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ABSTRACT  

OF THE DISSERTATION OF 
 

Mario George El Hourani  for       Doctor of Philosophy 

      Major:  Mechanical Engineering 

 

 

Title: Aerosol Heat and Mass Transfer in The Regulatory Science of Emerging Tobacco 

Products 

 

 

For decades, the tobacco industry has manipulated the sensory characteristics of tobacco 

products including the degree of harshness experienced at the back of the throat. 

Commonly referred to as “throat hit”, this harshness derives from absorption of gas-

phase nicotine by the sensory nerves. Users learn to associate throat hit with the positive 

psychological effects of nicotine, making throat hit a secondary reinforcer for smoking. 

On the other hand, throat hit can make products aversive to nicotine naïve users and can 

mediate inhalation patterns. In recent years, ENDS manufacturers have increased 

nicotine content and lowered the freebase nicotine fraction of their products, making 

products that can deliver palatably a high nicotine dose. In this study we developed a 

simplified computational model of the heat and mass transfer processes for a nicotine-

containing aerosol generated by an ENDS device of given power and liquid 

composition flowing through the mouth and throat. We compared computed nicotine 

absorption in the throat to reported subjective effects from previous clinical studies 

conducted by our group. Across various ENDS configurations, we found that computed 

nicotine absorption in the upper airways strongly predicted subjective harshness scores 

(r=0.58; p<0.0001). This finding indicates the technical feasibility of making ENDS 

throat hit a regulatory target, i.e. to reduce product appeal to prospective nicotine naïve 

users.  In addition, this work comprises three additional studies directed at assessing 

toxicant origins, mouth level emissions, and nicotine emission rates of novel tobacco 

products. 
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CHAPTER 1 

PREDICTING “THROAT HIT” FROM ELECTRONIC 

NICOTINE DELIVERY SYSTEMS: A COMPUTATIONAL 

HEAT AND MASS TRANSFER MODEL OF NICOTINE 

ABSORPTION IN THE UPPER AIRWAYS 
 

 

1.1. Introduction 

The World Health Organization estimates that tobacco use kills 8 million people 

every year, and is a leading preventable cause of death and disease1. Containing the 

addictive psychomotor stimulant nicotine, tobacco smoke is a highly concentrated 

aerosol made of liquid particle droplets and gas molecules2. For cigarettes, the inhaled 

mainstream aerosol contains more than 7000 chemical compounds, 150 of which are 

thought to be toxic3. These toxic compounds can induce various adverse health effects 

including pulmonary inflammation, lung cancer, chronic obstructive pulmonary disease 

(COPD), cardiovascular disease, reproductive and developmental effects, and the 

suppression of the immune system4.  

In recent years electronic nicotine delivery systems (ENDS) became prevalent5. 

ENDS are battery-operated devices that vaporize a liquid mixture and deliver nicotine 

to users via an inhalable aerosol6,7.Various liquid compositions and flavors are 

commercially available and can also be custom made by users8. While ENDS liquids 

vary in composition, they usually contain vegetable glycerin (VG), propylene glycol 

(PG), nicotine, and flavorants 6,7 that appeal to youth and adults 9. ENDS contain an 

electrical heating coil that contacts a wick which draws liquid from a reservoir. When a 

user draws a puff, the coil is activated and the nicotine-containing liquid is heated and 
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vaporized from the wick, producing a dense, visible aerosol7. The heating process also 

leads to formation of toxicants that were not originally in the liquid10-12. Various 

compounds including nicotine are released into the gas phase at the hot coil/wick 

interface. As the vapors are convected away from the heated interface by the action of 

puffing, the semi-volatile components, including nicotine, condense and partition 

between particle and gas phases in the aerosol.  

While most tobacco users have attempted to quit13, consumption remains  

prevalent due to the addictive nature of tobacco products. The psychomotor stimulant 

nicotine is the main addictive agent in tobacco aerosols and it is widely thought that 

without it tobacco consumption would not be sustained14,15. The inhaled aerosol delivers 

nicotine to the brain within seconds following its absorption in deep airways and 

subsequent distribution through the cardiovascular system16. Nicotine reaches the 

mesolimbic reward pathway of the brain and attaches to nicotinic receptors on neurons, 

activating the release of dopamine, a neurotransmitter that leads to a sense of pleasure 

and reward16.  The centrality of nicotine delivery to continued smoking led the tobacco 

industry to design products that efficiently deliver nicotine to the brain by optimizing 

both nicotine emissions and sensory characteristics of the inhaled aerosol.  These 

factors largely govern the dose of inhaled nicotine by the user17.  The rate of nicotine 

emission per puff second from a given tobacco product (i.e. “nicotine flux”18) depends 

on product design parameters (e.g.  nicotine content, filter design, length and diameter 

for combustible cigarettes, and device power, and liquid nicotine concentration for 

ENDS).  

On the other hand, sensory characteristics of the inhaled aerosol can influence 

user puff topography and inhalation patterns. For example, cigar smoke is too harsh to 
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be inhaled deeply and therefore results in slower delivery of nicotine to the brain than a 

cigarette because nicotine uptake through the tissues of the oral cavity is far slower than 

the distribution of nicotine into the blood stream across the alveoli in the lung19. 

Sensory characteristics can be manipulated by using additives such as menthol 

to increase palatability20,  and pyrazine to amplify tobacco flavor and modulate upper 

airway harshness21.  Another important mechanism for manipulating sensory 

characteristic involves altering nicotine form. Nicotine can exist in two forms in the 

aerosol of tobacco products: free base (Nic) and protonated (Nic-H+). Protonated 

nicotine is acidic and non-volatile and can be present only in the particle phase. On the 

other hand, free base nicotine partitions between the particle and vapor phases to attain 

phase equilibrium 2. All else held constant, the vapor phase nicotine concentration in a 

tobacco aerosol varies with the product of the nicotine mole fraction in the particle 

phase, the fraction of the nicotine in the free-base form, and the thermodynamic vapor 

pressure of freebase nicotine at the aerosol temperature (i.e. increasing aerosol 

temperature will also increase vapor phase nicotine concentration).   

Nicotine vapor is absorbed efficiently in the oral cavity and upper airways 

during inhalation, and results in a harsh sensory “impact” known as “throat hit”, “throat 

grab”, or “throat scratch”. The harsh sensation is thought to derive from absorption of 

nicotine vapor in the region of the sensory nerves at the back of the throat22.  

Internal tobacco industry documents23-25 indicate that for decades the industry 

has been aware of the role of nicotine vapor in generating throat hit, and extensively 

studied the matter empirically. For example, a 1991 internal report23 by R.J. Reynolds 

cited various company studies of the processes of nicotine deposition in the throat and 

related subjective effects in human participants. Among the studies reported was one in 
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which smokers found that cigarettes with acids added to the tobacco during 

manufacturing elicited less throat hit than even low nicotine content cigarettes which 

had not been processed with an acid. Adding acid to tobacco converts free-base to 

protonated nicotine, and reduces the equilibrium concentration of vapor phase nicotine 

when that tobacco is smoked26. It is clear from the internal industry documents that 

tobacco companies believed that gas-phase nicotine concentration is the main 

determinant of throat hit sensation and is a function of nicotine concentration in aerosol 

particles as well as its form (protonated versus freebase).  

While throat hit might play a major role in the appeal/aversiveness balance of a 

certain tobacco product, it may also affect user puffing patterns (i.e. puff topography: 

duration, volume, interpuff interval). In particular, greater throat hit may result in 

shorter and fewer puffs due to irritation, and potentially impact nicotine delivery and 

abuse liability, including use of ENDS by previously naïve youth. If so, throat hit may 

be an attractive and potentially powerful regulatory target for public health ends.  

In this work, we sought to develop a computational model that could be used to 

predict throat hit of ENDS products, and its sensitivity to factors such as liquid 

composition, device characteristics and inhalation patterns. We hypothesized that a 

simplified 1-D Lagrangian model of an aerosol flowing through an idealized mouth-

throat model would capture patterns in reported throat hit from participants in clinical 

studies who used various ENDS products.  
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1.2. Methods 

1.2.1. Overview 

The problem at hand is to compute nicotine vapor absorption in the sensory 

nerves region of the throat as a user inhales from an ENDS product with known 

geometry, electrical power, and liquid composition with given PG, VG, nicotine 

concentrations, and freebase/protonated nicotine ratio. The approach taken involves 

following a bolus of aerosol emitted by the ENDS as it travels through the mouth and 

throat. During a puff, the aerosol is assumed to be inhaled directly from the device into 

the mouth and lung in a one-step process that ENDS users term “direct-to-lung”. During 

each puff, the flow was assumed steady and one dimensional in the axial direction of 

the airway at each discrete flow segment. We found that for a given aerosol mass 

concentration and composition, nicotine absorption in the upper airways was insensitive 

to particle diameter over the size ranges previously reported in the literature7 and we 

therefore modeled the aerosol as monodisperse and neglected coagulation.  

Initially in phase equilibrium, when the relatively warm aerosol bolus enters the 

mouth it is subject to a flow boundary whose temperature and humidity are 37.5 C and 

100% relative humidity, respectively. The difference in temperature and humidity 

between the walls and the aerosol creates thermal and mass concentration gradients that 

drive continuous transport of species and thermal energy between the walls, the bulk, 

and the particle phase. Broadly, the aerosol gains moisture and cools as it passes 

through the mouth and throat, while simultaneously the walls absorb thermal energy 

and volatile species from the aerosol, namely freebase nicotine, PG, and VG.  

