Pulmonary function test changes in symptomatic adolescents using e-cigarettes and vaping products.
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[bookmark: _Hlk106534850]EVALI Background:
In the United States, electronic cigarettes (e-cigarettes) were first introduced to the market in 2007 and quickly became the most popular tobacco product utilized by youth [35,37].  From 2017 to 2018, the prevalence of e-cigarette use among high school students rose from 11.7% to 20.8% [38]. As per data from the 2021 National Youth Tobacco Survey (NYTS), 2.8% of middle school students and 11.3% of high school students reported current e-cigarette use. [41]
Electronic cigarette or vaping product use-associated lung injury (EVALI) was first identified in August 2019 before cases rapidly increased and peaked in September 2019 [1]. EVALI was recognized as a national outbreak, and as of February 2020, CDC reported a total of 2,807 hospitalized EVALI cases across all 50 states and 68 fatalities. With the emergency of the COVID pandemic, resources shifted and the CDC stopped tracking EVALI cases. Despite a decline in the national prevalence of vaping in youth and young adults, cases continue to be present, and details surrounding EVALI pathophysiology and clinical patterns largely remain incompletely understood. The causative toxins for pulmonary injury are incompletely identified, with vitamin E acetate explored as a chemical of concern that is used for thickening THC cartridges (carts)[1,10]. 
EVALI is considered a diagnosis of exclusion and can present with pulmonary, gastrointestinal, or constitutional symptoms [3,6,9,11,14]. Radiologically, the most common chest CT change reported is diffuse ground-glass opacities with lower lobe predominance and subpleural sparing, other findings have been reported as well, such as diffuse alveolar damage, acute eosinophilic-like pneumonia, diffuse alveolar hemorrhage, hypersensitivity pneumonitis, exogenous lipoid pneumonia, and pulmonary hemorrhage. [5,6,8,11,13,14,40]
We present a case series of adolescent patients who were treated for EVALI in a large suburban community hospital setting and review the common clinical characteristics, chest CT findings, and changes in pulmonary function in order to improve early recognition of the disease and assess risk. 
Vape products/devices:
E-cigarettes and electronic vaping devices commonly contain components including a battery, atomizer, heating coil, mouthpiece, and a cartridge containing solution [36]. Since many of these batteries are often lithium batteries, there is a potential risk of fire and explosion. The operation of e-cigarettes often requires the user to activate the heating element, which will aerosolize, and this solution will move up to the mouthpiece. The user then inhales the aerosol composed of gases, vapors, and aqueous particles, nicotine, flavors, and other additives. Additives like propylene glycol (PG)and vegetable glycerin (VG) act as a carrier for nicotine and flavorings and are used to generate vapor and over time may lead to lung inflammation. Oher commonly used additive to dilute or thicken THC-containing e-cigarette/vaping products is vitamin E which has been identified as a potential chemical contributing to vape-related illness and death. Most commonly used devices are the prefilled flavored pods or cartridges, followed by disposables and tanks.[41]
Vaping Product Use Trends:
The popularity and use of vaping devices among adolescents and young adults are growing concerns worthy of national attention. Availability of vaping devices in a wide variety of flavors resulted in widespread and increased vaping. In 2020, 82.9% of current e-cigarette users reported using flavored varieties [41]. Flavors such as fruit, mint, menthol, desserts, candy, or other sweets are the most commonly used flavor types [41]. Mint and menthol flavors have a longstanding history of attracting new smokers and converting users to everyday smokers. Other reasons for increased vaping are widespread availability and lack of regulation, low perceived harm of e-cigarettes compared to other tobacco products, pervasive advertising, and marketing on large scale [4]. 

