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ABSTRACT 

Electronic cigarette (EC) use has increased dramatically, particularly among adolescents and 

young adults, which, like cigarette use, can cause pulmonary inflammation and increase the risk 

of lung disease. Methods: This preliminary study used positron emission tomography with 18F-6-

(1/2)(2-fluoro-propyl)-4-methylpyridin-2-amine (18F-NOS) to quantify inducible nitric oxide 

synthase (iNOS) expression to characterize oxidative stress and inflammation in the lungs in vivo 

in three age- and sex-matched groups: (1) 5 EC users, (2) 5 cigarette smokers, and (3) 5 never 

smoke/vape controls. Results: EC users showed greater 18F-NOS non-displaceable binding 

potential (BPND) than cigarette smokers (p= 0.03) and never smoke/vape controls (p= 0.01); 

whereas BPND in cigarette smokers did not differ from controls (p> 0.1). 18F-NOS lung tissue 

delivery and iNOS distribution volume did not significantly differ between groups. Although there 

were no group differences in peripheral inflammatory biomarker concentrations, 18F-NOS BPND 

correlated with the pro-inflammatory cytokine tumor necrosis factor-α concentrations (rs= 0.87, p= 

0.05) in EC users. Additionally, when EC users and cigarette smokers were pooled together, 

vaping episodes/cigarettes per day correlated with interleukin-6 levels (rs= 0.86, p= 0.006). 

Conclusion: This is the first PET imaging study to compare lung inflammation between EC and 

cigarette users in vivo. We found preliminary evidence EC users had greater pulmonary 

inflammation than cigarette smokers and never smoke/vape controls, with a positive association 

between pulmonary and peripheral measures of inflammation.  

Keywords: Electronic cigarettes, cigarettes, PET, 18F-NOS, inflammation 
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INTRODUCTION 

Tobacco use is the world’s leading preventable cause of morbidity and mortality, accounting for 

more than 8 million deaths annually (1). Although public awareness of smoking-related risks has 

increased and tobacco smoking has declined, electronic cigarette (EC) use has increased 

dramatically, particularly among youth and young adults (1–3). The increase in EC use is partially 

driven by the assumption that ECs are safer than conventional cigarettes. Although ECs are often 

advertised as an alternative smoking cessation tool (4,5), their long-term effectiveness and safety 

have not been rigorously evaluated (6,7). Given the emergence of the EC or Vaping Product-

Associated Lung Injury epidemic (8), EC use has become a major public health concern, and the 

adverse pulmonary effects of EC use remain unclear.  

ECs deliver nicotine by heating e-liquids containing nicotine in a vegetable 

glycerin/propylene glycol vehicle with flavorings that are vaporized and inhaled, thus delivering 

nicotine without combusting tobacco. Although the propylene glycol and vegetable glycerin found 

in e-liquids are regarded as “safe” by the United States Food and Drug Administration, e-aerosols 

contain tobacco-specific nitrosamines, metals, polycyclic aromatic hydrocarbons, and volatile 

organic compounds that are known toxicants and carcinogens (9). As with smoking, several EC-

related compounds are associated with inflammation, altered innate immune response, oxidative 

stress, and cytotoxicity (9–11). However, the existing human literature on the pulmonary effects 

of EC use is limited and comprised mainly of studies that use invasive approaches (e.g., induced 

sputum, bronchoalveolar lavage) that do not adequately assess the impact of EC use on the 

lungs.  

Positron emission tomography (PET) imaging has been used to quantify and track 

inflammatory responses associated with smoking and EC use in vivo without the need for invasive 

diagnostic studies (12,13). PET with 18F-fluorodeoxyglucose (18F-FDG) has been used 
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extensively to detect enhanced glucose metabolic activity of activated immune cells in 

inflammatory diseases, including pneumonia (14), cystic fibrosis (14), and chronic obstructive 

pulmonary disease (COPD) (15). Although associations between 18F-FDG quantification and 

inflammation have been observed, biological processes, including fibrosis and neoplasia, utilize 

glucose and limit the specificity of 18F-FDG (16). PET radiotracers targeting the 18 kDa 

translocator protein, also known as the peripheral benzodiazepine receptor, have also been used 

to measure pulmonary inflammation (17,18). These radiotracers were initially considered putative 

markers of neuroinflammation; however, their specificity for inflammation is limited (19). Thus, 

recent efforts have focused on imaging specific aspects of immune regulation and response, such 

as nitric oxide synthase (NOS) enzymes, with promising results (16,20). 