The composite system model in this study therefore consists of the ENDS device 

and the mouth-throat, as shown in Figure 1. The ENDS model used in this work is 
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detailed in Talih et al. (2017), and takes as inputs the device power, liquid composition, 

device geometry and user puff topography and computes the time-resolved temperature 

and the mass concentration and composition of the multicomponent aerosol that exits 

the heating coil/wick assembly of the ENDS. To compute the temperature of the aerosol 

exiting the ENDS mouthpiece, we coupled the ENDS model of Talih et al. (2017) to a 

boundary-layer heat transfer model using the geometry of the Subox Mini-C ENDS 

product used in the clinical studies (described below) to determine the aerosol 

temperature at the exit of the device mouthpiece. The exit temperature was verified by 

measurements described in the Appendix. The temperature, mass concentration, and 

composition at the mouthpiece exit are then taken as the inlet conditions for the mouth-

throat computations. 

 

 

Figure 1: Schematic representation of the modeled system consisting of the ENDS 

device and upper airway. 

The modeled airway domain extends from the mouth to the upper trachea, and 

the flow in it is treated as one-dimensional. The domain is discretized along the axial 

direction, and at each airway segment the temperature and composition of the aerosol is 

computed using energy and species balances. The heat and mass exchange between the 

Power, geometry, 
liquid composition
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temperature & 
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bulk phase of the aerosol and moist airway walls, as well as between the aerosol 

particles and the bulk phase are computed at each segment. ENDS aerosol particles are 

small enough to be treated as quiescent with respect to the surrounding vapors, and the 

heat and mass transfer between the vapor and particle phases is sufficiently small that it 

can be computed using Maxwell’s quasi-stationary diffusion equation27. The total 

nicotine absorbed during a puff is computed at each location by summing the nicotine 

absorbed at each time step of the simulation. Particle deposition in the upper airways is 

negligible due to the low Stokes number and low diffusion coefficient of particles in the 

50-500 nm size range which is typical of ENDS aerosols28.  

Energy and mass exchanges between the bulk and airway wall are computed at 

each segment using a boundary layer formulation in which the local heat transfer 

coefficient is determined by fitting to a 3D computational fluid dynamics simulation 

described below. Mass transfer coefficients were determined from the heat transfer 

coefficient using the heat-mass transfer analogy29.  

Finally, the utility of the model was demonstrated by comparing computed rates 

of nicotine vapor absorption in the throat region to reported scores of subjective “throat 

hit” sensation from recently conducted clinical studies with varying ENDS products. 

Each of these aspects of the work is described below in more detail. 

 

1.2.2. Governing transport equations  

As the aerosol flows into the upper airways, gas-phase mass transfer to/from the 

airway walls is initiated by concentration and temperature differences between the 

relatively warm and dry aerosol bulk phase and the relatively cool water-saturated 

airway walls. This exchange of mass and heat between the walls and the bulk results in 
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a dynamical system in which particles continuously absorb water vapor and lose 

thermal energy as they flow downstream. The rate of vapor mass transfer to/from the 

particle surfaces is a function of the particle composition, size, and vapor pressure of 

individual aerosol species, which, in turn, changes with particle temperature. The 

relevant variables are related through the mass, species, and energy conservation 

equations, and thermodynamic properties of the various species, as given below, for a 

monodisperse aerosol system flowing through a given airway segment. 

 

Vapor mass transfer rate to/from airway walls: 

�̇�𝑣,𝑖 = ℎ𝑚,𝑖 𝐴𝑠 ∆𝐶𝑖            (1) 

Where the subscript “i” refers to individual species (i.e. nicotine, PG, VG, and water), 

and ℎ𝑚,𝑖 is the mass transfer coefficient for the correspondent species.  

Bulk phase species conservation: 

𝑑𝐶𝑖

𝑑𝑡
= 𝑁𝑝

𝑑𝑚𝑝,𝑖

𝑑𝑡
−

 �̇�𝑣,𝑖

𝑉
           (2) 

Where 𝑁𝑝 is particle number concentration, 𝑚𝑝,𝑖 is the mass of species i in the particle 

phase, and 𝑉 is the volume of the airway segment. 

Particle phase evaporation/condensation: 

𝑑𝑚𝑝,𝑖

𝑑𝑡
= 2𝜋𝛷𝑑𝑝𝐷𝑣,𝑖

𝑀𝑖

𝑅
(

𝑃𝑏,𝑖

𝑇𝑏
−

𝑃𝑠,𝑖

𝑇𝑝
)          (3) 

The rate of change of the mass of species i in the particle 
𝑑𝑚𝑝,𝑖

𝑑𝑡
 is corrected for non-

continuum effects via the Fuchs correction factor, 𝛷 =
2𝜆+𝑑𝑝

𝑑𝑝+5.33(𝜆2𝑑𝑝)+3.42𝜆
 .The vapor 

pressure of species i at the particle surface, 𝑃𝑠,𝑖, was computed as the product of the 

mole fraction and the thermodynamic saturation pressure of that component evaluated 



 18 

at the droplet temperature, modified by the activity coefficient 𝜁𝑖 to account for non-

ideal solution behavior, and the Kelvin effect multiplier 𝐾 to account for pressure 

elevation due to droplet surface curvature in a liquid with surface tension 𝛾𝑝: 

𝑃𝑠,𝑖 = 𝜁𝑖𝐾 nf,iPv,i           (4) 

𝐾 = (
4𝛾𝑝𝑀𝑝

𝜌𝑝𝑅𝑇𝑝𝑑𝑝
)            (5) 

For nicotine transport, equation (4) is also multiplied by the free-base fraction of 

nicotine in particle phase 𝛼𝑓𝑏. While 𝜁 for PG and VG is near unity, semi-polar 

molecules such as nicotine exhibit an activity coefficient greater than unity30. Pankow et 

al. 30 determined an activity coefficient of 2.1 for nicotine in a 50/50 PG/VG solution. 

We used the COSMO-RS tool from the Amsterdam Density Functional software 

package (Software for Chemistry and Materials31) to determine 𝜁 at other PG/VG ratios 

(shown in Table 1).  

 

PG/VG Nicotine activity coefficient 

100/0 1.16 

70/30 1.67 

50/50 2.25 

30/70 3.17 

0/100 5.82 

    Table 1: Activity coefficient of nicotine in solution for various PG/VG ratios 

 

Particle temperature: 

𝑚𝑝𝑐𝑝,𝑝 
𝑑𝑇𝑝

𝑑𝑡
=  𝑄𝑝

̇             (6) 

Where  𝑄𝑝
̇ = 2𝜋𝑘𝑎𝑑𝑝(𝑇𝑏 − 𝑇𝑝)   is the heat transfer rate by conduction from a single 

droplet to the bulk phase.  

Bulk phase temperature: 
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𝜌𝑎𝑐𝑝,𝑎
𝑑𝑇𝑚,𝑏

𝑑𝑡
= −𝑁𝑝�̇�𝑝 +  𝑄𝑤

′̇            (7) 

Where 𝑄𝑤
′̇ =

ℎ𝐴𝑠

𝑉
(𝑇𝑏 − 𝑇𝑤)  is the heat transfer rate by convection per unit volume from 

the aerosol bulk to the airway walls. Air properties are used for the bulk phase because 

the mass concentration of all other species combined is orders of magnitude less than 

air.  

 

1.2.3. Airway geometry and discretization   

The mouth-throat model used in this study was derived from a computed tomography 

scan of an adult volunteer and is described in detail in Golshahi et. al (2023). The 

geometry shown in Figure 2 comprises the oral cavity (OC) and the laryngeal tracheal 

(LT) airway. The OC extends from the oral entrance to the oropharynx (the starting 

point of the pharynx), while the LT airway stretches from the oropharynx to the upper 

trachea. The geometry was dissected into 67 sections also shown in Figure 2, so that the 

perimeter and cross-sectional area of each section could be determined. All sections 

were chosen to be normal to the local axis of the airway. It is assumed that the perimeter 

and cross-sectional area of the airway segment between two consecutive sections are 

constant and equal to the average of the two sections. The hydraulic diameter at any 

airway segment can be computed as: 

𝑑ℎ𝑦𝑑 = 4
𝑉𝑎𝑤

𝐴𝑠,𝑎𝑤
                      (8) 
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  The total length of the OC was 7.3 cm, with an average perimeter and cross-

sectional area of 6.52 cm and 1.62 cm2, respectively. The LT airway was 11.4 cm in 

length, with the perimeters and cross-sectional areas averaging at 6.00 cm and 1.79 cm2 

respectively. The cross-sectional areas, perimeters, and hydraulic diameters of the OC 

and LT airway are provided in the Appendix.  

 

1.2.4. Airway wall heat and mass transfer coefficients   

To determine the relevant values of the local mean heat and mass transfer 

coefficients along the airway, flow through the detailed upper airway geometry was 

simulated in 3-D using the ANSYS FLUENT software package. Simulated flow rates 

ranged from 1 to 20 SLPM, in 1 SLPM increments. The Mesh tool in ANSYS was used 

to geometrically discretize the upper airway in approximately five million regular 

tetrahedral-shaped elements ranging in size between 0.12 and 0.74 mm at an average 

edge size of 0.38 mm.  A laminar viscous model was employed for flow rates between 1 

and 4 l/min, and a transition SST k-omega model was employed at the remaining flow 

Figure 2: Upper airway geometry and sections 
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rates. The inlet flow temperature was set to 373 K, while the airway walls were set to 

310 K. The mean air temperature was computed at each of the 67 sections of the 

discretized model. Based on the temperature change across each flow segment, the local 

heat transfer coefficient could be determined. Nusselt number values were then 

calculated at each airway section for each flow rate as 

𝑁𝑢 =
ℎ𝑑ℎ𝑦𝑑

𝑘𝑎
             (9) 

A lookup table was generated for Nusselt number values at each airway section and 

flow rate (see Appendix). To verify the approach, temperature predictions using the 1-D 

flow formulation and lookup table were compared to those obtained from the 3-D 

ANSYS simulations. Figure 3 shows the obtained cross-sectional mass-weighted mean 

temperature along the airway at two representative flow rates, 5 and 10 l/min, for the 3-

D CFD simulations and simplified 1-D model. As shown, the computed temperatures 

were in good agreement. Simulations were also run at an inhalation temperature of 

