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In recent years, electronic nicotine delivery systems 
(ENDS; also known as vaping) have been established 

as substitutes for traditional cigarettes and are promoted 
as facilitating smoking cessation by replacing tobacco 
smoking. Randomized control trials suggest that ENDS 
can effectively support smoking cessation (1,2). Con-
trary to nicotine replacement therapy, a higher propor-
tion of smokers who successfully quit tobacco smoking 
and were supported by ENDS continue to use ENDS 

beyond the point of successful smoking cessation (2). 
Although the use of ENDS is increasing on a global 
scale, there are limited data regarding the short- and 
long-term effects of ENDS usage on the lung. In labora-
tory analyses, ENDS is associated with a safer risk pro-
file than conventional cigarettes (3). However, vaping 
increases heart rate and blood pressure similarly to con-
ventional tobacco smoking (4). Previous in-vitro studies 
showed that electronic cigarette, or e-cigarette, exposure 

Background: Evidence regarding short-term effects of electronic nicotine delivery systems (ENDS) and tobacco smoke on lung ventilation 
and perfusion is limited.

Purpose: To examine the immediate effect of ENDS exposure and tobacco smoke on lung ventilation and perfusion by functional 
MRI and lung function tests.

Materials and Methods: This prospective observational pilot study was conducted from November 2019 to September 2021 (substudy 
of randomized controlled trial NCT03589989). Included were 44 healthy adult participants (10 control participants, nine for-
mer tobacco smokers, 13 ENDS users, and 12 active tobacco smokers; mean age, 41 years 6 12 [SD]; 28 men) who underwent 
noncontrast-enhanced matrix pencil MRI and lung function tests before and immediately after the exposure to ENDS products or 
tobacco smoke. Baseline measurements were acquired after 2 hours of substance abstinence. Postexposure measurements were per-
formed immediately after the exposure. MRI showed semiquantitative measured impairment of lung perfusion (RQ) and fractional 
ventilation (RFV) impairment as percentages of affected lung volume. Lung clearance index (LCI) was assessed by nitrogen multiple-
breath washout to capture ventilation inhomogeneity and spirometry to assess airflow limitation. Absolute differences were calcu-
lated with paired Wilcoxon signed-rank test and differences between groups with unpaired Mann-Whitney test. Healthy control 
participants underwent two consecutive MRI measurements to assess MRI reproducibility.

Results: MRI was performed and lung function measurement was acquired in tobacco smokers and ENDS users before and after exposure. 
MRI showed a decrease of perfusion after exposure (RQ, 8.6% [IQR, 7.2%–10.0%] to 9.1% [IQR, 7.8%–10.7%]; P  .03) and no sys-
tematic change in RFV (P  .31) among tobacco smokers. Perfusion increased in participants who used ENDS after exposure (RQ, 9.7% 
[IQR, 7.1%–10.9%] to 9.0% [IQR, 6.9%–10.0%]; P  .01). RFV did not change (P  .38). Only in tobacco smokers was LCI elevated 
after smoking (P  .02). Spirometry indexes did not change in any participants.

Conclusion: MRI showed a decrease of lung perfusion after exposure to tobacco smoke and an increase of lung perfusion after use of 
electronic nicotine delivery systems.
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induces inflammation and oxidative stress in pulmonary en-
dothelium and stem cells (5,6). Different studies assessed 
ENDS short-term effects on lung function (7,8). Five min-
utes of use of ENDS reduces the fraction of exhaled nitric ox-
ide, a volatile molecule indicating airway inflammation, and 
increased airway resistance (8). One study used MRI to show 
that inhaling nicotine-free e-cigarette aerosol transiently af-
fected endothelial function in healthy nonsmokers (9).

Compared with lung function tests, noninvasive MRI 
 techniques have shown a high sensitivity and reproducibility in 
detecting local lung perfusion and ventilation impairment, in 
addition to helping assess structural changes in the lung paren-
chyma (10,11). Several reports suggested that functional MRI 
of the lungs could be a sensitive marker of parenchymal altera-
tion, depicting early changes in ventilation and perfusion not 
detectable with traditional lung function parameters (11,12). 
 Functional MRI in the lungs could be a sensitive marker to 
help assess early changes in ventilation and perfusion that are 
not  detectable with traditional lung functional assessment.