 Nitric oxide (NO) plays an important role in immune regulation and is produced by three 

NOS enzymes: neuronal NOS, endothelial NOS, and inducible NOS (iNOS) (21). iNOS is 

associated with acute and chronic inflammatory diseases, including asthma and COPD (22,23), 

and is expressed in normal lung epithelium (24). Convergent evidence indicates that iNOS plays 

a central role in mediating inflammation in combustible cigarette smokers, thereby contributing to 

smoking-related lung diseases. Preclinical models show that chronic exposure to cigarette smoke 

increases iNOS expression (25), whereas pharmacological inhibition of iNOS reverses tobacco-

induced lung disease (26). Additionally, preclinical research has provided a mechanistic link 

between iNOS expression in the lung and inflammatory lung diseases (26,27). These findings 

strongly support iNOS as a mechanistically relevant target for molecular imaging of lung 

inflammation and inflammatory lung diseases. 

The PET radiotracer 18F-6-(1/2)(2-fluoro-propyl)-4-methylpyridin-2-amine (18F-NOS)  

permits the visualization and measurement of in vivo iNOS expression (16,28). 18F-NOS is a 

radiolabeled version of a reversible iNOS inhibitor with better selectivity than other NOS enzymes 
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(28). 18F-NOS has been validated in an animal model of lipopolysaccharide-induced lung injury 

(29) and was used successfully to image iNOS expression in humans to characterize oxidative 

stress and inflammation in the heart and lungs (16,28). This study uses 18F-NOS PET lung 

imaging to quantify differences in iNOS expression among EC users, cigarette smokers, and 

never smoke/vape controls. Based on preclinical research showing that exposure to e-liquid vapor 

and cigarette smoke increases iNOS expression (25,30), we hypothesized that EC users and 

cigarette smokers would show greater pulmonary iNOS uptake than never smoke/vape controls. 

We also assessed blood/plasma inflammatory biomarker concentrations (tumor necrosis factor-

alpha (TNF-α), interleukin (IL)-6, C-reactive protein (CRP)) and examined their association with 

18F-NOS PET lung imaging parameters.  

 

MATERIALS AND METHODS 

Participants  

The study protocol was approved by the University of Pennsylvania Institutional Review 

Board and conducted in compliance with the Health Insurance Portability and Accountability Act 

under exploratory Investigational New Drug #140,976 for 18F-NOS. Participants were recruited 

via local print media, social media, and previous research studies. Interested individuals 

completed a brief telephone screen and, if eligible, completed an in-person intake session during 

which they provided written informed consent and were screened for eligibility. Twenty-four 

participants underwent screening, including a physical examination, medical history, routine 

clinical laboratory tests, and toxicologic urine analysis. Briefly, exclusion criteria included history 

or evidence of significant medical disorders, a lifetime DSM-5 diagnosis of a psychiatric or 

substance use disorder (except tobacco use disorder for EC users and cigarette smokers), a 

positive urine drug screen, use of inhaled or oral corticosteroids or anti-inflammatory medications, 
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and a past-month history of lung trauma or active lung infection that could impact the uptake of 

18F-NOS. All female participants had a negative pregnancy test on the scanning day before 

receiving the radiotracer. EC users vaped nicotine, and cigarette smokers smoked daily for the 

past six months. Current smoking status was confirmed by carbon monoxide levels greater than 

10 parts per million (ppm) and urine cotinine levels greater than 150 ng/mL. Fifteen age- and sex-

matched participants (5 exclusive EC users [mean age=27 ± 7], 5 cigarette smokers [mean age 

35± 9], and 5 never smoke/vape controls [mean age=28 ± 7]), comprising 2 women and 3 men in 

each group, met eligibility criteria and completed the study (Supplementary Figure 1).  