323K and the resulting temperature profiles also showed very good agreement (results 

not shown).The mass transfer coefficient of any component in the aerosol can be 

obtained from heat and mass transfer analogy29 by: 

ℎ𝑚,𝑖 =
𝐷𝑣,𝑖ℎ𝐿𝑒

1
3

𝑘𝑎
             (10) 
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1.2.5. Initial aerosol particle size at airway inlet 

The condensation sink diameter corresponding to a typical particle size 

distribution of the aerosol of ENDS was used7. As described by Lehtinen et al.32, the 

condensation sink diameter is the particle diameter of a monodisperse aerosol exhibiting 

the same net condensation or evaporation rate as a polydisperse aerosol.  For the ENDS 

particle size distributions measured by Baasiri et al.7, calculated condensation sink 

diameters were 152 nm, 130 nm, and 64 nm for PG/VG ratios of 0/100, 70/30, and 

100/0 respectively. However, in the current study simulations showed that the rate of 

nicotine vapor absorption in the throat region did not vary significantly across a wide 

range size range of ENDS aerosols. The independence from particle size can be viewed 

Figure 3: Temperature variation along the upper airway at 5 

and 10 SLPM obtained from the CFD simulations and the 

developed mathematical model. The inlet aerosol temperature 

was 373K while the airway wall temperature was constant at 

310K. 
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through the coupling number, which is defined for an aerosol flowing through a tube as 

the ratio of the rate at which vapors condense/evaporate from the particle phase to the 

rate at which vapors condense/evaporate from the tube walls33: 

𝐶𝑁 =
2𝜋𝑑𝑝(𝜌𝑎𝐶𝑝𝑎𝛼)𝑑ℎ𝑦𝑑

ℎ
        (11) 

Owing to the high number concentrations, the coupling number for ENDS 

aerosols is several orders of magnitude greater than unity, which means that the particle 

phase adjusts instantly to boundary heat/mass transfer induced changes in the vapor 

phase, even across a tenfold change in aerosol particle diameter. Therefore, to simplify 

presentation of results, all simulations reported below assume a particle diameter of 100 

nm, with a mass concentration, aerosol composition, and temperature computed by the 

ENDS model for the conditions examined. 

 

1.2.6. Numerical solution 

A Lagrangian approach was implemented to model the aerosol flow in the upper 

airway, wherein a differential volume of aerosol with moving control surfaces was 

tracked in time. The differential volume equals the local volumetric flow rate multiplied 

by the time step 𝑑𝑡 and geometrically takes the shape of the airway walls. At each time 

step, the tracked aerosol volume moves by its width 𝑑𝑙 such that 𝑑𝑙 = 𝑣𝑛𝑑𝑡 where 𝑣𝑛 is 

the average axial velocity, resulting in a Courant Number of unity. Airway surface area, 

hydraulic diameter, and Nusselt number values were obtained at each time step from 

lookup tables depending on the location of the tracked volume in the upper airway.  

At each time step, the heat and mass transfer differential equations were solved 

simultaneously in the MATLAB computing environment using a first order explicit 
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finite difference scheme. A time step of 1x10-7 s was found to be sufficiently small to 

assure time-step independent results.  

 

1.2.7. Human subjective effects 

We retrieved data from two recent clinical studies performed by our group at the 

Virginia Commonwealth University (VCU) in which subjective throat hit was reported 

following electronic cigarette use.  These studies involved ENDS liquid compositions 

with varying freebase fraction, nicotine concentration, and electrical power. In the first 

study (S1)34, 32 participants used a sub-ohm electronic cigarette (SUBOX Mini-C) 

under four conditions differing by device power, liquid nicotine concentration and form 

as shown in Table 2. For all conditions of study S1 nicotine was predominantly in the 

free-base form. For each of the four conditions, participants used the ENDS device for a 

10-puff directed bout followed by a 60-minute ad-lib smoking period.  

In the second study (S2)35, 23 ENDS users were recruited and underwent a 

similar smoking sequence as in study (S1), but this time nicotine was mostly in the 

protonated form. Table 2 also summarizes the conditions of study (S2). 

 

Condition 

Nicotine 

Concentration (mg/ml) 

Freebase 

Nicotine Mass % 

Device Power 

(W) 

S1-1 8 83 40.5 

S1-2 3 83 40.5 

S1-3 8 93 13.5 

S1-4 3 93 13.5 

S2-1 10 < 1 15 

S2-2 15 < 1 15 

S2-3 30 < 1 15 

S2-4 10 < 1 30 

S2-5 15 < 1 30 

S2-6 30 < 1 30 
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Table 2:  Conditions of studies (S1) and (S2) differing by the power of the sub-ohm 

device used (SUBOX Mini-C), nicotine concentration and form. The PG/VG ratio of all 

conditions was 30/70.   

Outcomes of both studies included puff topography (i.e. number of puffs, puff 

duration, interpuff interval, and flow rate) and various subjective effects including 

throat hit sensation. Throat hit sensation was reported on an analog scale ranging from 0 

(minimum) to 100 (maximum). For both studies the ten-puff directed bout was used for 

correlation against model predictions of nicotine throat deposition. Model simulations 

were run for each participant using average values of the measured puff topography 

parameters corresponding to each use condition, resulting in a total of N=127 and 

N=106 conditions for studies (S1) and (S2) respectively. 

 

1.2.8. Statistical analysis  

Linear regression of predicted and measured variables was performed using SPSS 

version 23.0 (IBM, Armonk, NY, USA). Statistical significance was set at p < 0.05. 

 

1.3. Results and discussion 

Across all conditions, the simulations showed that when the ENDS aerosol 

enters the oral cavity, most of the nicotine (circa 90%) is found in the particle phase. 

Near the entrance of the oral cavity, PG, VG, and nicotine vapors are scavenged by the 

relatively cool walls, causing evaporation from the particle phase to restore phase 

equilibrium. As the aerosol flows further into the cavity it loses heat to walls, resulting 

in a drop in temperature and therefore vapor pressure of its components. This drop 

reduces the equilibrium vapor mass concentration of all the semi-volatile species, 

including nicotine. The drop in temperature also accelerates water vapor uptake from 
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the oral cavity to the particles, which, in turn, dilutes the particle phase nicotine 

concentration and further lowers the equilibrium nicotine vapor concentration. As a 

result of these overlapping processes, by the time the aerosol enters the throat, the 

particle phase nicotine has been diluted by water by nearly 50% and the mass 

concentration of vapor phase nicotine has been reduced by 80%. Thus the simulations 

indicate that the oral cavity plays a major role in humidifying and cooling the aerosol 

and denudes it of most of the nicotine vapor prior to its entry into throat. Even without 

mouth-hold, the oral cavity greatly modulates throat hit.   

Another salient feature of the nicotine absorption dynamics observed across all 

conditions was that that the condensed phase provides almost none of the nicotine that 

causes throat hit. Contrary to the intuitive notion that the particles represent a large 

nicotine reservoir that continuously feeds the vapor phase to make up for that absorbed 

by the flow boundaries, the particle phase competes with the oral cavity and throat walls 

for vapor phase nicotine. In other words, the simulations showed that throat deposition 

of nicotine would actually increase if the particle phase had been trapped by a filter 

prior to entering the oral cavity.  

Thus, to a first approximation, the simulations indicate that the initial vapor phase 

nicotine is the dominant factor governing throat hit. With regard to segmental 

deposition of nicotine in the throat, we found that the first third of the laryngeal tracheal 

airway had the greatest deposition flux, due to the combination of the relatively elevated 

vapor nicotine concentration and high convection coefficient. Finally, the simulations 

showed that inhalation velocity has a significant effect on throat absorption, with 

greater velocities resulting in a greater absorption of nicotine at the walls due to 
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enhanced convective mass transfer rates. These and other effects are examined in more 

detail below. 

 

1.3.1. Effect of device operating parameters on throat hit 

The effect of device operating parameters and user smoking behavior on 

nicotine vapor deposition in the upper airway was tested by running the model at five 

conditions summarized in table 3, where device power, nicotine concentration, freebase 

nicotine fraction and flow rate were varied individually with respect to reference 

condition A. For all simulated conditions, the PG/VG ratio was 30/70. Table 3 also 

presents the predicted total mass of nicotine inhaled in addition to the total nicotine 

vapor mass deposited during a four second puff in both the oral cavity and laryngeal 

tracheal airway.  

 

Condition 

Device 

Power 

(W) 

Nicotine 

Concentration 

(mg/ml) 

Freebase 

Nicotine 

Mass 

(%) 

Flow 

Rate 

(l/min) 

Total 

Nic. 

Inhaled 

(µg) 

Nic. 

Vapor 

Inhaled 

(µg) 

 

Nic. 

Vapor 

Deposition 

in OC 

(µg) 

Nic. 

Vapor 

Deposition 

in LT (µg) 

A 30 10 90 10 473 47  11 2.6 

B 15 10 90 10 124 8.1  2.6 1 

C 30 5 90 10 235 23  5.5 1.3 

D 30 10 90 5 385 42  10 1.6 

E 30 10 10 10 431 5.2  1.2 0.3 

Table 3: Predicted nicotine vapor deposition in the upper airway during a 4 second puff 

for five conditions that differ by power (15 vs 30 W), nicotine concentration (5 vs 10 

mg/ml), freebase fraction (10 vs 90 %), and inhalation flow rate (5 vs 10 slpm). 