The aim of our study is to investigate the short-term 
 responsiveness of ventilation and perfusion changes to vaping 

and tobacco smoking exposure by using nitrogen 
multiple-breath washout, spirometry, and func-
tional MRI. We hypothesize that use of ENDS 
and tobacco smoking variably affect lung perfu-
sion and ventilation in comparison to a healthy 
control group.

Materials and Methods

Study Design and Population
This pilot study is a prospective observational 
study performed at the Bern University Hospital 
conducted between November 2019 and Septem-
ber 2021 and represents a substudy of the ongo-
ing Efficacy, Safety and Toxicology of Electronic 
 Nicotine Delivery Systems (ESTxENDS), which 
is a randomized controlled trial (NCT03589989). 
In ESTxENDS, active adult smokers consuming 
at least five cigarettes per day who are willing to 
make a serious quit attempt are randomized into 
usual care (control group) or usual care with 
ENDS and e-liquids for 6 months. Participants in 
the ESTxENDS trial in Bern were scheduled for 
their 6-month follow-up visit with the following 
smoking and/or use of ENDS status: former smok-
ers (recent quitters for a maximum of 6 months 
and no current use of ENDS), ENDS users, and 
tobacco smokers. A healthy control group of never-
smokers was included in Basel to assess the repro-
ducibility of the MRI measurements. This study 
was approved by the local ethics committees at 
Bern and Basel (2017–02332 and 2018–00079, 
respectively). Written informed consent from all 
participants was obtained prior to study inclusion. 
All measurements in each individual participant 
were performed on the same day (Fig 1).

Abbreviations
ENDS  electronic nicotine delivery system, ESTxENDS  Efficacy, 
Safety and Toxicology of Electronic Nicotine Delivery Systems, FEV1  
forced expiratory volume in 1 second, FVC  forced vital capacity, ICC 
 intraclass correlation coefficient, LCI  lung clearance index, RFV  
measured impairment of fractional ventilation, RQ  measured impair-
ment of lung perfusion

Summary
MRI showed a regional decrease of lung perfusion after exposure to 
tobacco smoke and a local increase of lung perfusion after electronic 
nicotine delivery systems use.

Key Results
 n In tobacco smokers, a regional decrease of lung perfusion at func-

tional MRI was shown following a single smoking session com-
pared with the baseline measurement.

 n In participants who used an electronic nicotine delivery system, a 
local increase of lung perfusion was shown after exposure.

 n In healthy control participants, the mean difference between both 
measurements for perfusion impairment was 20.1% (95% CI: 
1.4, 21.7).

Figure 1: Study flowchart. ENDS  electronic nicotine delivery system.
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baseline measurements, tobacco smokers and ENDS users 
were instructed to smoke and vape, respectively. Immediately 
thereafter, study participants performed the same lung func-
tion tests again  (nitrogen multiple-breath washout, spirometry, 
carbon monoxide diffusion capacity) to capture short-term ef-
fects. Former smokers performed repeated baseline measure-
ments without smoking exposure.

MRI Measurements
Following the lung function assessment (before and after to-
bacco smoke or ENDS exposure), participants had to adhere 
to another 2-hour abstinence interval (no smoking or use of 
ENDS). The first MRI examination was performed in tobacco 
smokers and ENDS users. After undergoing MRI, participants 
were instructed again to smoke or vape until a subjective state 
of satisfaction was achieved. Immediately following this second 
exposure to tobacco smoke or ENDS, a second MRI examina-
tion was performed. Former smokers and healthy volunteers 
were measured without previous exposure.

MRI Data Acquisition
MRI examinations were performed with a 1.5-T whole-body 
MRI scanner (Magnetom Aera; Siemens Healthineers) by us-
ing a 12-channel thorax and a 24-channel spine receiver coil 
array. Functional imaging was performed by using the matrix 

Table 1: Parameters of Steady-State Free Precession Pulse 
Sequence for MRI

Parameter Value
Repetition time (msec) 1.52
Echo time (msec) 0.68
TA per image (msec) 109
Tint (msec) 191 
Acquisition rate (images/sec) 3.33 
Flip angle a (degrees) 65
Bandwidth (Hz/pixel) 2056 
Section thickness (mm) 12
Field of view (mm) 450 3 450 
Matrix 128 3 128
GRAPPA factor 2

Note.— GRAPPA  generalized auto calibrating partially 
parallel acquisitions, TA  acquisition time, Tint  interval 
between image acquisition blocks.