 Before scanning, participants completed the Hospital Depression and Anxiety Scale (31) 

to assess symptoms of depression and anxiety. EC users completed measures of vaping 

behavior, including the Penn State Electronic Cigarette Dependence Index (32), and cigarette 

smokers completed measures of tobacco smoking behavior, including the Fagerström Test for 

Cigarette Dependence (33). A blood sample was obtained to measure blood/plasma cytokine 

concentrations (TNF-α, IL-6, and CRP). Participants underwent 18F-NOS dynamic PET/CT thorax 

imaging with venous blood sampling. 

Data Acquisition 

 The PET radiotracer 18F-NOS was synthesized as previously described (28). Participants 

were scanned with a Philips Ingenuity PET/CT scanner (Philips Healthcare, Cleveland, OH, USA), 

which has a 5-mm full-width at half maximum PET spatial resolution and an 18-cm axial field of 

view (34). For each scan, thoracic scanning field of view to best include the heart and lungs was 

determined by a Nuclear Medicine physician. After a low-dose attenuation-correction CT scan, a 

1-h PET dynamic acquisition was started at the time of an intravenous bolus injection of 18F-NOS 

(199 ± 27 MBq) with the following framing schedule: 24×5-s, 6×10-s, 3x20-s, 2x30-s, 5x60-s, and 

10×5-min frames. Based on published effective dose estimates of 15.9 μSv/MBq for 18F-NOS, 
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199 MBq delivers an effective dose of 3.16 mSv with maximum critical dose to the urinary bladder 

wall of 19.0 mSv (28). The attenuation-correction CT images were reconstructed into PET images 

using a previously described list-mode, blob-based, ordered-subsets, maximum-likelihood, 

expectation-maximization algorithm, including flight-time and physical-data corrections (34). The 

radiologist who reviewed the images and the data analyst were blind to participant group status.  

Metabolite Analysis 

Venous blood was sampled at approximately 2, 5, 10, 15, 30, 45, and 60 min after injection 

to measure radiometabolites. The whole-blood and plasma activity concentrations were counted 

using a WIZARD2 2480 gamma counter (Perkin Elmer, Waltham, MA). Acetonitrile-treated plasma 

supernatant was analyzed in a 1260 Infinity Series (Agilent Technologies, Santa Clara, CA) high-

performance liquid chromatology system using an Agilent ZORBAX StableBond C18 column via 

a mobile phase of 73% 0.1 M ammonium formate buffer and 27% methanol. The resulting plasma-

to-whole blood ratio as a function of time was used to convert the image-derived whole blood 

input function into a plasma input function. The resulting parent PET radiotracer fraction as a 

function of time and the plasma input function were inputted for subsequent kinetic analysis. 

Volumes of Interest 

Whole-blood pool time activity curves (TACs) were measured using 1 cm3 peak volumes 

of interest (VOIs) within 2-cm diameter spherical search VOIs within the pulmonary artery, as this 

blood pool is sufficiently large to minimize partial volume effects and located immediately before 

blood enters the lungs (Figure 1). Lung uptake TACs were extracted from all lung tissue in the 

PET field of view (Figure 1). 
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Kinetic Analysis 

Three models of kinetic analysis were compared for estimating the total volume of 

distribution (VT) from the observed reversible tracer binding: graphical Logan plot (35), 1-tissue 

compartment (1TC), and  2-tissue compartment (2TC). The 2TC model, with an average whole 

lung Akaike information criterion (AIC) (36,37) of 184 ± 31, was selected over the 1TC, with a 

corresponding AIC of 295 ± 24, based on the 2TC having the lower, and therefore better, AIC 

score. VT values estimated via the Logan and 2TC models were similar (R2 = 0.99). As expected, 

VT values from Logan plots were biased lower than when using the 2TC model, with the magnitude 

of the Logan plot VT bias decreasing with increases in the duration of the PET acquisition. Thus, 

we used the 2TC model to quantify tracer uptake to avoid having metrics dependent on the PET 

scan duration.  