Simulation results show that the predominant nicotine vapor deposition in the 

upper airways takes place in the oral cavity and ranges between 60 to 85% of the total 

nicotine vapor deposition across the five simulated conditions. This can be attributed to 

the higher mass transfer coefficients in the oral cavity compared to the LT airway and to 

higher nicotine vapor concentration gradients between the aerosol bulk and airway 

walls in the oral cavity. Moreover, the aerosol loses heat to the airway walls as it flows 
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in the upper airway resulting in the decrease of the vapor pressure of individual aerosol 

components including nicotine. In addition, the bulk water vapor concentration 

increases along the flow direction and results in the dilution of the particle due to water 

vapor condensation and a drop in the molar fraction of nicotine, PG, and VG. This will 

lead to a lower resistance to nicotine vapor condensation to the particle phase as a result 

of equation (3) and less nicotine vapor will be available in the aerosol bulk for mass 

transfer to the airway walls. These processes are illustrated in figures 4 and 5 showing 

the evolution of bulk phase concentrations of aerosol components, aerosol bulk 

temperature, and particle phase molar fractions along the airway for condition A.  

A second observation from Table 3 is that there is no clear correlation between 

throat nicotine vapor deposition and the total mass of inhaled nicotine. The total mass of 

inhaled nicotine for condition E is similar to condition A and several times higher than 

conditions B to D yet nicotine vapor throat deposition of condition E is significantly 

lower than the other four conditions. The effect of nicotine flux on throat deposition is 

further discussed in the next section.  
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Figure 4: Aerosol component concentration variation along the airway for   

condition A.  

 

Figure 5: Aerosol temperature and particle phase molar fractions 

variation along the airway for condition A.  
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Throat nicotine vapor deposition increased with device power, nicotine 

concentration, freebase fraction and inhalation flow rate. An increase in nicotine 

concentration (i.e. molar fraction of nicotine in the particle phase) and freebase fraction 

leads to a higher nicotine vapor concentration entering the oral cavity as shown in 

equation (4). The higher molar fraction of nicotine also boosts the partial pressure of 

nicotine on the particle’s surface, reducing the condensation potential of nicotine vapor 

from the aerosol. Further, the increase of throat nicotine vapor deposition with 

increasing flow rate results from higher values of the mass transfer coefficients in all 

airway sections. 

At higher device powers, the temperature of the aerosol and the concentration of 

particles at the entrance of the oral cavity increase, leading to two outcomes. First, 

higher temperatures cause the vapor pressure of nicotine to rise, making more nicotine 

vapor available at the oral cavity entrance. Additionally, higher nicotine vapor pressures 

reduce the condensation of nicotine on the particles, as indicated by equations (3) and 

(4), allowing for higher nicotine vapor concentrations for absorption in the upper 

airway. Second, the rise in particle concentration decreases the dilution rate per particle 

as water and other aerosol components condense on the particle's surface. 

The segmental nicotine vapor deposition rates per cm2 of throat surface area for 

conditions A through E are illustrated in Figure 6. The first third of the laryngeal 

tracheal airway accounted for the highest nicotine deposition rates across the five 

simulated conditions and this can be attributed to higher nicotine vapor concentrations, 

nicotine molar fractions in the particle phase, and bulk temperatures as shown in figures 

4 and 5.  
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1.3.2. Throat nicotine vapor deposition and throat hit   

Figure 7 shows the reported subjective throat hit scores as a function of the model 

predicted nicotine vapor deposition per puff second. There was a significant positive 

correlation between reported subjective throat hit values and model predicted nicotine 

vapor deposition (r=0.58; p<0.0001) indicating that the developed model demonstrates 

the association of subjective throat hit with nicotine vapor deposition in the throat 

region. On the other hand there was no correlation between nicotine flux and subjective 

throat hit as illustrated in figure 8. Conditions with significantly higher nicotine flux 

using protonated nicotine exhibited significantly lower throat nicotine vapor rates 

compared to conditions where freebase nicotine was used showing that nicotine flux can 

be tuned independently from throat hit. 

  

Figure 6: Predicted segmental nicotine vapor deposition rates per cm2 of throat surface area at 

conditions shown in table 4. 
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1.4. Conclusion 

 Throat hit resulting from the inhalation of ENDS aerosol can be reliably 

predicted using computer simulations and is the net outcome of the interplay of various 

Figure 7: Subjective throat hit sensation vs model predicted throat hit 

flux for all conditions of studies of (S1) and (S2) – N=233 

 

Figure 8: Subjective throat hit sensation vs model predicted nicotine flux for all 

conditions of studies of (S1) and (S2) – N=233 
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variables related to the device use conditions and user puff topography. Nicotine flux 

can be manipulated by ENDS manufacturers independently from throat hit allowing for 

products having high nicotine flux and relatively low throat hit readily available for 

people having low harshness tolerance like nicotine naïve youth. The developed model 

is a potential tool that can be used by regulators for convenient exploration of the 

interplay between ENDS properties and throat hit.  
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CHAPTER 2 

DOES THE BUBBLER SCRUB KEY TOXICANTS FROM 

WATERPIPE TOBACCO SMOKE? MEASUREMENTS AND 

MODELING OF CO, NO, PAH, NICOTINE, AND 

PARTICULATE MATTER UPTAKE 
 

 

2.1. Introduction 

Waterpipe tobacco smoking (WTS) (aka narghile, hookah, shisha; see Figure 9) 

has been characterized as a global epidemic36. Previous studies reported that a single 

waterpipe (WP) use session involves inhalation of large quantities of the same toxicants 

that are deemed responsible for dependence, cardiovascular disease, cancer, and 

pulmonary disease in cigarette smokers37, and that regular WP users are prone to many 

acute and long term adverse health effects38. Researchers attribute the appeal of this 

tobacco use method to the availability of a vast array of sweetened tobacco flavors39, the 

social functions served by WP smoking particularly for youth40, mega-marketing 

platforms such as the internet41, and a deficiency of WP-specific tobacco control 

measures42.  Another reason given for its widespread popularity is the common 

perception that water bubbler filters the smoke from harmful constituents.43,44  To date, 

this perception has not been addressed head-on by a study quantifying the effect of the 

water bubbler on the major classes of toxicants found in WTS; such as study can 

support development of tobacco control messages directed to the public.  In this study 

we compared nicotine, carbonyl compounds (CCs), polycyclic aromatic hydrocarbons 

(PAHs), NO, CO, and dry particulate matter (DPM) yields in WTS generated when the 

smoke traveled through the water bubbler and when it bypassed the bubbler.  These 
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toxicants are among the major causative agents in cigarette smoking-related addiction, 

cancer, and cardiovascular and pulmonary diseases45 

 

2.2. Methods 

2.2.1. Study design 

We measured mouthpiece toxicant emissions for two different experimental 

conditions, each repeated 5 times in random order. In the first condition, a standard WP 

(Figure 9a) was used in which the smoke bubbled through the water. In the second 

condition (Figure 9b), a flow fitting was attached to the bubbler inlet, which allowed the 

smoke to bypass the water. The bypass fitting consisted of a cylindrical tube that was 

closed on one end; the other end contained four outlet ports that exhausted above the 

water line of the bubbler, allowing the smoke to travel directly to the hose without 

passing through the water (Figure 9c). This experimental approach allowed the dead 

volume in the waterpipe vase to remain constant across conditions.  

 

 

Figure 9: Schematic of a waterpipe a) unmodified, and b) configured such that the 

smoke bypasses the water bubbler. 
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2.2.2. Smoking machine protocol 

We programmed a digitally controlled smoking machine46 to generate smoke in 

accordance with the Beirut Method, which specifies 171 puffs of 2.6s duration, at a 

flow rate of 12.2 L/min, and with a 17 s interpuff interval47. Further details about 

waterpipe preparation and charcoal application are provided in Shihadeh & Saleh 

(2005).48 The waterpipe used in the study was manufactured by MYA (53 cm overall 

height, leather hose with infiltration rate of 1.8 liters per minute, when tested in 

accordance with Saleh & Shihadeh (2008)49). 

 

2.2.3. Sampling and analysis 

We measured emissions included total particulate matter, DPM, nicotine, CO, 

NO, PAHs, and nine carbonyl compounds CCs. Particulate and gas-phase constituents 

exiting the waterpipe mouthpiece were measured directly online (nitric oxide) or 

trapped by a combination of particle filters, silica denuders, and grab sample bags and 

analyzed off-line, as described in Shihadeh et al. (2012)48.  Nicotine was quantified by 

GC-MS using standard procedures described in in Siegmund et al. (1999)50.  PAHs 

were quantified using the methods described in Jawad et al.(2018).51  As described in 

Shihadeh et al. (2012)48, CCs were trapped on DNPH-coated H10 cartridges for offline 

analysis using high-performance liquid chromatography–mass spectrometry (HPLC-

MS), while NO and CO were measured using a rapid-response EcoChem CLD 70S 

chemiluminescence analyzer and electrochemical sensing, respectively. Karl-Fisher 

titration was used to determine particulate water content, as per Shihadeh and Saleh 

(2005)46. 
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2.2.4. Statistical analysis 

Outcome variables were summarized as mean (standard deviation). Independent 

student’s t-test was used to indicate statistical significance between experimental 

conditions.  p < 0.05 was taken as a significant difference. 

 

2.2.5. Mathematical model description 

The particle phase is assumed to consist of an ideal solution of glycerol, water, 

nicotine, and unresolved low volatility compounds initially in phase equilibrium with 

their surroundings.  As the bubble is “released” into the column of water (modeled as a 

quiescent, infinite reservoir), diffusional mass transport driven by concentration 

gradients within the bubble is allowed to commence, as described by Fick’s Law. At the 

bubble surface, a convection mass transfer formulation is employed. For water, the 

driving force for mass transfer is the high humidity (100%) of the gas layer immediately 

adjacent to the bubble surface relative to the vapor layer immediately adjacent to the 

aerosol particles, causing the aerosol particles to continually absorb water while they are 

trapped in the bubble.  Conversely, the driving force for nicotine and glycerol transfer is 

the high concentration in the vapor layer adjacent to the aerosol particles, relative to that 

at the bubble surface. Thus, the water vapor and nicotine vapors diffuse in opposite 

directions, with the particles continually gaining water and losing nicotine and glycerol. 

