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Abstract

Introduction

Electronic cigarette (EC) use has increased rapidly in the last decade, especially among

youth. Regulating nicotine delivery from ECs could help curb youth uptake and leverage EC

use in harm reduction yet is complicated by varying device and liquid variables that affect

nicotine delivery. Nicotine flux, the nicotine emission rate, is a parameter that incorporates

these variables and focuses on the performance rather than the design of an EC. Nicotine

flux therefore could be a powerful regulatory tool if it is shown empirically to predict nicotine

delivery and subjective effects related to dependence.

Methods and analysis

This project consists of two complementary clinical trials. In Trial I, we will examine the rela-

tionship between nicotine flux and the rate and dose of nicotine delivery from ECs, hence,

impacting abuse liability. It will also examine the extent to which this relationship is mediated

by nicotine form (i.e., freebase versus protonated). At Yale School of Medicine (YSM), study
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participants will puff EC devices under conditions that differ by flux and form, while arterial

blood is sampled in high time resolution. In Trial II, we will assess the relationship between

nicotine flux, form, and subjective effects. At the American University of Beirut (AUB), partic-

ipants will use EC devices with varying nicotine fluxes and forms, while dependency mea-

sures, such as the urge to use ECs, nicotine craving, and withdrawal symptoms, will be

assessed. We will also monitor puffing intensity and real-time exposure to toxicants.

Ethics and dissemination

The protocol of Trial I and Trial II was approved by YSM and AUB IRBs, respectively. We

will disseminate study results through peer-reviewed publications and conference

presentations.

Trial registration: NCT05706701 for Trial I and NCT05430334 for Trial II.

Introduction

Background and rationale

The prevalence of electronic cigarette (EC) use worldwide is growing rapidly, especially

among youth and young adults, some of whom have never used any other nicotine-delivering

product [1–3]. For example, in 2022 in the United States, 14.1% of high school students and

3.7% of middle school students reported current use of ECs, with EC being the most com-

monly used tobacco product in this group [4]. Indeed, the appeal and prevalence of EC among

youth are usually attributed to several factors including flavoring, customizability, and effective

nicotine delivery [5–10]. While there is strong reason to believe that flavors contribute to EC

appeal in youth, [11–13] sustained use could be attributed to efficient nicotine delivery [14].

Early EC devices (i.e., cig-a-like) were flavored yet delivered little or no nicotine to the user

and their use was not sustained [15]. However, later product development led to efficient nico-

tine delivery from ECs that could exceed that of combustible cigarettes [14, 16]. Another inno-

vation was using nicotine salts in EC liquids. Nicotine salts are less harsh than freebase

nicotine, and make it easier for tobacco-naive users to inhale aerosols from high concentration

liquids (5–6%) [17, 18]. The nearly unlimited combinations of operating variables (i.e., electri-

cal power, liquid composition) generally increased the rate at which nicotine is emitted (i.e.,

“nicotine flux”; Shihadeh & Eissenberg, 2015) across EC products and increased abuse liability

of this product class [19–22].

To mitigate risk, regulators considered capping EC liquid nicotine concentration. Such a

policy became law in the European Union (EU) in 2014 and in Canada in 2021, with a limit of

20 mg/mL nicotine on EC liquids [23, 24]. In the USA, the states of Massachusetts and Utah

have limited nicotine concentrations to 35 and 36 mg/mL, respectively. Both states’ approach

was recently shown to yield a reduction in average nicotine strength purchased, yet with no

impact on unit sales compared to states without nicotine concentration limits [25]. However, a

major drawback of this approach is that users in a jurisdiction where nicotine concentration is

limited may circumvent the intent of the regulation to control nicotine delivery from ECs by

opting for higher-powered devices (i.e., open-system ECs) [26], and in the process increase

their exposure to respiratory toxicants [27]. A more promising regulatory approach focuses on

regulating nicotine flux, the rate at which an EC emits nicotine (e.g. micrograms per second)

[28]. As previously demonstrated, nicotine flux is a performance parameter that accounts for
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the overlapping effects of liquid composition (including nicotine concentration), and device

power [29].