Two approaches for blood volume fraction (vB) were examined for each model: fixed at 

0.15 and floating between 0.05 and 0.3. Floating vB resulted in the least model variability. Kinetic 

analyses using a 2TC model with a floated lung blood volume fraction (vB) were performed to 

estimate VT, transport into the first tissue compartment (K1), distribution volume of the first tissue 

compartment (K1/k2), and non-displaceable binding potential (BPND) via Pmod image analysis 

software (Pmod v3.7, PMOD Technologies Ltd., Zurich, Switzerland) using the combined lung 

TAC and PET image-derived plasma input function from the pulmonary artery blood pool (see 

Figure 1) (38). Kinetic analyses were based on the first 40 min of PET acquisition to allow a 

consistent analysis of all participants’ data after one participant’s excessive motion resulted in 

unevaluable PET images after 40 minutes. 

Statistical Analysis 

All statistical tests were two-sided. Non-parametric Mann-Whitney and Kruskal-Wallis 

tests were used to assess group differences. Spearman rank-order correlations measured the 
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strength and direction of associations between inflammatory biomarkers, nicotine use behaviors 

(cigarettes per day for cigarette smokers; vaping episodes per day for EC users), and imaging 

parameters. 

 

RESULTS 

On average, EC users reported 7 ± 4 vaping episodes/day, with Penn State Electronic 

Cigarette Dependence Index scores of 6 ± 4, indicating moderate-to-high levels of EC 

dependence. Cigarette smokers reported smoking 8 ± 4 cigarettes/day, with Fagerström Test for 

Cigarette Dependence scores of 5 ± 2, indicating moderate levels of cigarette dependence. There 

were no significant group differences in age, depression and anxiety scores, injected mass 

radioactivity dose or plasma-free fraction. 

Selection of the pulmonary artery to measure the blood input function is supported by the 

example fused PET/CT images in Figure 1, where the distribution of 18F-NOS before entry into 

the lungs indicates 18F-NOS entering the right atrium followed by the pulmonary artery before lung 

entry and subsequent transport to lungs followed by the left ventricle. Figure 2 shows average 

lung 18F-NOS uptake for all participants as a function of time. Table 1 presents kinetic analysis 

results, where the average estimate of lung blood volume fraction (vB) of 0.15 ± 0.02 is consistent 

with the reported normal lung vB range of 0.14 to 0.19 from 18F-FDG PET/CT scans (39).  

18F-NOS BPND values differed significantly between groups, H(2) =  7.50, p= 0.02 (Figure 

3). Post-hoc comparisons revealed that EC users had higher BPND values than cigarette smokers 

(p= 0.03) and healthy never smoke/vape controls (p= 0.01). 18F-NOS VT and K1 values did not 

differ between groups (p’s> 0.09).  
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Peripheral inflammatory biomarker concentrations did not differ between groups (p’s> 

0.16). Spearman’s rank-order correlations examined the associations between daily 

smoking/vaping behavior, inflammatory biomarker concentrations, and imaging parameters. 

There was a positive correlation among EC users between 18F-NOS BPND and TNF-α 

concentration (rs= 0.87, p= 0.05; Supplementary Figure 2). Among EC users and cigarette 

smokers, cigarettes per day and vaping episodes per day correlated with IL-6 levels (rs= 0.89, p= 

0.001; Supplementary Figure 3). No other correlations were statistically significant. 

 

DISCUSSION 

EC use has increased dramatically, particularly among adolescents and young adults. 

Consequently, well-controlled studies are urgently needed to examine and compare the effects 

of EC use and cigarette smoking. The existing literature mainly comprises cell culture studies or 

in vivo animal studies. A few studies examine the effects of EC use on the human lung based on 

invasive approaches that do not assess the global burden of EC use on the lungs. This preliminary 

study addresses these gaps by using non-invasive, 18F-NOS PET lung imaging to quantify and 

compare lung inflammation in exclusive EC users, exclusive cigarette smokers, and never 

smoke/vape controls. Our preliminary 18F-NOS PET findings show that EC users have similar 

delivery of 18F-NOS to the lung tissue and iNOS availability similar to that of cigarette smokers 

and never smoke/vape controls. However, 18F-NOS BPND was significantly higher in the EC group 

than in cigarette smokers and controls. Moreover, 18F-NOS BPND in EC users was associated with 

the pro-inflammatory cytokine TNF-α. Cigarettes and vaping episodes per day correlated with IL-