Table 2: General Characteristics of Study Participants

Characteristics
Healthy Control  
Participants (n  10)

Former Smokers  
(n  9)

ENDS Users  
(n  13)

Tobacco Smokers 
(n  12)

Age (y)      40 6 9      43 6 12      41 6 12      42 6 14
Sex
 No. of male participants 6 5 9 8
 No. of female participants 4 4 4 4
Height (cm) 174.1 6 8.9 171.8 6 7.8 178.5 6 11 176.3 6 9.1
Weight (kg)   71.9 6 12.4   83.3 6 29.8   88.2 6 20   75.5 6 13.5
BMI (kg/m2)   23.6 6 2.4   27.7 6 7.5   27.4 6 4.6   24.4 6 4.3
Questionnaire before measurement
  No. of cigarettes smoked per day NA NA NA*   12.2 6 7.9
  No. of vaping puffs per day
   ,1–5 puffs NA NA 0 (0) NA*
   6–50 puffs 5 (38)
   .50 puffs 8 (62)
  Participants vaping with nicotine per day
   Yes NA NA 9 (69) NA
   No 4 (31)
  Vaping with flavor/day
   Yes NA NA 9 (69) NA
   No NA 4 (31)
Questionnaire after exposure
 Length of exposure (min) NA NA     4.9 6 1.1     6.8 6 3.6
 No. of vaping puffs or cigarettes NA NA      19 6 13     1.6 6 1.2

Note.—Mean data are 6 standard deviation; data in parentheses are percentages. BMI  body mass index, ENDS  electronic nicotine 
delivery system, NA  not applicable.
* Five electronic nicotine delivery system users were dual users regularly vaping and occasionally smoking (fewer than two cigarettes per 
day); and two tobacco smokers were dual users regularly smoking and occasionally vaping (fewer than two puffs per day); for details, see 
Appendix E1 (online).

Lung Function Tests
Baseline measurements (nitrogen multiple-breath washout, 
spirometry, carbon monoxide diffusion capacity) in tobacco 
smokers and ENDS users were acquired after 2 hours of sub-
stance abstinence; 2 hours was chosen because that is the ap-
proximate plasma half-life of nicotine (13,14). Following the 
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pencil decomposition free-breathing MRI technique with-
out contrast agent administration (15,16). The matrix pen-
cil MRI relies on dynamic free-breathing ultrafast balanced 
steady-state free precession lung image acquisitions and pro-
vides regional ventilation and perfusion information from a 
single acquisition series (17). Main parameters of the ultrafast 
balanced steady-state free precession pulse sequence are given 
in Table 1. The segmented areas are processed voxelwise by 
using a matrix pencil decomposition method in combina-
tion with a linear least square analysis to generate fractional 
ventilation and perfusion maps. Fractional ventilation maps 
reflect changes of the lung parenchyma density during res-
piration, whereas the perfusion maps reflect the amplitude 
of signal modulation caused by the pulsatile blood flow. For 
each subject, the lungs were automatically segmented on the 
 calculated fractional ventilation and perfusion maps by using 
an artificial neural network (18,19). MRI postprocessing was 
fully automatized and required no manual interaction. The 
 robustness of the automatized segmentation versus manual 
segmentation was  recently assessed (17). Detailed informa-
tion about MRI data evaluation is described in Appendix E1 
(online). Software and protocols were the same at both sites.

MRI Data Evaluation
Voxel distributions of the segmented lung regions in fractional 
ventilation and perfusion maps were used to estimate threshold 
values indicating a functional impairment (20). Primary outcomes 
were percentage of the lung volume with impaired fractional ven-

tilation (RFV) and measured impairment of lung perfusion (RQ). 
Morphologic scans were chosen on the basis of published standard 
MRI protocols for chest examinations (21). Structural changes in 
the lung parenchyma were assessed on the proton MRI images by 
two independent reviewers; discrepancies were resolved by con-
sensus. Observers were blinded to the participants’ groups.