Another factor that can impact EC nicotine delivery is the form of nicotine employed. Nic-

otine in tobacco products can exist in freebase and salt (protonated nicotine) forms. While

early ECs employed freebase nicotine, the industry switched to protonated nicotine liquids

that are far less harsh to inhale, making these products more appealing to novice users [30].

Products containing nicotine salts expose users to higher nicotine flux [17, 31]. Apart from

sensory effects, the speed and dose of nicotine delivered to the brain and the subjective effects

related to this delivery are likely mediated by nicotine form [32, 33].

This article summarizes the protocol of a project that aims to validate nicotine flux as a reg-

ulatory tool for nicotine delivery from ECs. To do so, this project should show empirically that

nicotine flux correlates with nicotine delivery parameters and subjective effects related to nico-

tine dependence. Nicotine dependence, as with other drugs, is a function of the dose delivered,

the speed of delivery, and subjective drug effects [34]. Smoking a combustible cigarette is an

efficient and rapid nicotine delivery method [35]. A recent brain imaging study showed that

under some conditions, EC delivered nicotine to the brain at a similar rate as a combustible

cigarette [36]. Also, several studies have demonstrated that EC nicotine delivery to the user’s

body depends on the combination of several operating variables [14]. Thus, nicotine flux, a

parameter that encapsulates all operating variables of EC could also capture drug dependence

variables such as nicotine delivery rate and dose, and this explanatory power makes it a potent

regulatory tool. Moreover, flux could be predicted easily using a validated physics-based math-

ematical model [37].

Objective and design

The project consists of two complementary randomized crossover clinical trials that assess the

correlation between nicotine flux and form with nicotine delivery and EC abuse liability. In

Trial I, we will examine the relationship between nicotine flux, nicotine form, and the rate and

dose of nicotine delivery. In the clinical lab at Yale School of Medicine (YSM), participants will

puff EC devices under conditions that differ by flux and form, while arterial blood is sampled

in high-time resolution. The outcome will indicate the degree to which nicotine flux and form

determine the speed and dose of EC nicotine delivery, and thus, contribute to abuse liability.

In Trial II, we will assess the relationship between nicotine flux, nicotine form, and subjective

effects. At the American University of Beirut (AUB), participants will use EC devices with

varying nicotine fluxes and forms. Subjective effects, such as the urge to smoke, craving, and

nicotine abstinence symptoms, will be assessed. Outcomes will indicate the degree to which

nicotine flux and form influence subjective effects, puffing intensity, and exposure to toxicants.

The latter will be assessed using real-time sampling during study sessions.

Design considerations

Two complimentary trials. This project is based on designs, procedures, and outcome

measures that have been used successfully in numerous peer-reviewed publications and exten-

sive preliminary work on the two study sites [38–41].

Selection of flux levels. S1 Fig shows the extent to which ECs vary in terms of nicotine

flux, and thus potentially abuse liability [42, 43], from the equivalent of a nicotine patch to

double that of a combustible cigarette [44–49]. The nicotine fluxes selected for this project (8–

35 mg/mL) are representative of ECs available in the global market, specifically the highly

prevalent pod-based ECs [7, 50].
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Methods and analysis

The protocols of both clinical trials were prepared in accordance with the 33-item checklist of

the Standard Protocol Items Recommendations for Interventional Trials (SPIRIT) [51].

Patient and public involvement

Patients or the public were not involved in the design, conduct, reporting, or data

dissemination.

Participants

For both trials, all participants must be healthy and above 21 years of age (18 for Trial II as this

is the legal minimum age for tobacco use in Lebanon). In addition, participants must be willing

to provide informed consent, attend lab visits, and abstain from tobacco/nicotine as required.

History of active cardiovascular disease, low/high blood pressure, seizures, regular use of pre-

scription medication (except vitamins/birth control), and last month’s use of cocaine, opioids,

benzodiazepines, or methamphetamines. Individuals who report using marijuana for>15

days in the last 30 days will be excluded. Women will be excluded if they are breastfeeding or

test positive for pregnancy (by urine test) at screening. Participants intending to quit tobacco/

nicotine use in the next 30 days will be excluded and referred to cessation treatment. Prior to

each session, participants will be instructed to abstain from nicotine/tobacco and/or EC use

and all participants will undergo an hour-long observation period prior to each study session

during which no nicotine/tobacco product will be permitted [52]. We are recruiting current

EC users at both sites defined as� 3 days/week of EC use for at least the past 3 months.

