interstitial lung abnormalities otherwise undetectable by
the diffusion capacity measurement of the PFT.%’
However, we could not discern the type of tissue pathol-

interstitial 6,7.9

ogy (emphysema vs lung disease).
Surprisingly, the overall pulmonary gas exchange capacity,
measured by the RBC/Gas, showed comparable levels in
e-cigarette users and healthy controls. The preserved over-
all gas exchange capacity (RBC/Gas) despite the abnor-
mally low Tissue/Gas indicates that a disproportionally
higher amount of xenon in the alveolar-interstitial tissues
is picked up by the capillary RBCs, likely due to increased
pulmonary capillary perfusion (“hyperemic capillaries™).
Even though clinically determined to have normal %
DLCO (ranges between 80% and 118%), HP-'*?Xe MRI

suggests potentially significant sub-clinical changes in the
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Figure 2 (A-D) Comparison of quantitative ventilation and gas-exchange MRI results between young e-cigarette subjects (n=5) and age-matched healthy controls (n=10).
Compared to healthy controls, e-cigarette subjects demonstrated significantly decreased Tissue-to-Gas ratio (p=0.04) and significantly elevated RBC-to-Tissue ratio

(p=0.0007). P values were generated by the Mann—Whitney t-test.
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e-cigarette users’ respiratory physiology. Recent work
points out that V/Q mismatch is significant in e-cigarette
users, but cannot be detected by PFT, highlighting the need
for a better diagnostic tool to assess these at-risk
patients.'® We have recently reported a strong correlation
among HP-'*Xe MRI gas exchange metrics, %DLCO,
Chest CT, and MRI with gadolinium.®’” As an emerging
tool, our HP-'??Xe MR imaging detected abnormal alveo-
lar-interstitial compartment in e-cigarette users.

Conclusion

We speculate that the pulmonary “hyperemia” suggested
by HP-'?Xe MRI has a potential to predispose e-cigarette
users to acute lung injury under the right clinical circum-
stances of “second” hits, such as infection or tetrahydro-
cannabinol. We speculate that exhaustion of reserve
ventilation-perfusion match may lead to loss of activity
tolerance if e-cigarette users continue to smoke. We need
to note that our work lacks chest CT to verify structural
and perfusion findings. A small number of subjects limits
the extent of our conclusion, warranting careful interpreta-
tion. However, our results are significant, in our opinion,
because healthy asymptomatic young adults have abnor-
mal respiratory physiology in their 20s with completely
normal PFTs after a relatively short duration of e-cigarette
use. Considering the urgency of the e-cigarette epidemic
among adolescents and young adults, we feel compelled to
present this exploratory data to stimulate discussion on the
potentially harmful effects of e-cigarettes even during the
early period of use. Our study also compels us to plan
a larger clinical trial to determine the pathologic effects of
e-cigarette use by applying HP-'?*Xe MRI.
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