Lung Function Assessment
Nitrogen multiple-breath washout was performed with a com-
mercially available device (Exhalyzer D; Eco Medics) according 
to consensus guidelines (22). The primary outcome was the lung 
clearance index (LCI). Spirometry (Jaeger MasterScreen; CareFu-
sion) was conducted according to the official clinical practice 
guideline of the American Thoracic Society, the European Re-
spiratory Society, the Japanese Respiratory Society, and the Latin 
American Thoracic Society (23). Primary outcomes were forced 
expiratory volume in 1 second (FEV1) and the FEV1-to–forced vi-
tal capacity (FVC) ratio. Diffusion capacity of the lungs for carbon 
monoxide was assessed as recommended (24–26).

Statistical Analysis
Continuous variables were skewed and described by using non-
parametric estimates. Differences between measurements were 
compared with paired Wilcoxon signed-rank test, and differ-
ences between groups were compared with unpaired Mann-
Whitney test. Participants who used ENDS were stratified in 
groups of those who used nicotine-containing e-liquids and 
those who used nicotine-free e-liquids. Post hoc analysis was 

Figure 2: (A–C) Example of pulmonary perfusion images obtained by using noncontrast-enhanced matrix pencil MRI in three different tobacco smokers before expo-
sure (pre-exposure) and after exposure (post-exposure). The images before and after exposure were acquired at corresponding coronal section locations. Arrows indicate 
lung regions with decreased regional perfusion after the exposure to nicotine. Red corresponds to high values of ventilation amplitude and perfusion amplitude, whereas 
blue corresponds to low values.
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performed by comparing LCI before exposure (based on all ni-
trogen multiple-breath washout tests with the LCI from the first 
nitrogen multiple-breath washout test) and directly after expo-
sure. Associations between functional indexes from MRI and 
lung function before and after exposure were examined graphi-
cally and were quantified by using the Spearman correlation 
coefficient. The agreement over two measurements was assessed 
by using intraclass correlation (ICC) coefficients and Bland Alt-
man plot. ICC is defined as very good (ICC, .0.8), good (ICC,  
0.6–0.8) and moderate (ICC, 0.4–0.6) (27). Upper limit of 
 normal LCI was calculated with published data for healthy 
adults (ie, mean 1 1.6 3 SD) (28). P values less than .05 were 
considered to indicate statistical significance. Analyses were 
performed by using software (StataTM Stata Statistical Soft-
ware, release 13, StataCorp; Matlab 2012b, MathWorks; and 
GraphPad Prism, GraphPad Software).

Results

Study Population
A total of 44 adult participants (28 men; mean age, 41 years 
6 12 [SD]) were enrolled. Seven tobacco smokers consumed 

more than 10 cigarettes per day. Eight ENDS users vaped more 
than 50 puffs per day. Nine ENDS users were using the ENDS 
device provided to participants at the ESTxENDS trial and 
four participants (30.7%) were not vaping nicotine-containing 
e-liquids (Table E1 [online]). Characteristics of study partici-
pants are given in Table 2.

All 44 participants were able to perform functional MRI at 
both points. Functional lung MRI was performed for an aver-
age of 6.3 minutes (range, 5.3–9.8 minutes). All morphologic 
scans and functional measurements were of good diagnostic 
image quality. Morphologic imaging included an ultrashort 
echo time sequence without depiction of extensive parenchy-
mal abnormalities (eg, lung fibrosis).

Exposure
Exposure duration was set for the minimum time required to 
smoke at least one cigarette or use an ENDS product (ie, use of 
nicotine-containing e-liquids and nicotine-free e-liquids). On 
average, 1.6 cigarettes 6 1.2 were smoked for 6.8 minutes 6 
3.6. In the ENDS users’ group, 19 6 13 puffs were vaped for 
4.9 minutes 6 1.1 (Table 2). Measurements were performed 
directly afterward. Common symptoms after exposure were 
dry mouth (n  6; 24%) and cough (n  5; 20%).