Study products

We are using the Subox Mini C EC device as this device has been proven to deliver nicotine

efficiently to the blood in our previous work [53]. All necessary Subox Mini C devices and

accessories were purchased from the US market. EC liquids will be prepared from a stock of

analytical grade 30/70 PG/GL liquid. This ratio is prevalent in EC devices, including JUUL

[43]. We predict with our mathematical model that for a Subox Mini C operating at 20 W with

a 30/70 PG/VG liquid, nicotine concentrations of 2, 4, 7, and 10 mg/mL will provide fluxes of

8, 18, 27, and 35 μg/sec, respectively. Protonated nicotine EC liquids will be prepared by add-

ing a stoichiometric ratio of benzoic acid to the stock solution of a given concentration. The

predicted nicotine fluxes for the Subox Mini C will be empirically verified at AUB using smok-

ing machine yields divided by total puff duration. For Trial I, EC liquids will be prepared at

The Ohio State University in Dr. El-Hellani’s lab, while for Trial II, EC liquids were prepared

in the AUB analytical lab. All EC liquids are stored in the dark at 5˚C in sealed containers.

Trial I methods

Recruitment and retention. For Trial I (currently recruiting), we estimated that we need

15 participants to detect the within-subject effect of nicotine flux*form on nicotine delivery

measured in arterial blood. We restricted randomization to fluxes per each form (i.e., 100%

freebase or 100% nicotine salt) (Fig 1). To maximize retention, each participant will be paid

$800 for completing a total of two visits (see below). This payment is for the time and inconve-

nience associated with participation and the potential discomfort caused by arterial blood sam-

pling. Recruitment started at 02/01/2023 and is expected to end by 01/31/2025.
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Trial design. This study involves a 4 x 2 crossover experimental design of four nicotine

fluxes: 8, 18, 27, and 35 μg/sec and two nicotine forms (i.e., freebase and protonated). The

selected nicotine fluxes were chosen to represent potential normative regulatory standards.

The YSM has a human research unit equipped with the necessary clinical setup and equip-

ment to withdraw arterial blood. It also has a research laboratory (directed by Dr. Tore Eid) to

measure nicotine and nicotine metabolites in biological fluids using liquid chromatography-

tandem mass spectrometry (LC-MS/MS, Waters Xevo TQ-XS, Waters Corporation, Milford,

MA) [41]. Participants are being asked to puff on the Subox Mini EC device at designated

fluxes and arterial blood samples will be collected at baseline and different time points during

the vaping session. The participant will vape all four fluxes of one nicotine form in a random-

ized order for a total of 4 vaping sessions per visit. The participant’s puffing time and inter-

puff interval will be controlled via an AUB-developed LabVape. The LabVape device is an

Fig 1. Standard protocol items: Recommendations for interventional trials (SPIRIT) recommended content for the schedule of enrolment,

interventions, and assessments for Trial I.

https://doi.org/10.1371/journal.pone.0291786.g001
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ARL research instrument that regulates the electrical power to the EC during use, and which

can be programmed to limit puff duration, minimum inter puff interval, and number of puffs

drawn by a user. In addition, the participant’s puffing behavior will be monitored and verified

using eTop, a technology developed by the AUB team to record puffing parameters.

Detailed study procedures. The flux/form conditions will be tested by participants in two

lab visits separated by two to three weeks to minimize carryover effects (Fig 2).

All sessions will be double-blind. Participants will use the EC device on the first visit

with one nicotine form and four fluxes in random order. Participants will be instructed to

attend the lab for a second visit, to test the four fluxes but with the other nicotine form. The

second visit will allow us to isolate the effect of nicotine form on nicotine pharmacokinetics

[54]. The order of nicotine form in the two visits will be counterbalanced across

participants.