Pathophysiology of EVALI:
Though the pathophysiology of EVALI is as of yet incompletely identified, there are several consistent findings that offer insight into possible mechanisms of lung injury. EVALI can present with clinical features of pneumonitis; the patterns observed in hospitalized patients include hypersensitivity pneumonitis, peribronchiolar granulomatous pneumonitis, diffuse alveolar hemorrhage or damage, acute respiratory distress syndrome (ARDS), lipoid pneumonia, eosinophilic pneumonia, organizing pneumonia, and rarely giant cell interstitial pneumonitis and recurrent spontaneous pneumothoraces [16,17,19,20,21,22,25]. CDC data revealed that of 2,022 vaping patients who were hospitalized, 82% reported the use of vaping products containing tetrahydrocannabinol (THC), while the remaining number of patients reported use of only nicotine-containing products [33]. Vitamin E acetate is an oil that has been identified in THC vaping formulations but is not commonly present in nicotine products [23]. Early in the disease outbreak in 2019, the CDC obtained bronchoalveolar lavage (BAL) fluid samples from 29 patients with EVALI from 10 states, and all 29 samples contained vitamin E acetate [34]. Blount et al. also recently studied BAL fluid samples from patients with EVALI from 16 states and reported that 48 of 51 (94%) patient samples showed evidence of vitamin E acetate, while BAL samples from healthy controls did not contain vitamin E acetate [31]. Of the EVALI patients with available laboratory data, THC or its metabolite was detected in the BAL sample in  47 of 50 (94%) or reported use of THC vaping products in the 90 days prior to illness onset [31]. 20 of 20 THC-containing products seized by law enforcement in 2019 also contained vitamin E. No traces of vitamin E were found in 10 samples seized in 2018, which correlates temporally with the EVALI epidemic [25]. While clear that vitamin E acetate is identified as one element connected with EVALI, patients who vaped nicotine alone have also presented with EVALI, suggesting additional work is needed to identify other irritants that precipitate the inflammatory cascade resulting in EVALI.
Histopathological analyses reveal another common feature of BAL fluid samples from EVALI patients: the presence of lipid-laden alveolar macrophages [24]. However, the cause for this macrophage lipid deposition is not yet clear. Madison et al. report that long-term e-cigarette vapor exposure independent of nicotine in mice includes altered lung lipid homeostasis in alveolar macrophages and elevated surfactant-associated phospholipids in the airway [26]. Some studies suggest that vitamin E acetate may be an “exogenous” lipid source for the formation of foamy macrophages, while others pose that it is more likely due to alterations to lung surfactants or epithelial lining fluid and their phospholipid constituents associated with the inflammatory response to e-cigarettes/vaping [28, 32]. These effects on alveolar macrophages have been found to be associated with downregulated innate immunity against viral pathogens in mice and increased pulmonary inflammation and tissue damage in influenza infection when compared to controls lacking e-cigarette vapor exposure [26]. 
In addition, sputum sample analyses of e-cigarette users demonstrate a significant increase in oxidative stress-related proteins that have been historically associated with traditional cigarette use. Innate defense proteins such as elastase and matrix metalloproteinase-9, which are associated with chronic obstructive pulmonary disease, were found to be significantly elevated in e-cigarette users as well [27]. It has been demonstrated that two popular e-cigarette flavoring chemicals—diacetyl and 2,3-pentanedione which are commonly used in candy, fruit, and cocktail flavored vaping/e-cigarettes products—also contribute to the adverse lung effects of vaping, as exposure to these chemicals is associated with both a decrease in the number of ciliated airway epithelial cells and with downregulation of gene expression associated with cilia biogenesis [30]. Cinnamaldehyde, another popular e-cigarette flavoring agent that gives cinnamon its characteristic odor and flavor, impairs mitochondrial function, and reduces the ciliary beat frequency in airway epithelial cells, thus leading to decreased mucociliary clearance in the lungs [29].              

Methods:
This is a retrospective descriptive study of patients seen in the pulmonary clinic or hospital with a history of vaping product use. Patients aged 12 years to 23 years, with a history of vaping and with at least one pulmonary symptom who were evaluated at the NYU Langone Hospital-Long Island Pediatric Pulmonary Clinic or NYU Langone Hospital-Long Island from June 2019 through February 2021 were enrolled retrospectively.  