Lung Function Changes at MRI and Lung Functional 
Assessment in All Groups
Local perfusion decreased in tobacco smokers after exposure  
(RQ, 8.6% [IQR, 7.2%–10.0%] to 9.1% [IQR, 7.8%–10.7%]; 
P  .03 compared with the baseline measurement) (Fig 2, Ta-
ble 3). However, local perfusion increased in participants who 
used ENDS after exposure (RQ, 9.7% [IQR, 7.1%–10.9%] to 
9.0% [IQR, 6.9%–10.0%]; P  .01) (Figs 3, 4). Subsequently, 
we stratified participants in the following groups: participants 
who used nicotine-containing e-liquids (n  9; 69%) and par-
ticipants who used nicotine-free e-liquids (n  4; 31%). Lo-
cal perfusion increased after exposure in participants who used 
ENDS with nicotine containing e-liquids (RQ, 9.7% [IQR, 
8.4%–10.7%] to 8.0% [IQR, 7.3%–9.9%]; P  .01). No 
change in perfusion was detected in the group of participants 
who used nicotine-free e-liquids (8.3% [IQR, 5.2%–11.9%] 
to 7.8% [IQR, 5.2%–10.5%]; P  .5; Fig E1 [online]). RFV 
did not change in any group (Fig E2 [online]).

The LCI was elevated in five of nine former smokers (56%), 
five of 13 ENDS users (38%), and six of 12 tobacco smokers 
(50%) before exposure (Table 4). Spirometry and diffusion ca-
pacity of the lungs for carbon monoxide indexes did not show 
any obstructive lung disease, abnormal dynamic volumes ac-
cording to z-scores, or other impairment in tobacco smokers 
and ENDS users. No change in lung function compared with 
baseline was observed in the stratified participants who used 
nicotine-containing e-liquids and who used nicotine-free e-liq-
uids (Table E2 [online]). After exposure, the mean of the LCI 
(on the basis of the sum of repeated nitrogen multiple-breath 
washout measurements) did not change for any group. However, 
the post hoc analysis showed that the initial first LCI measure-
ment directly after exposure increased in tobacco smokers from 
8.3 (IQR, 8.0–8.8) to 9.5 (IQR, 8.3–11.3) (P  .02) (Fig 5), 

Table 3: Functional MRI Imaging Values of Study 
Participants Before and After Exposure

Parameter Measurement 1 Measurement 2 P Value
Healthy control  

participants  
(n  10)

 Impairment of  
 perfusion (%)

8.4 (7–9.6) 8.2 (7.8–9.8) .50

 Impairment of  
 ventilation (%)

11.2 (9.1–12.6) 11.2 (10.1–13.9) .80

Former smokers*  
(n  9)

 Impairment of  
 perfusion (%)

7.9 (7–9.7) 8.1 (7.6–9.4) .44

 Impairment of  
 ventilation (%)

12.9 (11.9–13.6) 12.5 (12.2–13.6) .37

ENDS users  
(n  13)

 Impairment of  
 perfusion (%)

9.7 (7.1–10.9) 9.0 (6.9–10) .01

 Impairment of  
 ventilation (%)

11.8 (11.3–13.4) 12.7 (11.4–13.3) .38

Tobacco smokers  
(n  12)

 Impairment of  
 perfusion (%)

8.6 (7.2–10) 9.1 (7.8–10.7) .03

 Impairment of  
 ventilation (%)

11.9 (9.9–14.2) 12.2 (10.3–13.7) .31

Note.—Data are presented as medians; data in parentheses are 
IQRs. Measurement 1 is before exposure; measurement 2 is after 
exposure. Continuous variables between the measurements were 
compared with Wilcoxon signed rank test.
* Healthy control participants (never smokers) and former 
smokers performed all measurements without exposure.
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indicating increased global ventilation inhomogeneity. In all 
groups, there were no systematic changes in spirometry and dif-
fusion capacity of the lungs for carbon monoxide indexes be-
tween both measurements (Table 4).