Participants will be instructed to use the Subox Mini C EC in four bouts separated by a 60

min washout period. This period was determined based on our previous arterial measure-

ments on EC; it is deemed sufficient for the blood nicotine to return to baseline [41]. All EC

use bouts will be directed; each bout will consist of 3 puffs in which puff duration is fixed to 3

sec and the inter-puff interval is fixed to 30 sec (CORESTA recommended method No 81)

[55]. The puff duration and inter-puff interval will be fixed using LabVape. The eTop hard-

ware/software will record the puffing topography to identify any deviation between directed

and actual puffs drawn, for data analysis purposes. Participants will be trained to follow the

puffing cues prior to sampling using an unpowered EC device.

For arterial blood sampling, a radial arterial line will be placed on the non-dominant side to

provide access to blood samples during vaping sessions. Each blood sample (1.0–2.0cc) will be

drawn manually by a trained nurse at every time point, transferred to a collecting tube (BD

Vacutainer Serum Tube with Plus Serum/CAT with Clot Activator, Becton, Dickinson and

Company, Franklin Lakes, NJ) and allowed to coagulate at room temperature for 30 to 60 min-

utes. The tube will be centrifuged and the serum will be transferred to a clean, polypropylene

tube and stored in the freezer at -80˚C until analysis. After thawing, nicotine, cotinine, and

3-OH cotinine will be measured in the serum using LC-MS/MS with deuterated internal stan-

dards [56]. Blood will be sampled 30 sec prior to the initial puff, 5, 15, and 25 sec after each

puff, and 60 sec after the last puff of a bout. The obtained data will be used to calculate the

pharmacokinetic parameters of nicotine delivery under each condition.

Fig 2. Trial I study design and restricted randomization of conditions.

https://doi.org/10.1371/journal.pone.0291786.g002
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Trial I measures

Measures of interest include demographic data about age, gender, race, socio-economic status,

marital status, educational, and occupational levels will be assessed using a screening survey.

Also, the collected measures include maximum arterial blood level nicotine concentration

(Cmax), the rate of nicotine rise after the initial puff (dCi/dt), time to maximum arterial blood

level nicotine concentration (Tmax), the area under the curve (AUC) for nicotine, liquid con-

sumed (determined by EC gravimetric weight change, pre-post vaping bout), and puffing

topography records (i.e., puff duration, flow rate, and inter-puff interval). AUC from 0 to 160

min for the four 3-puff directed bouts will be estimated using a non-compartmental model

and trapezoidal rule. All measures will be corrected for baseline values by subtracting the

blood nicotine concentrations from the initial value (at the start of each bout).

Trial I data analysis plan and sample size calculations

To account for the repeated Cmax (adjusted for baseline at time zero) assessments design and

to evaluate the extent of within-subject correlation of Cmax outcomes, we will first compute

using linear mixed effect models, the intra-class correlation coefficients for the Cmax mea-

sures, first separately for each of the forms (protonated and freebase) and then for all Cmax

measurements from the same participant. This step will help us understand the magnitude

within-subject correlation of Cmax measures and to compare the within-subject correlation

for the two main forms. Next, for each of the forms, we will investigate how Cmax relates to

changing nicotine flux, by using linear mixed effect models (accounting for the within-subject

design) and flux conditions as a predictor; we will investigate flux conditions both categorically

and continuously to detect whether the change in Cmax follows a specific linear trend or

whether some flux concentrations relate differently to Cmax. We will use model fit criteria to

select the correlation structure and representation of flux concentrations that best describes

the data. This investigation will be complemented by splines and locally weighted scatterplot

smoothing (LOWESS) graphs to visualize plots of Cmax changes over the flux values. These

analyses will be performed separately for the protonated and freebase conditions to assess simi-

larities and differences in how the form of nicotine is influencing the Cmax-flux concentration

relationship. Finally, we will integrate the form effect by using linear mixed models with both

concentration and form as predictors as well as an interaction term between form*concentra-

tion to investigate whether different form-concentration combinations influence Cmax differ-

ently. The same sequence of analysis will be completed for the other outcomes of interest: dCi/

dt, Tmax, and AUC, to evaluate how the different fluxes and forms relate to the rate of rise of

nicotine, the time to Cmax and to cumulative nicotine exposure over time. We will investigate

the relationship between participants’ data, such as sex, age, history of smoking, and baseline

dependency scores with our pharmacokinetic outcomes. We will also look at whether some of

these characteristics, namely sex, change the relationship between nicotine flux and the out-

comes. In an additional analysis, we will evaluate whether nicotine fluxes are related to changes

in puffing intensity. We will also repeat the main analyses adjusting for puffing intensity.