At each time step, the composition of the vapors and particles are updated based on 

mass conservation and transport using a finite difference approximation of the transport 

equations.  Mass transfer to/from the particle phase is modeled to account for non-

continuum effects and unity mass accommodation is assumed. The numerical 
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simulation was validated against exact analytical solutions for the 1-D diffusion 

equation for a single component solution, as described by Friedlander (2000)52.  

 

2.2.6. Mathematical model governing equations 

When a waterpipe user draws a puff through the hose, the aerosol bubbles into 

the bowl. Inside every bubble, numerous physical phenomena occur as the bubble rises 

to the surface. First, gas molecules diffuse towards the surface of the bubble where they 

can be absorbed into the water, and subsequently mix with the water in the bowl, if a 

gradient in concentration exists between the bubble bulk and surface. The concentration 

gradient depends, among other things, on the gradient in pressure, temperature, and 

mole fraction of the individual species, i.e., molecules different than water may diffuse 

to the bubble surface which is assumed to be always fully saturated with water at 

ambient temperature. To estimate the temperature difference between the bubble bulk 

and surface, we used heat transfer modeling and found the aerosol temperature at the 

inlet pipe exit to be equal to 28.5°C. We then computed the mass transfer rate of gas 

molecules from the bulk to the bubble’s surface using equation (12) 29: 

�̇�𝑣,𝑖 = ℎ𝑚,𝑖 𝐴𝑠 ∆𝐶𝑖           (12) 

This transfer of molecules causes a perturbation in the initial gas equilibrium, which 

drives the molecules to evaporate or condense to restore equilibrium. The equilibrium 

profile of an aerosol undergoing phase change is given by equation (13):  

𝑑𝑚𝑝,𝑖

𝑑𝑡
= 2𝜋𝛷𝑑𝑝,𝑖𝐷𝑣,𝑖

𝑀𝑖

𝑅𝑢
(

𝑃𝑣𝑏,𝑖

𝑇𝑏
−

𝐾𝑅 𝑛𝑓,𝑖𝑃𝑠,𝑖

𝑇𝑝
)        (13) 

Where the Fuchs correction factor Φ =
2λ+dp

dp+5.33(
λ2

dp
)+3.42λ

 accounts for the non-

continuum effect of small particles approaching the mean free path λ of air molecules28.  
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We estimated the aerosol distribution (Ntot, dp) based on previous studies53,54, and 

calculated 𝐷𝑣,𝑖 using semi-empirical correlations28.  

To estimate the total number of timesteps needed for the simulation, we measured the 

time it takes for a bubble to rise to the surface of the water by filming the bubble ascent 

in slow-motion. We found the rise time of a bubble to be equal to 0.03s. 

The modeled species are water, glycerin, nicotine, and benzo[a]pyrene. However, the 

model can be used to predict the behavior of any other toxicant of interest. Table 4 

shows the model’s initial input parameters. 

Parameter Value 

xwater  0.35 

xglycerin  0.6449 

xnicotine  0.005 

xbenzo[a]pyrene  0.0001 

dp 100 nm 

dB 1 cm 

N0 3.5x106 particles/m3 

Table 4: The initial input parameters used in the model. x represents the initial mass 

fractions of the individual components. 𝑑𝑝 and 𝑑𝐵 are the particle and bubble diameters, 

respectively. 𝑁0 is the initial number concentration of particles inside the bubble. 

 

2.2.7. Numerical methods 

We coded the model in the MATLAB computing environment using a forward 

Euler numerical scheme, with a time step of 0.3x10-5 s and assured time-step 

independence by running the model using a time step 0.3x10-6 s and obtaining similar 

results.  

 

2.3. Results 

There were no significant differences in total particulate matter (TPM), DPM, 

CO, NO, total PAHs, or tobacco consumed across the two conditions. However, 

bypassing the water bubbler resulted in significantly greater nicotine (p<0.01) and CCs 
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(p<0.0001), but less water in the aerosol (p<0.01). The results are detailed in Table 5 

which also shows results from previous studies. 

 

Toxicant yield/session Unmodified Bubbler bypassed Previous Studies 

     

Tobacco consumed, mg 5284.7 (606.3) 5449.3 (290.3) 4700 (400) 46 

Total particulate matter, mg 1963.0 (177.4) 1776.1 (134.1) 1380 (260) 46 

Dry particulate matter, mg 

Nicotine, mg  

1170 (80.6) 

4.2 (0.5) 

1216.9 (113.9) 

8.8 (2.5)* 

909 (195) 55 

2.96 (-) 46 

Carbon monoxide , mg 213.4 (15.9) 200.8 (26.6) 197 (13.1) 55 

Nitric oxide, µg 655.6 (33.9) 591.2 (71.1) 280 (40) 55 

Polyaromatic hydrocarbons, ng     

Naphthalene  337.5 (77.5) 286 (128.2) 230 (64) 55 

Acenaphthylene 143.7 (31.8) 97.5 (44.2) 74 (13) 55 

Acenaphthene 49.7 (6.9) 44.2 (21.2) ND 55 

Fluorene  144.9 (30.4) 91.2 (8.2)* 437 (-) 56 

Phenanthrene 1046.5 (116) 1107.6 (340.7) 1185 (246) 55 

Anthracene 275.9 (55.9) 243.5 (103.1) 234 (44) 55 

Fluoranthene  749.3 (99.9) 722.2 (268.3) 639 (118) 55 

Pyrene 700.2 (82.9) 659.7 (233.1) 564 (103) 55 

Benzo[a]anthracene  69.9 (8.9) 85.1 (35.9) 130 (27) 55 

Chrysene  122.3 (19.1) 126.6 (14.5) 135 (24) 55 

Benzo[b+k]fluoranthene  83.2 (19.3) 87.2 (32.2) 72 (10) 55 

Benzo[a]pyrene  374.1 (75.3) 431.8 (128.2) 96 (21) 55 

Benzo[g,h,i]perylene 24.6 (3.9) 34.3 (9.0) 57 (10) 55 

Dibenz[a,h]anthracene  71.0 (9.6) 59.6 (16.0) 147 (-) 56 

Indeno[1,2,3-cd]pyrene  76.5 (11.5) 56.4 (13.2)* 69 (9) 55 

Total PAHs  4269.2 (551.5) 4132.9 (1276.0) - 

Carbonyl compounds, µg    

Formaldehyde   66.4 (34.4) 103.4 (24.6) 36.0 (6.25) 55 

Acetaldehyde 633.4 (116.0) 1387.3 (136.8)* 492 (88) 55 

Acetone 219.6 (54.4) 648.5 (64.2)* 118 (-) 48 

Acrolein  ND 11.5 (12.6) ND 55 

Propionaldehyde 104.7 (17.5) 200.6 (39.5)* 92.9 (16.7) 55 

Crotonaldehyde  10.8 (0.05) 25.7 (8.8)* 73.7 (10.8) 54 

Methacrolein  13.3 (4.4) 34.3 (5.0)* 19.9 (2.63) 55 

Butyraldehyde 84.8 (7.8) 109.6 (8.1)* 68.8 (16.9) 54 

Valeraldehyde 64.8 (9.8) 69.4 (28.9) 4.3 (7.4) 54 

Total CCs  1197.9 (179.0) 2590.2 (293.0)* - 

    

Table 5: Toxicant yields [mean (standard deviation)] for N=5 repeated sessions for each condition. 

* indicates statistically significant difference relative to baseline condition. ND indicates below 

instrument detection limits. 
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2.4. Discussion 

In this study, we investigated the effect of the water bubbler on WP smoke 

toxicant content, and by doing so, addressed directly a widely-held perception among 

users that the bubbler effectively filters the smoke. We also developed a mathematical 

model representing the mass transfer from a multicomponent internally mixed aerosol 

to help interpret the measurements. We found that the water bubbler had no measurable 

effect on DPM, CO, NO, and PAH, major probable causative agents in cardiovascular 

disease, chronic obstructive pulmonary disease (COPD), and lung and larynx cancer in 

cigarette smokers57.  On the other hand, the water bubbler was found to reduce smoke 

nicotine and total CCs content each by approximately 50%. Nicotine is the major 

causative agent in addiction, and – along with CO, NO, DPM, and PAH – CCs are 

implicated in COPD. While total CCs were reduced by 50% by the bubbler, 

valeraldehyde, did not display any significant variation between the two conditions. 

This can be attributed to the low solubility of valeraldehyde in water 58.The observed 

differences across conditions in nicotine and CCs but not CO, DPM, or other particle 

phase components may seem contradictory.  However, the observations are consistent 

with a picture in which species that are both volatile and water soluble (e.g. nicotine, 

CCs) are absorbed to some extent into the water, while species that are either non-

volatile (e.g. BaP) or volatile but negligibly soluble (e.g. CO) are not absorbed or 

deposited into the water bubbler.  We observed this behavior in computer simulations of 

a multicomponent aerosol trapped in a bubble rising through a 3 cm column of water. 

Figure 10 shows a computer simulation of the evolving composition of a hypothetical 

aerosol system composed of glycerin, nicotine, water, and benzo(a)pyrene as it is rises 

through the water.  Glycerin and benzo(a)pyrene, both of which are of low volatility, 
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remain constant, while, on the other hand, the relatively high volatility and water-

soluble nicotine is transferred out of the aerosol. Interestingly, also corroborating the 

experimental observations summarized in Table 5, the simulations predict water transfer 

into the aerosol as the particles scavenge water vapor from their surroundings.  Thus, 

the observed differential effects of the water bubbler on water, nicotine and CCs smoke 

content on the one hand, versus DPM, CO, NO, PAH, on the other, are well-described 

by theory. All in all, the experimental findings were consistent with a picture of mass 

transfer that is driven by gas-phase diffusion processes, and minimal particle deposition. 

Unfortunately for waterpipe smokers, this means that the bubbler has little filtering 

effect except for species that are volatile and water soluble. Also, although bubbling 

resulted in a 50% reduction in nicotine and CCs, levels of these toxicants reaching the 

user remain high.   