Correlation between Functional MRI and Lung Function
In tobacco smokers and ENDS users, the extent of RQ was 
between 5% and 13.0% before exposure and 5% and 15.0% 
after exposure, respectively. In tobacco smokers, we suggested 
a correlation between RQ and LCI after exposure (r  0.65;  
P  .02) (Fig 6). The extent of impaired ventilation relative 
to lung volume (ie, RFV) in tobacco smokers and ENDS us-
ers ranged between 7% and 18% before exposure and 6% and 
17% after exposure, respectively. RFV showed no correlation 
with LCI after exposure in in tobacco smokers and ENDS users  
(r  0.35, P  .27; and r  0.37, P  .21, respectively). We 
found no correlation between FEV1 or FEV1-to-FVC ratio and 
functional MRI indexes in any group.

Reproducibility of MRI Measurements
Agreement measured by ICC in former smokers ranged between 
very good and good for lung function and MRI indexes. The ICC 
for RFV between two measurements in the same individual was 
very good in former smokers (ICC, 0.9). The ICC for RQ was 
good in former smokers (ICC, 0.6). The ICC for LCI was very 
good in former smokers (ICC, 0.9). In healthy control partici-
pants, the ICC was very good for MRI indexes. The ICC for RFV 
and RQ between two measurements in the same participant was 
very good (ICC, 0.9). In healthy control participants, the mean 
difference between both measurements for perfusion impairment 
was 20.1% (95% CI: 1.4, 21.7). For ventilation impairment, 
the mean difference was 20.02% (95% CI: 1.9, 22.0) (Fig 7).

Figure 3: (A–C) Example of pulmonary perfusion images obtained by using noncontrast matrix pencil MRI in three electronic nicotine delivery system (ENDS) users 
before exposure (pre-exposure) and after exposure (post-exposure). The images before and after exposure were acquired at corresponding coronal section locations. The 
arrows indicate lung regions with increased regional perfusion after the exposure. Red corresponds to high values of ventilation amplitude and perfusion amplitude, whereas 
the blue color corresponds to low values.

Figure 4: Box and whisker plot of impairment of perfusion in all participants. 
Electronic nicotine delivery system (ENDS) users and tobacco smokers performed 
measurements before and after exposure. Former smokers and healthy control 
participants performed measurements at MRI without exposure. * = Significant P 
value.



Nyilas and Bauman et al

Radiology: Volume 304: Number 1—July 2022  n  radiology.rsna.org 201

Discussion
We examined the intra-individual short-term responsiveness 
of lung perfusion and ventilation after the use of electronic 
nicotine delivery systems (ENDS) and tobacco smoking as-
sessed by using a matrix pencil MRI technique and lung 
function tests. By using noncontrast-enhanced functional 
lung MRI, perfusion decreased in tobacco smokers after 
exposure (measured impairment of lung perfusion [RQ], 
8.6% [IQR, 7.2%–10.0%] to 9.1% [IQR, 7.8%–10.7%]; 
P  .03) compared with the baseline measurement. How-
ever, perfusion increased after exposure in participants who 
used ENDS (RQ, 9.7% [IQR, 7.1%–10.9%] to 9.0% [IQR, 
6.9%–10.0%]; P  .01). Among participants who used nic-
otine-free e-liquids, no systematic change in RQ was detected 

(RQ, 8.3% [IQR, 5.2%–11.9%] 
to 7.8% [IQR, 5.2%–10.5%]; P 
 .5). In healthy control partici-
pants, the intervisit reproducibil-
ity for measured impairment of 
fractional ventilation and RQ was 
very good, and the relatively small 
systematic changes detected in our 
study were  considered reliable. 
Spirometry-derived forced expira-
tory volume in 1  second–to–forced 
vital capacity ratio z-scores did not 
systematically change after expo-
sure and was normal at the baseline 
in  tobacco smoker and ENDS us-
ers. However, lung clearance index 
from the nitrogen multiple-breath 
washout was elevated in five of 
nine former smokers (56%), five 
of 13 ENDS users (38%), and six 
of 12 tobacco smokers (50%) at 
baseline. This  indicated increased 
ventilation inhomogeneity related 
to the small airways disease, poten-
tially caused by smoking exposure.