For sample size calculation, assuming an alpha level of 0.05 and an ICC of 0.4 (which con-

servatively assumes only a modest correlation between Cmax measures within the same partic-

ipant), we estimated that we would need a total sample size of 15 subjects to detect with 90%

power a medium effect size of 0.4. With an anticipated higher ICC and a higher relationship

between flux and Cmax, as suggested by our prior work, this design will be well-powered to

investigate the relationship of Cmax and flux concentrations for each form separately, and

over 88% power to detect an effect size 0.4 for the between and within group comparisons [i.e.,

form*concentration]. We will continue recruitment until we achieve the targeted sample size.
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Trial II methods

Recruitment and retention. For Trial II (currently recruiting), we estimated that we need

130 participants to detect the within-subject effect of nicotine flux*form on subjective effects

related to dependence. We randomized flux*form for each participant and added a control

placebo condition (Fig 3). To ensure retention, each participant will be paid $250 for a total of

five visits (see below). The lower payment per session compared to Trial I is due to the absence

of arterial blood sampling. Recruitment started at 07/13/2022 and is expected to end by 06/13/

2024.

Trial design. Trial II will test the subjective effects of two nicotine fluxes (18 and 35 μg/

sec) coupled with two ratios of nicotine form (100% freebase or 100% protonated). Addition-

ally, a 0 mg/mL nicotine concentration condition will be used for comparison making a total

of 5 conditions. Participants will be asked to puff on an EC device with the designated nicotine

fluxes and forms, and subjective effects related to dependence will be measured. The EC device

will be attached to a previously validated (NIDA 1R01DA025659) real-time in-situ sampling

(RealTIME) device that unobtrusively samples the aerosol exiting the EC mouthpiece during

each puff for subsequent chemical analysis; the device also records puffing topography (puff

volume, duration, inter-puff interval). In this manner, mouth-level exposure to nicotine and

pulmonary toxicants for each participant will be assessed. Liquid consumption for each partic-

ipant use session will be also determined by pre- and post-weighing of the EC device.

Fig 3. Standard protocol items: Recommendations for interventional trials (SPIRIT) recommended content for the schedule of enrolment,

interventions, and assessments for Trial II.

https://doi.org/10.1371/journal.pone.0291786.g003
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Detailed study procedures. Fig 4 summarizes the study visit design of Trial II. Each par-

ticipant will attend the lab for five different visits that differ by nicotine flux and/or form in

random order. All sessions will be double-blind for participants and research staff.

As in Trial I, before each visit, participants will be instructed to abstain from nicotine/

tobacco and/or EC use. Following an hour-long observation period, participants will use

Subox Mini C in a 10-puff directed (30sec inter-puff interval) bout [52, 57]. One hour after the

first bout, participants will be instructed to puff on the device for 60-min ad libitum. Subjective

measures (i.e., nicotine dependence, drug effects, product liking, and craving) will be adminis-

tered 5 times/session: 5 min before and 5 min after the onset of the directed bout and 5 min

before, halfway into, and 5 min after the ad libitum bout. Also, we will use RealTIME to trap a

fraction of the aerosol emitted by the EC during each puff generated by the user, which allows

us to examine the hypothesis that increasing flux (by solely increasing nicotine concentration

not power; see [27]) will result in both reduced puffing intensity and reduced exposure to pul-

monary toxicants.

Trial II measures

In Trial II, the outcome measures include demographic data, subjective effects, puff topogra-

phy records, amount of liquid consumed, nicotine (yield and flux), and carbonyl compound

exposure. On the first visit to the clinic, participants will complete several surveys to assess

their nicotine dependence. These include the PROMIS Nicotine Dependence Scale [58] which

assesses the severity of nicotine dependence on cigarettes and the corresponding 4-item E-Cig-

arette Dependence Scale (EDS) which assesses dependence on ECs [59–61]. In addition, they

will complete the Fagerström Test of Nicotine Dependence questionnaires [62]. Product lik-

ing, craving, and drug effects will be assessed on a subjective scale (0–100, not at all-extremely)

immediately following product use. Product liking will be assessed by the Electronic Cigarette