6 levels among cigarette smokers and EC users. This is the first PET lung imaging study 

demonstrating that EC users show a unique PET lung phenotype associated with known 

inflammatory biomarkers. 
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Although we did not see the expected increase in 18F-NOS uptake in cigarette smokers, 

findings are consistent with recent work that used bronchoscopy to isolate alveolar macrophages 

from bronchoalveolar lavage samples in smokers, EC users, and never-smokers and found that 

EC users showed greater iNOS expression in alveolar macrophages than in smokers or never-

smokers (40). Animal and human studies show that iNOS expression is induced in most cell types 

upon exposure to inflammatory stimuli (41) and is associated with increased pulmonary NO (42). 

NO mediates neutrophil and macrophage actions that are thought to contribute to pulmonary 

oxidant stress and acute lung injury (43). Thus, our findings suggest that EC use may alter 

pulmonary oxidative stress responses and predispose them to acute lung injury. 

Although groups showed similar levels of inflammatory biomarkers, EC users showed 

positive associations between 18F-NOS PET imaging parameters and TNF-α concentration. TNF-

α is a pro-inflammatory cytokine produced by macrophages and secreted by neutrophil 

granulocytes at sites of injury (44) and is involved in the inflammatory cascade of acute lung injury 

(45). Indeed, studies show that pro-inflammatory cytokines induce iNOS expression in human 

alveolar cells in response to exposure to fine particulate matter (46). As such, our findings provide 

additional evidence of the altered immune responses in the lungs of EC users. 

Several limitations should be considered. First, we did not account for vaping topography 

(i.e., how an EC is used, including puff duration, puff volume, and EC device and power settings). 

These factors are important in differential exposure to nicotine and toxicants among EC users 

(47). While we used individually measured PET radiotracer parent fractions as a function of time 

to correct for the presence of radiolabelled metabolites in the blood, we could not separate lung 

18F-NOS uptake due to binding of parent 18F-NOS from any binding of radiolabelled metabolites. 

Huang et al. asserted, “because of [the metabolite’s] polarity, this metabolite is most likely 

excluded by the lung endothelium from entering the lung parenchyma” (16). Impacts of any lung 
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binding of radiolabelled metabolites on estimates of 18F-NOS BPND will likely be inversely related 

to the validity of the assumption that polar 18F-NOS metabolites cannot penetrate lung 

endothelium. To date, no studies provide information on the reproducibility of the 18F-NOS PET 

assay; however, previous research showed consistent findings in left and right lung 18F-NOS 

parameters (16). In addition, the sample sizes are small, so additional larger studies are needed 

to replicate these findings and provide greater statistical power for secondary analyses.  

 

CONCLUSION 

Using rigorous quantitative methods and a global technique to examine pulmonary 

oxidative stress, we find evidence that EC use causes a unique inflammatory response in the 

lungs, reflected by PET measures of iNOS expression and correlations with inflammatory 

biomarker concentrations. Future work is needed to elucidate the effect of EC use on respiratory 

health, especially the effects of chronic EC use.   
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KEY POINTS 

QUESTION: What are the effects of e-cigarette use on pulmonary inflammation compared to 

combustible cigarette use and never smoking/vaping, as measured with 18F-NOS PET imaging? 

PERTINENT FINDINGS: In this preliminary PET imaging study, e-cigarette users showed greater 

18F-NOS non-displaceable binding potential (BPND) than cigarette smokers and never smoke/vape 

controls. 18F-NOS BPND significantly correlated with the pro-inflammatory cytokine TNF-α in e-

cigarette users. Additionally, when e-cigarette users and cigarette smokers were pooled together, 

vaping episodes/cigarettes per day correlated with IL-6 levels.  