After exposure, the mean LCI 
(based on the sum of repeated ni-
trogen multiple-breath washout 
measurements) did not change for 
any group. However, the post hoc 
analysis showed that the initial first 
LCI measurement directly after ex-
posure increased (higher ventilation 
inhomogeneity) in tobacco smok-
ers (LCI, 8.3 [IQR, 8.0–8.8] and 
9.5 [IQR, 8.3–11.3], respectively; 
P  .02). Overall, the correlation 
between perfusion impairment and 
LCI in tobacco smoking suggested 
that tobacco smoking induces a 
short-term change in lung function. 
This finding was not confirmed by 
the RFV at MRI. This could be attrib-

utable to the MRI method itself, where the ventilation maps 
are an extrapolation from the changes of signal intensities from 
the perfusion maps.

Our results indicated opposite effects of tobacco smoke and 
ENDS aerosol on perfusion impairment assessed at functional 
MRI. We demonstrated a decrease of local perfusion after to-
bacco smoking. This agrees with previous studies, showing 
ventilation and perfusion mismatch in response to smoking 
one cigarette by measuring the blood flow in the pulmonary 
capillaries (29). In tobacco smoking products, nicotine is one 
major constituent that is a strong alkaloid (30). As a result, pe-
ripheral vasoconstriction, tachycardia, and elevated blood pres-
sure may be observed after nicotine intake (31). Another study 
demonstrated acute vasoconstriction of the epicardial coronary 

Table 4: Lung Function Values of Study Participants

Parameter Measurement 1 Measurement 2 P Value
 Former smokers (n  9)*
 LCI lung turnover 8.3 (7.3–10.4) 9.5 (7.3–10.2) .59
 LCI lung turnover one test† 8.3 (7.3–10.4) 9.6 (7.3–10.2) .81
 FEV1

  Percent predicted 95 (86–95) 94 (85–96) .43
  Z score 20.5 (20.96 to 20.42) 20.5 (21 to 20.4) .51
 FEV1-to -FVC ratio
  Percent predicted 93 (88–101) 93 (93–103) .95
  Z score 20.4 (20.9 to 0.3) 21.0 (21.0 to 0.4) .26
 DLco percent predicted 96 (86–100) 94 (90–101) .43
ENDS users (n  13)
 LCI lung turnover 7.4 (7.1–8.6) 8.0 (7.7–8.7) .75
 LCI lung turnover one test† 7.4 (7.1–8.6) 8.1 (7.5–8.5) .22
 FEV1

  Percent predicted 102 (92–106) 101 (89–106) .97
  Z score 0.1 (20.7 to 0.4) 0.1 (20.9 to 0.4) .92
 FEV1-to -FVC ratio
  Percent predicted 97 (92–102) 95 (95–100) .42
  Z score 20.4 (21 to 0.3) 20.6 (20.7 to 0.04) .46
 DLco percent predicted 97 (82–104) 93 (92–104) .23
Tobacco smokers (n  12)
 LCI lung turnover 8.3 (8.0–8.8) 8.8 (7.9–9.3) .53
 LCI lung turnover one test† 8.3 (8.0–8.8) 9.5 (8.3–11.3) .02
 FEV1

  Percent predicted 96 (86.5–108.5) 95 (87.5–106) .2
  Z score 20.3 (21.1 to 0.7) 20.4 (21.0–0.5) .24
 FEV1-to -FVC ratio
  Percent predicted 96 (92.5–99.5) 97 (94–98.5) .30
  Z score 20.5 (20.9 to 20.04) 20.3 (20.8 to 20.1) .24
 DLco percent predicted 97 (93–105.50) 99 (89.5–106) .6

Note.—Data are presented as medians; data in parentheses are IQRs. Continuous variables 
between the measurements were compared with Wilcoxon signed rank test. Measurement 1 
is before exposure; measurement 2 is after exposure. DLco  diffusion capacity of the lungs 
for carbon monoxide, FEV1  forced expiratory volume in 1 second, FVC  forced vital 
capacity, LCI  lung clearance index.
* Former smokers performed all measurements without exposure. Of note, healthy control 
participants performed only two consecutive MRI measurements.
† Comparison of the mean LCI from measurement 1 with the first LCI test from 
measurement 2.
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arteries and reduced coronary flow reserve after smoking 
(32). However, we found an increase of local perfusion with 
functional MRI after exposure to ENDS products. We strati-
fied a priori the participants into two groups: one who used 
nicotine-containing e-liquids and the other group who used 
e-liquids without nicotine. In participants who used nicotine-
containing e-liquids, we observed an increase of local perfusion 
impairment in functional MRI. Flavorings can alter airway 
responsiveness in murine models (33). Sixty-nine percent of 

participants in our study had different flavors in their e-liquids. 
Whether short-term perfusion changes in the ENDS users 
in our study is caused by additives remains unexplored and 
requires further investigation. To our knowledge, long-term 
consequences of perfusion changes in healthy individuals are 
unknown and should be investigated.