Fig 4. Trial II study design with time points to collect survey data and RealTIME samples.

https://doi.org/10.1371/journal.pone.0291786.g004
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Specific Effects questionnaire [53], general labeled magnitude scale (gLMS) [63], and labeled

hedonic scale (LHS) [64]. Craving (QSU) [65] and withdrawal symptoms (Minnesota Nicotine

Withdrawal Scale) [66] will be assessed at baseline and following EC use. The Drug Effect

Questionnaire (DEQ) will measure acute effects consisting of 7 items: drug strength, high, feel-

ing stimulated, good effects, bad effects, wanting more drugs, and drug liking [56, 67].

Trial II data analysis plan and sample size calculations

For the primary analysis of the flux-subjective effects relationship, we will first evaluate the

intra- class correlation coefficients of subjective measures within each tested condition, then

within forms (3 fluxes: 0, 18, and 35 ug/sec and 5 assessments for each condition), to inform

the degree of correlation of subjective measures within the same flux condition and within the

same form. We will then use a linear mixed effect model to assess how the subjective measures

change across the 5 timepoints (i.e., the 5 measurements around the directed and ad libitum

bouts) for each nicotine flux, across fluxes, and between forms. The analyses will look at each

level separately and gradually build the significant levels/components of the model. They will

also include a graphical representation of how subjective assessments change in time for each

condition and across conditions (through splines and LOWESS plots of the subjective parame-

ters in relation to time assessments for each flux condition, and in relation to the different con-

centrations for the various conditions tested for each form). The structure of correlations and

modeling of the timing of the questionnaire for each condition will be assessed using model fit

criteria. Similarly, predictors of interest, including sex, age, history of smoking, and baseline

dependency scores will be investigated.

For sample size calculations, with alpha<0.05 and an ICC of 0.4, we estimated requiring 65

subjects to detect for each form, and with 90% power, a small effect size of 0.2 in the changes

of subjective assessments for each form. To integrate both the repeated assessments for each

form and the comparison between the two forms and with the 0 nicotine level condition, fol-

lowing a two-level design (the first level is the 5 repeated time point assessments within a con-

dition, and the second level is the cluster of 5 conditions form/flux combinations per subject),

we estimate a total sample size of 130 subjects to detect with 85% power an effect size of 0.5.

We will continue recruitment until we achieve the targeted sample size.

Research ethics approval

Institutional Review Board approval for Trial I and Trial II was obtained at YSM and AUB,

respectively.

Protocol amendments

Trial I was registered as NCT05706701 on ClinicalTrials.gov on Jan 31st, 2023, and last updated

on Feb 16th, 2023. Trial II was registered as NCT05430334 on Jun 24th, 2022, and last updated

on Aug 9th, 2023. Any amendment to the protocols will be approved by the corresponding

institutional IRB and reflected in the registered protocol.

Consent

All participants will be recruited under the guidelines of the AUB and Yale IRBs. The nature of

the procedures, the risks, and the financial remuneration for participation in the study will be

discussed with everyone before obtaining informed written consent by trained research staff

under the supervision of Drs. Talih, Baldassarri, and El-Hellani (project leaders). The study

team will always be available to address any questions that participants may have during the
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consent procedure and their participation in the study. Subjects are also “tested” on their

knowledge of the study before participation.

Confidentiality

The project leaders will be responsible for monitoring the data, assuring protocol compliance,

and conducting the safety reviews at the specified frequency every 6 months. REDCap software

will be used for secure data storage and analysis. Project leaders will prepare data safety moni-

toring reports twice a year, which include information on enrollment, participant retention

rates, adverse events, preliminary analyses, and data safety. During the review process, the

leaders will evaluate whether the study should continue unchanged, require modification/

amendment, or close the enrollment. All subject information will be kept confidential and

only members of the investigative team with appropriate IRB and HIPAA training will have

access to the study data. Data will be maintained and secured in locked file cabinets or pass-

word-protected electronic media. A numbering code will be used to assign a unique identifier

to each participant. This information is available only to study investigators.

Supporting information

S1 Checklist. Recommended items to address in a clinical trial protocol and related docu-

ments.

(DOCX)
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(PDF)
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