Figure 10: Simulation results showing evolution of component mass relative to initial 

mass for a hypothetical aerosol consisting of water, glycerin, nicotine, and 

benzo(a)pyrene trapped in a 1 cm bubble rising through a 3 cm column of water at 25 0C. 

Initial aerosol conditions: 3.5x106 particles/m3, particle diameter: 100 nm. 
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2.5. Conclusion 

In conclusion, the widespread perception that water bubbling filters WP smoke 

is misleading.  We found that the WP bubbler does not significantly reduce PAH, CO, 

NO, or DPM – major classes of toxicants that are implicated in cardiovascular disease, 

COPD, and lung and larynx cancer in cigarette smokers.  While the bubbler does reduce 

nicotine and CCs by approximately 50%, yields of these toxicants are still high, in some 

cases much higher than yields from a single cigarette. 
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CHAPTER 3 

COMPARISON OF CO, PAH, NICOTINE, AND ALDEHYDE 

EMISSIONS IN WATERPIPE TOBACCO SMOKE 

GENERATED USING ELECTRICAL AND CHARCOAL 

HEATING METHODS 
 

3.1. Introduction 

Waterpipe tobacco smoking (aka “shisha,” “hooka”, “argileh”) has become a 

global phenomenon59. Its popularity is reflected in the volume of online searches of 

waterpipe products especially in the United States where a relative increase of more 

than 60% was observed between 2004 and 201341. Youth appear to be particularly 

prolific consumers of waterpipes. For example, in Canada the peak age group 

prevalence ranges between 18 and 2460. Importantly, a large population of waterpipes 

smokers perceive it as less harmful than cigarettes61,62 . This perception of lower harm 

is not supported by the available evidence; waterpipe tobacco smoke contains high 

concentrations of the toxicants in cigarette smoke and that are associated with various 

diseases including cancer 55,63-68. Several of these toxicants, measured using analytical 

lab studies, have also been found in the urine, breath and blood of waterpipe smokers 

68,69.  

Waterpipe tobacco smoking involves the use of burning charcoal as the heat source.  It 

is placed on top of a tobacco preparation known as ma’ssel, an Arabic word for honey70. 

Ma’ssel is a mixture of tobacco, glycerin, water, and flavorants70. It began to be widely 

marketed in the 1990s71and is highly popular among users today.  Some users smoke an 

un-flavored tobacco commonly known as jurak, or ajami, which is prepared by partially 
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soaking the tobacco in water.  In this use configuration, charcoal is placed directly on 

the tobacco without any foil separation72. 

By weight, typically more charcoal is consumed during a smoking session than is 

tobacco73.  It has been shown previously that charcoal accounts for approximately 90% 

of the CO and carcinogenic PAHs emissions in WTS63 and that levels of plasma 

nicotine, CO boost, heart rate and exhaled benzene where significantly lower when 

waterpipes were smoked in a clinical laboratory using an electric heater in place of the 

charcoal74. In recent years, electrical heating elements (EHEs) have become 

commercially available, allowing users to smoke without charcoal. EHEs commonly 

allow the user to select from a range of electrical power inputs.  Package labeling and 

online vendors advertise them as “toxicant free” and “carbon monoxide free”.  Online 

customer reviews indicate that while some customers are pleased with these products, 

others complain that not enough smoke is generated, or that the tobacco is overheated75. 

Some online reviews indicate the perception that using EHEs results in a lower smoke 

toxicity compared to conventional charcoal heating76.  

In theory, if EHEs are found to reduce exposure to harmful constituents in first or 

second-hand waterpipe tobacco smoke, regulations could be devised which prohibit the 

use of charcoal when waterpipes are served (e.g. in waterpipe cafés) and which monitor 

statements of harm used to advertise and promote tobacco heating sources. In this study, 

we investigated the thermal performance of three commercially available EHEs and 

compared emissions of several major toxicants in WTS generated using EHEs to those 

generated using charcoal.  We note that EHEs are not the same as so called “e-hookah”, 

which, like an electronic cigarette, employs an electrical heater to heat and vaporize a 

flavored, nicotine-containing liquid. 
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3.2. Methods 

3.2.1. Experimental procedures 

This study was conducted in two phases. First, since the EHEs are powered by a 

variable power supply, the optimal operating power of each EHE needed to be 

determined. Second, WTS was generated using charcoal and each of the EHEs 

operating at its optimal power. Each condition was repeated in triplicate, and the WTS 

for each repeat was separately sampled and analyzed for TPM, PAHs, CCs, nicotine and 

CO.  

 

3.2.2. EHE devices 

The electric heating elements used are shown in Table 6. EHE-1 is made of 

ceramic and is placed directly over a traditional waterpipe head in place of charcoal. 

EHE-2 is a ceramic head with a built-in electrical heater.  Once powered, the entire head 

heats the tobacco from the bottom up, in contrast to charcoal which heats the tobacco 

from the top-down. EHE-3 is made of metal and is set up similarly to a traditional 

waterpipe. The electric heating element is in a hinged cap that is placed on top of the 

head, directly above the tobacco.  

 

 

 

 

 

 

 

 



 47 

Electric Heating Element Tag Manufacturer Material Resistance (Ω) Power Range (W) 

  

EHE-1 

“Ren 

Headstream” 

(China) 

Ceramic 3 49.5-79.6 

  

EHE-2 

“Ren 

Headstream” 

(China) 

Ceramic 2.95 72.4-117.1 

  

EHE-3 
“Hady” 

 (China) 
Metal 2.5 37.7-74.4 

Table 6: Schematic representation of the EHEs used in this study, in addition to their 

material properties and operation range. 

 

3.2.3. Optimal power determination 

Each of the EHEs allows the user to select from a range of electrical power 

output. For an apples-apples comparison, it was necessary to determine the “optimal” 

power at which each EHE would most closely mimic the performance of the charcoal.  

The selected performance metrics were the mass of tobacco consumed during a 

smoking session, and the TPM emitted per unit tobacco consumed (or the “yield ratio”). 

The first metric indicates the total thermal energy delivered to the tobacco, while the 

second metric is a measure of the relative importance of thermal conduction heating 

versus convective heat transfer by heated air.  The former mode of heat transfer 
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emphasizes vaporization of the tobacco preparation through the top of the waterpipe 

head and into the environment between puffs, while the latter mode emphasizes 

vaporization during puffing.  Vaporization during puffing results in a greater proportion 

of the vaporized components being carried into the puff bolus that reaches the 

mouthpiece.  For example, a heating device that continuously heats the tobacco may 

result in a similar tobacco consumed outcome as charcoal, while producing very little 

aerosol at the mouthpiece. A more detailed description of heat transfer phenomena in 

the waterpipe head can be found in Monzer et al.63.  

For each EHE, ten equally spaced power settings were investigated, spanning the 

minimum to the maximum power for each device, and the tobacco burned and TPM 

emitted were measured. For each EHE, the power setting resulting in the yield ratio 

closest to that of the charcoal condition was defined as the optimum.  

 

3.2.4. Machine smoking and toxicant sampling protocol 

The waterpipe was smoked using a digitally controlled automatic smoking 

machine operating under the reduced Beirut smoking protocol: 105 puffs, 530 ml puff 

volume, 17 s interpuff interval, and 2.6 s puff duration46,47. For each smoking session 

(charcoal or EHE), the bowl was filled with 850 ml of water and an infiltration test was 

performed on the leather hose to insure that the air infiltration was within the accepted 

tolerance of 1.5 to 1.7 L/min at a mouthpiece flowrate of 12.2 L/min; see Saleh and 

Shihadeh 49 for details. Then, 10 g of flavored tobacco (Two Apples, Nakhle brand) 

were placed in the head and covered by aluminum foil perforated according to a 

predefined 18-hole pattern73. The head was then weighed and placed on the waterpipe 

body; electrical insulation tape was used to seal all joints in the waterpipe to avoid 
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uncontrolled air leakage. For the charcoal condition, one 33 mm diameter quick lighting 

charcoal briquette (Three Kings Charcoal Co., Holland) was used in each session. The 

charcoal was lit and held in metal tongs for one minute prior to placing it on the 

waterpipe head. For smoking sessions using electrical heating, the adjustable power 

supply was set to the optimal voltage for each EHE. 

 During each puff, the smoke exiting the mouthpiece was divided into two parallel flow 

streams, each passing through a 47mm glass fiber filter (Gelman type A/E) where the 

particle phase of the smoke was trapped.  Filters were replaced periodically during the 

smoking session in order to avoid overload46. The filters were weighed before and after 

sampling for TPM quantification and were stored in airtight containers in the dark at at 

3○C until extraction for nicotine and PAH analyses. Sixteen PAH compounds 

(Naphtalene, Acenaphtylene, Acenaphtene, Fluorene,  Phenanthrene,  Pyrene,  

benzo[a]anthracene, Chrysene Benzo[k]fluoranthene, Benzo[b]fluoranthene, 

Benzo[a]pyrene, Benzo[g,h,i]perylene, Dibenz[a,h]anthracene, and Indeno[1,2,3-

cd]pyrene)  were quantified using the method described by Jawad et al. 51 with an 

instrumental LOD (limit of detection) ranging from 1.35 to 1.5 ng and a  LOQ (limit of 

quantification) ranging from 6 to 7.5 ng depending on the specific PAH. Nicotine 

concentration was determined by GC–MS following standard procedures presented in 

Talih et al.77  

Downstream of the particulate filters, a portion of the flow was diverted through a 

DNPH-coated silica cartridge to sample and derivatize CC species for offline analysis78, 

and into an inert sampling bag for offline CO quantification by electrochemical sensor 

(Bacharach Monoxor III).  
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CC emissions in the gas phase of the smoke were trapped on DNPH-coated H30 

cartridges (Lp-DNPH, Supelco). After collection, these cartridges were eluted with 10 

ml of ethanol/acetonitrile (90/10 ratio)79and delivered into amber vials. All samples 

were analyzed by high-performance liquid chromatography-mass spectrometry (HPLC-

MS; LC/MSD Trap XCT, Agilent Technologies, Santa Clara, CA, USA) equipped with 

a photodiode array detector at k=360 nm, and at a flowrate of 1 ml/min. The analytes 

were detected based on their retention times compared to calibration standards. Gradient 

elution on a reverse phase C-18 column (25 cm, 4.6 mm, 5 lm) was performed. The 

solvents used were (A) water/ACN/ THF (6:3:1 v/v/v), (B) water/ACN (2:3 v/v), and 

(C) ACN. The elution profile varied linearly in time from pure A at t=0 min to 25:75 

A:B at t=20 min and finally to pure C at t=35 min. The instrumental LOD ranged from 

0.001 to 0.006 µg, and the LOQ ranged from 0.005 to 0.019 µg depending on the 

specific CC 80.  