With findings that were different than what we found in 
our data, Caporale et al (9) found a decrease in luminal flow- 
mediated dilation and reactive hyperemia peak velocity after 
vaping in the thigh arterial vasculature, which is a different 
perfusion territory that serves the skeletal muscle and has a 
high resistive index with biphasic flow at rest. Measurements 
were on the basis of the peripheral vascular reactivity (femo-
ral artery). In our study, we used a dynamic free-breathing 
multisection ultrafast balanced steady-state free precession 
acquisition in the whole lung, providing regional fractional 
ventilation and perfusion maps. It remains unclear why dif-
ferent effects on the vessels were observed on pulmonary 
compared with peripheral vessels in the lungs. Similar to our 
study, a recent study found increased ventilation and perfu-
sion mismatch in people who vape. Kizhakke et al (34) used 
oxygen-enhanced MRI and had results that were comparable 
to ours but in a study population of younger participants. 
Instead of the oxygen-enhanced MRI method, we used the 
matrix pencil MRI technique, which did not require any gas 

Figure 5: Graph of short-term change of lung clearance index (LCI) 
before and after tobacco smoking. LCI was assessed at nitrogen multiple-
breath washout to capture ventilation inhomogeneity and spirometry to 
assess airflow limitation. After exposure, the mean LCI did not change in 
participants after they smoked tobacco. However, the post hoc analysis 
showed that LCI from the first initial nitrogen multiple-breath washout mea-
surement after exposure (P  .02) increased, indicating increased global 
ventilation inhomogeneit y. * = First initial nitrogen multiple-breath washout 
measurement after exposure. ** = Mean of all nitrogen multiple-breath 
washout measurements.

Figure 6: Plot of correlation between lung clearance index (LCI) and perfusion 
impairment of the lung in percentage. LCI was assessed at nitrogen multiple-breath 
washout to capture ventilation inhomogeneity and spirometry to assess airflow 
limitation. Participants were tobacco smokers, and the correlation was determined 
after exposure. In tobacco smokers, we suggest a correlation between perfusion 
and LCI after exposure (r  0.65; P  .02).

Figure 7: Bland-Altman plots for intertest agreement of two consecutive MRI 
measurements, the (A) perfusion impairment and (B) ventilation impairment, in 
healthy control participants (never-smokers; n  10). Ninety-five percent limits 
of agreement are shown as dotted lines and mean differences are displayed as 
dashed lines.



Nyilas and Bauman et al

Radiology: Volume 304: Number 1—July 2022  n  radiology.rsna.org 203

or contrast media application. Both techniques indicated that 
ENDS liquids and their constituents affect lung perfusion.

This is a small sample size, and these data need to be con-
firmed in a larger study. Our study design allowed for an ob-
servation period that was created to noninvasively standardize 
the study protocol while also allowing participants to enlist 
without concerns of nicotine deprivation. Considering the 
relatively short half-live of nicotine (approximately 2 hours), 
this approach guaranteed complete adherence to the proto-
col by all participants. A critical point is the overlap of the 
results in the intergroup comparison. However, our aim was 
to detect intraindividual changes of lung perfusion and ven-
tilation, yielding significant results. In addition, differences 
in the outcome values could be influenced by a large number 
of variables (eg, age, sex, weight, degree of emphysema, and 
heart disease).

In conclusion, short-term perfusion changes after use of 
electronic nicotine delivery systems and tobacco smoke expo-
sure can be sensitively detected by functional MRI. Perfusion 
impairment at MRI did correlate with ventilation inhomo-
geneity (lung clearance index) and was altered after tobacco 
smoking. Lung ventilation at MRI showed no changes after ex-
posure to nicotine. These preliminary results suggest that MRI 
indexes may be considered as a noninvasive test to complement 
pulmonary function testing in this setting.
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