Descriptive statistics (mean ± standard deviation for continuous variables; frequencies and percentages for categorical variables) were calculated for the overall sample using SAS version 9.4 (SAS Institute Inc., Cary, NC).

The primary outcome of the study was to review vaping-associated PFT changes in the adolescent population, which is the most vulnerable age group for increased use of vaping products, in order to better understand short-term and long-term pulmonary outcomes. For PFT, data on spirometry, lung volumes, and diffusing capacity of the lungs for carbon monoxide (DLCO) were extracted from the patients' medical records within the EMR. All PFT were performed in accordance with ATS criteria. The authors also extracted the data on demographics (age, sex, and ethnicity), underlying health conditions (such as asthma, obesity, and mental illness), clinical presentation including the need for hospitalization and respiratory support, chest imaging, and type of vaping product was collected. 

Results:
A total of 37 patients were included in our case series. Of these, 23/37 (62%) were male, and 14/37 (37.8%) were female. The most common presenting symptoms were respiratory symptoms (cough, chest tightness/pain, dyspnea) 35/37 (94.59%), constitutional symptoms 11/37 (29.73%), and GI symptoms 9/37 (24.32%). A total of 12/37 (32.43%) were hospitalized; among hospitalized patients, 5/12 (41.6%) required intensive care, 9/12 (75%) of hospitalized patients required supplemental oxygen (4 required nasal cannula, 4 required high-flow nasal cannula, and 1 required intubation). A total of 25/37 (67.5%) reported vaping THC (5 reported using only THC-containing products and 20 reported using both THC and nicotine-containing products), and 9/37 (24.3%) reported using only nicotine vapes. Available reported duration of use in 22 cases was more than 1 year. Chest CT was performed in 22/37 (59%), and of these, 7 (31.8%) had bilateral ground-glass opacities. Other chest CT findings were bronchial wall and septal thickening, pulmonary nodules, lymphadenopathy (axial, mediastinal, and pretracheal), apical blebs, and cavitary lesions. A total of 9/37 (24.3%) had asthma, and 9/37 (24.3%) had a history of psychiatric disease. 
A total of 25/37 (67.5%) patients underwent PFT, 3 PFT were excluded for suboptimal technique, out of 22 optimal PFT as per ATS standard, 15/22 (68%) had abnormal PFT. 8/15 had a positive bronchodilator response evident by 12% and more increase in post-bronchodilator FEV1, 7/15 had air trapping with elevated RV and RV/TLC ratio, 6/15 had evidence of airway obstruction, 1/15 had evidence of restrictive change. A total of 3/15 had decreased DLCO.  



Table 1: Patient demographics, clinical characteristics, and treatment
	Characteristic
	n=37

	Age (mean ± SD)
	17.4 ± 2.1 years

	Gender:   
	

		Male
	23 (62.1%)

		Female 
	14 (37.8%)

	Medical history:
	

		Asthma 
	9 (24.3%)

		Mental health problems
	9 (24.3%)

	Presenting symptoms:
	

		Any respiratory symptoms 
	35 (94.5%)

		Any constitutional symptoms
	11(29.7%)

		Any GI symptoms 
	 9 (24.3%)

	Reported Product Use:
	

		Cannabis and nicotine containing products
	21 (56.7%)

		Nicotine containing products
	10 (27%)

		Cannabis containing products
	5 (13.5%)

		Not specified 
	1 (2.7%)

	Hospitalization:
	12 (32.4%)

		ICU care
	5/12 (41.7%)

		Respiratory support requirement
	9/12 (75.0%) 
(4 NC, 4 HFNC and 1 intubation) 

		Proportion treated with steroids
	12/12 (100%) 

	Evaluation:
	

		Chest radiograph
	33 (89.1%)

		Chest CT
	22 (59.4%)

		Bronchoscopy
	5 (13.5%) 

		Optimal PFTs
	22 (59.4%)