IMPLICATIONS FOR PATIENT CARE: Preliminary data indicate that e-cigarette users show a 

unique PET lung imaging phenotype associated with known pro-inflammatory cytokines, 

suggesting that e-cigarette use may increase pulmonary inflammation.  
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FIGURE 1. Representative fused coronal PET/CT images after injecting 207 MBq 18F-NOS with 

2-cm diameter spherical blood pool search volumes of interest in the right atrium (black), 

pulmonary artery (blue), and left ventricle (red) with (A) PET summed uptake 0-15 s post-

injection and (B) PET summed 37 to 42 seconds post-injection with lung volume of interest 

(cyan). 
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FIGURE 2. Average lung 18F-NOS uptake for each group as functions of time with standard 

deviation error bars. EC = E-Cigarette Users, CIG = Cigarette Smokers, CON = Never 

Smoke/Vape Controls, SUV = standard uptake value. 
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FIGURE 3. Boxplot of 18F-NOS BPND by Group. EC Users show higher 18F-NOS BPND than never 
smoke/vape controls (p = 0.01) and cigarette smokers (p = 0.03). BPND = non-displaceable binding 
potential. EC = E-Cigarette Users, CIG = Cigarette Smokers, CON = Never Smoke/Vape Controls. 
*p < 0.05 
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TABLE 1 

Individual and cohort gender and 18F-NOS kinetic measures 

ID M/F VT K1
 K1/k2

 BPND vB 

Electronic cigarette users (EC) 

EC-07 F 1.17 1.62 0.51 1.31 0.15 

EC-10 M 0.63 1.42 0.28 1.23 0.16 

EC-13 F 0.99 1.58 0.42 1.34 0.18 

EC-20 M 1.20 2.67 0.39 2.12 0.18 

EC-23 M 0.83 1.26 0.31 1.66 0.13 

Combustible cigarette users (CIG) 

CIG-12 M 1.10 2.71 0.57 0.93 0.14 

CIG-14 M 4.74 2.29 3.42 0.39 0.14 

CIG-17 M 1.14 3.24 0.52 1.21 0.16 

CIG-22 F 1.45 2.70 0.66 1.29 0.11 

CIG-24 F 1.06 1.62 0.51 1.09 0.15 

Never users (NU) 

NU-01 F 1.15 1.95 0.58 0.98 0.18 

NU-03 M 1.04 1.85 0.48 1.17 0.15 

NU-05 M 0.91 1.37 0.40 1.27 0.15 

NU-06 F 1.53 3.19 0.74 1.07 0.17 

NU-09 M 1.18 1.62 0.56 1.13 0.13 

EC (n=5): 0.97 ± 0.24 1.71 ± 0.56 0.38 ± 0.09* 1.53 ± 0.37* 0.16 ± 0.02 

CIG (n=5): 1.90 ± 1.60 2.51 ± 0.60 1.13 ± 1.28 0.98 ± 0.36 0.14 ± 0.02 

NEVER USERS (n=5): 1.16 ± 0.23 1.99 ± 0.70 0.55 ± 0.13 1.12 ± 0.11 0.16 ± 0.02 

All (n=15): 1.34 ± 0.97 2.07 ± 0.67 0.69 ± 0.77 1.21 ± 0.37 0.15 ± 0.02 

p-value 0.36 0.09 0.03 0.02 0.31 

ID = participant study identification number; M/F = male/female biological sex; VT = total volume 

of distribution; K1 = delivery rate constant; K1/k2 = distribution volume of the first tissue 

compartment; BPND = non-displaceable binding potential; vB = blood volume fraction. Data are 

mean values and mean ± standard deviation. p-value from Kruskal-Wallis test comparing the 

three groups. *p<0.05 on comparison between EC and Never users. 
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Graphical Abstract 

 



Supplementary Figure 1: STARD flow diagram 
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Supplementary Figure 2. Scatterplot demonstrating the rank-order correlation between 18F-
NOS non-displaceable binding potential and tumor necrosis factor-α concentration in e-cigarette 
users (rs = 0.87, p = 0.05). 
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Supplementary Figure 3. Scatterplot demonstrating the rank-order correlation between e-
cigarette vape episodes/cigarettes per day and interleukin (IL)-6 concentration in e-cigarette and 
combustible cigarette users (rs = 0.89, p = 0.001). 
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