 

3.2.5. Statistical analysis 

Outcome variables including thermal performance parameters and toxicants 

were summarized as mean (standard deviation). Dependent (outcome) variables were 

compared based on heating source using one-way analysis of variance including post-

hoc pairwise comparisons (Bonferroni). p <0 .05 was used to indicate statistical 

significance. SPSS version 24.0 (IBM, Armonk, NY) was used to perform the statistical 

analyses. 
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3.3. Results 

The thermal performance, CO, nicotine PAHs, and CC yields of the three EHEs 

and charcoal are summarized in Table 7. The optimal power for the EHE’s was found to 

range between 50 and 80 W.  Yield ratio for EHE-2 and EHE-3 where not significantly 

different from charcoal when operated at powers of 77.3 and 50.2 W, respectively.  On 

the other hand, at all powers tested, EHE-1 was incapable of reaching the yield ratio of 

charcoal.  For EHE-1, the minimum difference with respect to charcoal was at the 

maximum power setting. 

EHEs resulted in approximately a 90% reduction in CO and an 80% reduction in total 

PAH emissions relative to the charcoal condition. Nicotine yields were approximately 

20% lower for EHE-1 and EHE-3, while EHE-2 was not significantly different than the 

charcoal condition.  

Benzo[a]pyrene and total PAHs yields were significantly lower for all three EHEs 

compared to charcoal. Benzo[a]pyrene is listed as a Class 1 carcinogen by the 

International Agency for Research on Cancer (IARC 2018).  

Acrolein, a highly reactive irritant thought to be responsible for nearly all the non-

cancer respiratory disease risk associated with cigarette smoking 81 was orders of 

magnitude greater for all EHEs relative to charcoal. Furthermore, none of the twelve 

quantified CC species was significantly greater for charcoal than for any of the EHEs; 

whenever a significant difference occurred, EHE emissions of CCs were always greater. 

Total CCs were not significantly different for EHE-1 and EHE-2 relative to charcoal, 

while a significant increase of 57% in total CC yield was observed for EHE-3. While 

total CCs for EHE-1 and -2 were not significantly different than charcoal, it is possible 

that a greater number of samples would have resulted in significant differences. Indeed, 
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an independent 2-factor analysis comparing EHEs to charcoal showed that total CCs 

were significantly higher (p<0.05). 

Results from the post-hoc analysis showed no significant difference between PAHs and 

nicotine yields amongst three EHEs, while CCs and CO yields were significantly 

different between EHE-2 and EHE-3. 

 

 

 

* Significant statistical difference compared to charcoal (p<0.05) 

 
Charcoal EHE-1 EHE-2 EHE-3 

Optimal power, W  - 79.6 77.3 50.2 

Thermal performance     

Tobacco consumed, mg 4034.8 (260.9) 4149.3 (48.0) 4911.5 (473.5) 3848.6 (46.7) 

TPM, mg 969.8 (169.2) 655.8 (83.2) 1080.6 (154.1) 850.1 (49.4) 

Yield ratio 0.24 (0.031) 0.16 (0.018)* 0.22(0.013) 0.22 (0.015) 

Toxicant yields per session     

Nicotine, mg 5.4 (0.32) 4.43 (0.34)* 5.02 (0.64) 4.18 (0.26)* 

Carbon Monoxide, mg 86.2 (4.6) 6.2 (0.7)* 4.7 (0.6)* 6.3 (0.4)* 

PAHs, ng      

Naphthalene c 98.5 (100.7) 14.2 (3.9) 18.8 (24.5) 46.7 (72.4) 

Acenaphthylene ND 14.9 (12.9) ND 13.3 (11.6) 

Acenaphthene 40.6 (30.5) 27.4 (9.2) 25.7 (8.1) 59.8 (7.0) 

Fluorene 79.3 (71.5) 10.5 (9.1) NQ 6.0 (10.4) 

Phenanthrene 876.5 (328.5) 169.7 (30.0) 113.2 (34.7) 149.1 (28.3) 

Anthracene 148.6 (43.1) 24.0 (6.9)* 7.7 (8.2)* 48.7 (40.8)* 

Fluoranthene  707.5 (101.6) 140.4 (33.7)* 92.4 (24.5)* 94.7 (3.8)* 

Pyrene 611.2 (82.8) 93.4 (18.3)* 71.7 (26.5)* 73.10 (6.8)*  

Benzo[a]anthracene c 88.7 (25.3) ND* ND* ND* 

Chrysene c 157.6 (26.3) 16.7 (2.1) * 49.7 (30.1)* 9.9 (8.6)* 

Benzo[k]Fluoranthene c 47.3 (10.9)  ND* ND* ND* 

Benzo[b]Fluoranthene c ND ND ND ND 

Benzo[a]pyrene a 98.8 (14.7) 18.9 (32.7) * 46.2 (17.2)* 37.8 (16.6)* 

Benzo[g,h,i]perylene ND ND ND ND 

Dibenz[a,h]anthracene b ND ND ND ND 

Indeno[1,2,3-cd]pyrene c ND ND ND ND 

Total PAHs  2954.5 (565.0) 530.1 (67.6)* 425.4 (108.5)* 539.0 (28.8)* 

Carbonyl Compounds, μg     

Formaldehyde a 12.2 (3.0)  20.0 (1.5)* 18.7 (4.3) 25.0 (7.1) 

Acetaldehyde c 579.8 (114.6) 1015.0 (71.5)* 761.6 (26.9) 1101.0 (79)* 

Acetone 429.3 (42.4) 385.0 (7.6) 376.8 (9.2) 494.0 (33.4) 

Acrolein ND 14.1 (1.2)* 16.6 (1.3)* 14.4 (0.8)* 

Propionaldehyde 66.5 (17.6) 67.9 (3.7) 41.1 (3.1) 86.1 (17.9) 

Crotonaldehyde 73.7 (10.8) ND* ND* ND* 

Methacrolein 89.8 (5.3) 88.6 (1.1) 92.3 (0.9) 98.6 (2.1) 

Butyraldehyde 68.8 (16.9) 67.5 (4.3) 63.7 (1.4) 94.1 (7.5) 

Benzaldehyde ND ND ND ND 

Valeraldehyde 4.3 (7.4) ND 19.7 (4.8) * 76.8 (72.5) 

Glyoxal 8.7 (0.4) 10.2 (3.1) 8.7 (1.0) 11.0 (1.9) 

Methylglyoxal 157.1 (45.3) 187.4 (111.7) 277.1 (98.7) 336.1 (94.9) 

Total CCs 1490.3 (177.8) 1855.7 (177.9) 1676.3 (113.7) 2337 (183.4) * 
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a Carcinogenic to humans according to IARC list of classifications, volumes 1-121 (2018) 
b Probably carcinogenic to humans according to IARC list of classifications, volumes 1-121 (2018) 
c Possibly carcinogenic to humans according to IARC list of classifications, volumes 1-121 (2018) 

ND: Below detection limits 

NQ: Below quantifiable limits 

3.4. Discussion 

This study aimed at assessing the thermal performance of three commercially 

available waterpipe electric heating elements and quantifying their toxicants emissions 

relative to conventional charcoal. Limitations of this study include the use of a single 

flavor and brand of tobacco (i.e. there was no variation in the concentration of 

components present in the tobacco), and a single type of charcoal. Another limitation is 

that EHE performance was evaluated strictly by analytical laboratory criteria rather than 

user experience.   

Two of the three tested electric heating elements (EHE-2 &EHE-3) were capable of 

attaining thermal performance characteristics similar to charcoal. Their yield ratios of 

0.22 were the same as reported by Monzer et al. (2008) for an experimental heating 

element that was carefully designed to mimic spatial and temporal heating 

characteristics of charcoal. For all EHE’s the average nicotine yield was similar to that 

of charcoal. Thus, in terms of amount of tobacco burned, the density of the generated 

aerosol, and the nicotine yield, commercially available EHE’s appear capable of 

providing charcoal-like performance. Also consistent with Monzer et al.63 and 

Brinkman et al.74 replacing charcoal by an EHE greatly reduced CO and PAH emissions 

in the mainstream aerosol. On the other hand, EHEs resulted in an increase in CC 

emissions, including acrolein, the primary causative agent in non-cancer respiratory 

disease in cigarette smokers. The elevated CC emissions from EHEs may be intrinsic to 

the constant power output of these devices.  That is, during and between puffs, the 

Table 7: Thermal performance, CO, Nicotine, PAHs and CCs yields [mean (standard 

deviation)] for N=3 smoking sessions according to the reduced Beirut smoking protocol. 
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electric power is constantly on.  As a result, conduction heat transfer between the EHE 

and the tobacco may result in greater heating between puffs, and higher tobacco 

temperatures in the direct vicinity of the heating surface, where charring occurs63.  