Table 2: Pulmonary function testing data 
	Case No:
	FVC %  p/c
Pre/postBD

	FEV1 % p/c
Pre/postBD

	FEV1/FVC (absolute) 
Pre/postBD

	FEF25-75% p/c
Pre/postBD

	FRC


	RV


	TLC

	RV/TLC
	DLCO/VA

	1.
	104/101
	102/101
	83/84
	95/93
	68
	92
	97
	94
	101

	3.
	96/97
	106/105
	96/94
	148/150
	113
	169
	108
	143
	76

	4. 
	108/110
	108/111
	86/87
	108/116
	98
	114
	107
	103
	61

	5. 
	95/91
	99/97
	87/89
	98/101
	96
	73
	88
	86
	79

	8.
	96/94
	90/95
	83/89
	75/90
	108
	116
	93
	112
	137

	9.
	104/103
	100/107
	80/87
	89/120
	107
	111
	103
	112
	82

	11. 
	91/94
	94/102
	91/94
	104/129 (+23)
	103
	134
	99
	144
	100

	12.
	81/80
	79/85
	82/89
	73/96 (+31)
	
	
	
	
	103

	13. 
	91/89
	93/93
	88/90
	94/106
	87
	108
	92
	105
	139

	16. 
	101/99
	93/98
	81/87
	80/93
	93
	83
	84
	88
	138

	18. 
	98/96
	108/86
	92/76
	120/64
	137
	142
	104
	122
	166

	20. 
	88/96
	94/98
	95/91
	96/121
	78
	119
	85
	138
	106

	21.
	88/90
	81/87
	80/84
	63/79
	108
	102
	92
	98
	186

	25.
	104/103
	97/98
	82/82
	82/83
	
	
	
	
	145

	26. 
	98/96
	102/99
	91/92
	113/110
	81
	97
	94
	103
	102

	27. 
	94/91
	95/95
	85/87
	94/98
	71
	81
	88
	92
	97

	29. 
	113/114
	113/116
	86/88
	103/116
	130
	154
	115
	119
	143

	30. 
	92/88
	89/88
	84/86
	81/81
	98
	100
	82
	109
	169

	32. 
	109/106
	88/100
	70/82
	55/78
(+40)
	119
	181
	110
	147
	83

	33
	112/109
	96/110
	73/86
	65/102 (+55)
	122
	148
	108
	138
	107

	34. 
	96/98
	86/94
	75/81
	63/88 (+39)
	136
	149
	107
	139
	94

	35. 
	90/88
	89/93
	85/91
	80/96 (+20)
	97
	85
	75
	113
	103


FVC: forced vital capacity, FEV1: forced expiratory volume in 1 second; FEF 25-75%:   FRC: Functional residual capacity; RV: residual volume; TLC: total lung capacity; DLCO/VA: diffusion capacity for carbon monoxide adjusted for alveolar volume; BD: bronchodilator.



Discussion:
To our knowledge, this is the largest retrospective descriptive case series reporting pulmonary function changes in symptomatic patients using e-cigarettes and vaping products in the adolescent population. We aimed to review the impact of the use of these products on PFT and the majority of our cases were seen in a pulmonary outpatient clinic. There are few case series available in the literature that describe the effects of EVALI on pulmonary function testing. Decreased DLCO has been reported indicating impaired gas exchange at the alveolar‐capillary membrane and likely a lingering residual defect [3,4,5,7]. In an adult study (aged 25-74 years) with 4,333 subjects, L M Neas et al reported decreased DLCO as a predictor of all-cause mortality rate independent of other spirometry measures [2]. Decreased DLCO was the most commonly reported abnormal PFT finding by Denitza P Blagev et al in a prospective, observational cohort study of 60 hospitalized patients with EVALI on follow-up after discharge (6/9 had PFT done, 5/6 had decreased DLCO) [3]. Mudassar Ahmad et al reported two cases with EVALI with decreased DLCO during post-hospitalization follow-up [4]. K. Tsirilakis et al reported PFT changes in three EVALI cases, done 1-6 days after starting systemic steroids, all had decreased DLCO; one showed a mild restrictive pattern, and one with a history of intermittent asthma showed lower airway obstruction and positive bronchodilator response [5]. Brian J. Carroll et al reported a cohort of 15 adolescents (mean age 17.1 years) hospitalized with EVALI, out of which 11 patients underwent PFT both inpatient and outpatient (mean follow-up 4.5 weeks). During hospitalization, 6 patients had abnormal PFT (2 had airflow obstruction, and 4 had restriction), 1 had positive bronchodilator response, and 3 had decreased DLCO.  During outpatient testing, 7 patients had abnormal PFT (5 had airflow obstruction, 1 had restriction, and 1 had mixed pattern), 1 had positive bronchodilator response, 4 had decreased DLCO, and plethysmography showed air trapping in 1 patient [7]. Ambika G. Chidambaram et al reported a cohort of 11 patients with EVALI (mean age 16.6 years); eight patients underwent PFT, and 3/6 had decreased DLCO [11]. Xingyu Wei et al reported PFT changes in patients with EVALI after hospital follow-up in a case series of 23 patients (mean age of 27 years), most patients had decreased DLCO (mild reduction in 15 patients and moderate reduction in 4 patients), 2/11 had a positive bronchodilator response. [39]

In our case series, PFT changes in symptomatic patients using e-cigarettes and vaping products were remarkable for heterozygous changes including obstructive pattern, air trapping, positive bronchodilator response and decreased DLCO; one case also had a restrictive pattern. All three patients with decreased DLCO had bilateral ground-glass opacities on chest CT; two required hospitalization (one was intubated). The patient requiring intubation had repeat PFT during follow-up visits at the pulmonary clinic with persistently decreased DLCO at 3 months and 12 months post-hospitalization for EVALI. 

Patients using THC-based products had more significant chest CT changes (3/5, 60% had bilateral ground-glass changes) as compared to patients using nicotine-containing products (4 of 9 underwent chest CT and none had bilateral ground-glass chest CT changes), 60% THC vs. 0% Nicotine, p<0.0275. 

There were 9 patients with asthma, PFT was available for 6 patients, and 4 had PFT changes (airway obstruction 1/air trapping 1 / positive bronchodilator response1 / airway obstruction, air trapping, and positive bronchodilator response 1).

Increased inflammation of the lower airway, impaired mucociliary clearance, and an increase in elastase and matrix metalloproteinase-9, which are associated with chronic obstructive pulmonary disease [27] may result in obstructive changes. Chemicals in vaping products may be responsible for airway hypersensitivity. More severe diseases affecting lung parenchyma and alveoli presenting as diffuse changes on chest CT may result in decreased diffusion capacity at the alveolar-capillary level, impairing oxygenation and lingering EVALI effects. 

Other findings were consistent with available reports in the literature; more patients were male, most common presenting symptoms were respiratory, constitutional, and gastrointestinal [6,10,11,15,18]. The most common chest CT change associated with EVALI was bilateral ground-glass opacity [7,11,15]. In our case series, THC and nicotine-containing EVALI devices were most commonly used. 

Conclusion:
In our case series, chronic use of e-cigarettes and the vaping product was associated with heterozygous abnormal PFT patterns in symptomatic patients seen in an outpatient setting. There are not many robust studies describing the impact of the use of these products on PFT, especially in the adolescent population using these products on regular basis with mild symptoms not necessary requiring hospitalization but do have abnormal PFT patterns and unknown long-term pulmonary sequelae of these changes and needs further research to identify the full impact of the use of these products on the lung function in adolescents. PFT may be used as a screening tool for identifying and monitoring the long-term pulmonary sequelae secondary to E-cigarette and vaping product use. 

Limitation:
This is a retrospective analysis with a small sample size and a lack of a control group with an inability to attribute causation analysis. We only enrolled patients with pulmonary symptoms which may contribute to selection bias and there was no standard time to obtain PFT. 
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