These higher temperatures would, in turn, result in greater thermal degradation of the 

tobacco and vegetable glycerin (VG) making up the ma’ssel, and greater production of 

CC species. Thermal degradation of propylene glycol and VG by electrical heating has 

been widely reported in studies of electronic cigarettes82-84.  In contrast, charcoal 

combustion is a function of ventilation rate; whenever a puff is executed, the charcoal 

visibly glows red, and a bolus of hot air and combustion products is drawn through the 

tobacco to generate the aerosol. Heating between puffs is relatively modulated by the 

slower combustion rate. Another hypothesis for the lower CC yields when waterpipes 

were smoked using charcoal is that constituents (e.g. free radicals) produced by the 

burning charcoal may have reacted with the CCs and resulted in their destruction. 

 

3.5. Conclusion 

In conclusion, EHEs can result in similar quantities of aerosolized particulate 

matter and nicotine as charcoal.  The combustion-related toxicants CO and PAH are 

greatly reduced when EHEs substitute charcoal.  On the other hand, this electrical 

heating modality can greatly increase emissions of acrolein, a major causative agent in 

non-cancer respiratory disease. These mixed findings underscore the complexity of 

toxicant reduction by tobacco product design manipulation and suggest that marketing 

EHEs as reduced harm products may be misleading.  
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CHAPTER 4 

COMPARISON OF NICOTINE EMISSIONS RATE, 

“NICOTINE FLUX”, FROM HEATED, ELECTRONIC, AND 

COMBUSTIBLE TOBACCO PRODUCTS: DATA, TRENDS, 

AND RECOMMENDATIONS FOR REGULATION 
 

 

4.1. Introduction 

Despite decades of tobacco control efforts, tobacco smoking remains one of the 

leading causes of premature death globally, estimated at 8 million deaths per year, and a 

major threat to public health85. The psychomotor stimulant nicotine is the main 

addictive agent in tobacco smoke and, without it, tobacco consumption would not be 

sustained14,15. As with other abused drugs, the dose and the speed at which nicotine 

reaches brain are critical to producing the addictive character of tobacco smoking86. In 

principle, more rapid delivery and greater dose result in greater reinforcement and 

greater abuse liability87. One reason combustible cigarettes are addictive is that inhaled 

tobacco smoke delivers nicotine to the brain in seconds, more rapidly even than 

intravenous nicotine delivery16. Historically, nicotine yield has served as the metric for 

characterizing the amount of nicotine emitted by different combustible cigarette 

products88. Yield is defined as the mass of nicotine emitted through the mouth end of a 

tobacco product per unit of consumption (e.g., milligrams of nicotine per cigarette; 

mg/cig).  The rate at which nicotine is delivered, the yield per unit time, is referred to as 

the “nicotine flux” (mg/s or g/s)89. Because combustible cigarettes a made in a 

standard size, and are consumed in roughly five minutes, nicotine yield and nicotine 
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flux are closely coupled with combustible cigarettes – a cigarette with a high yield will 

also have a high flux. 

On the other hand, with electronic nicotine delivery systems (ENDS) and other products 

whose use patterns vary widely, the yield and the flux are not coupled closely.  A 

product may have low yield and high flux (e.g., the one-puff “dokha”90) or vice-versa 

(e.g., nicotine patch).  Typically, an ENDS product is consumed during multiple use 

sessions spanning a period of one to several days, depending on such factors as the size 

of the reservoir containing the nicotine solution and the electrical power of the device.  

Therefore, the nicotine yield of the product per unit sold may not be relevant to the 

yield obtained during a single use session. For example, a single JUUL pod emits 

roughly the same amount of nicotine as an entire pack of cigarettes but is unlikely to be 

consumed entirely in a single-use session91. Even the notion of a use session for an 

ENDS product may be difficult to define. Does taking a single puff just before entering 

an office building constitute a “session”?  Nicotine patches, too, can deliver a dose of 

nicotine over a day that is comparable to a pack of cigarettes.  Clearly, a comparison of 

the yield of a JUUL pod, a nicotine patch, and a cigarette stick has little value because 

the consumption patterns differ greatly; as a regulatory target, yield is not a useful 

construct. Nicotine flux, on the other hand, allows comparisons across products and 

product classes because it normalizes nicotine emission by time.  In doing so, flux also 

highlights the key factor of speed of delivery: nicotine flux is the theoretical upper limit 

of the rate at which nicotine can reach the brain. As we have discussed elsewhere92, to 

be enforceable a flux standard implies that only closed systems will be allowed on the 

market. 
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Figure 11 illustrates by analogy the relationship between nicotine flux, liquid nicotine 

concentration, device power, time, and nicotine yield for ENDS products. The large 

tank can be thought of as the liquid reservoir of an ENDS product, while the small 

container can be considered the mouth of the user.  The nicotine concentration of the 

liquid in the tank was prepared by dissolving a given mass, m, of nicotine (mg) in a 

given volume, V, of liquid (mL), resulting in a liquid nicotine concentration C = m/V 

(mg/mL).  When a puff is executed, the rate at which liquid is aerosolized by the ENDS 

device (i.e., in the form of an inhalable aerosol) and delivered to the mouth of the user is 

represented by opening the tap, allowing the flow to commence at some rate Q (mL/s).  

The nicotine flux is the product of the nicotine concentration C and the volume flow 

rate Q.  To a close first approximation, Q is directly proportional to the power (P, 

Watts); greater power translates to a more open tap in Fig 11.  As a result, nicotine flux 

is directly proportional to the product of C and P.  Finally, the amount of nicotine 

collected from the tap while the valve was open is the yield, which is simply the product 

of the flux and time.  

 

 

 

 

 

 

Figure 11: Relationship between liquid nicotine concentration, device power, flux (nicotine 

emission rate), and yield for an ENDS device by analogy to a reservoir emptying into a container 

through a valve and tap assembly. In this analogy, the electrical power of the ENDS device 

determines the degree to which the tap is open during a puff; greater power means a more open 

valve.   
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In this study, we sought to estimate nicotine flux for a wide range of tobacco 

products to provide a base against which a potential ENDS product regulation could be 

considered.  To date, extant EU and proposed US regulations have focused exclusively 

on limiting liquid nicotine concentration, an approach which, counter to the stated aims 

of those regulations, constrains neither yield nor flux, and therefore does not constrain 

exposure (i.e., nicotine dose inhaled by the user).  

 

4.2. Methods 

Nicotine flux can be computed from published reports on tobacco product yields 

as the ratio of the yield to the cumulative puffing time of an inhaled tobacco product 

(e.g., a cigarette or pipe) or as the ratio of the yield to the cumulative time of use of a 

product that emits nicotine continuously (e.g., a nicotine patch).  

For inhaled products, we searched the Scopus database using the following Boolean 

expression: ("nicotine" OR "nicotine yield") AND ("flow rate" OR "puff 

duration" OR "interpuff interval" OR "puff volume" OR "topography"). The search 

resulted in 651 documents, of which 39 reported values of nicotine yield, puff duration, 

and number of puffs; these 39 documents were retained for analysis.  

The nicotine flux was computed as: 

𝑁𝑖𝑐𝑜𝑡𝑖𝑛𝑒 𝑓𝑙𝑢𝑥 (
𝜇𝑔

𝑠
) = 1000 ∗

𝑁𝑖𝑐𝑜𝑡𝑖𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑢𝑛𝑖𝑡
)

𝑇𝑜𝑡𝑎𝑙 𝑝𝑢𝑓𝑓𝑛𝑢𝑚𝑏𝑒𝑟(
𝑝𝑢𝑓𝑓𝑠

𝑢𝑛𝑖𝑡
)∗𝑝𝑢𝑓𝑓 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑠

𝑝𝑢𝑓𝑓
) 

    (14) 

For patch and gum products, we computed the flux as:  

𝑁𝑖𝑐𝑜𝑡𝑖𝑛𝑒 𝑓𝑙𝑢𝑥 (
𝜇𝑔

𝑠
) = 1000 ∗

𝑁𝑖𝑐𝑜𝑡𝑖𝑛𝑒 𝑑𝑜𝑠𝑒 (
𝑚𝑔

𝑢𝑛𝑖𝑡
)

𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑠

𝑢𝑛𝑖𝑡
) 
   (15) 
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where the time of consumption was taken as 24 h for patches and 30 min for gum. The 

dose was taken as that provided by the manufacturer assuming complete release of 

nicotine during the time of product consumption. 

Average (standard deviations) of nicotine fluxes for each tobacco product were 

determined to compare different products. A simple linear regression was used to test 

the correlation between year of publication vs. nicotine flux. Statistical significance was 

taken as p < 0.05. 

 

4.3. Results 

Published data were available to compute nicotine flux for approximately 90 

products, spanning the categories of cigarettes, cigarillos, small cigars, waterpipes, 

ENDS, heated tobacco products, patches, and nicotine gum.  Table 8 lists the results 

obtained for tobacco products that were machine smoked by mimicking human puffing 

patterns or by standard machine smoking regimens (e.g., Canadian Intense, ISO).  The 

nicotine flux across products ranged four orders of magnitude, from less than 0.1 µg/s to 

more than 100 µg/s, with the low end of the spectrum populated exclusively by nicotine 

patch and gum products and very low nicotine cigarettes and products above 100 µg/s 

consisting exclusively of conventional combustible cigarettes.  The results are 

summarized in Table 9.   
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Tobacco 

Product 
Brand 

Puff 

Number 

Puff 

duration 

(s) 

Nicotine 

Yield 

(mg/unit) 

Nicotine 

Flux 

(µg/s) 
Reference 

Year of 

Publication 

Cigarettes 

Maintained nicotine cigarette 15 2  2.7 90.0 
93 

1988 

Middle tar cigarette 15 2 2.9 96.7 

Low tar cigarette 14 2.5  1.8 51.4 

Regular-yield brands (9-15 mg ISO 
tar) 

11.5 1.4  2 124.2 
94 

2006 

Matinee extra mild (4 mg ISO tar) 13.4 1.6  1.5 70.0 

Own brand (female smokers) 13.5 1.33  1.92 106.9 95 
2007 

Own brand (male smokers) 12 1.48  2.2 123.9 

Kent (non-menthol cigarette) 14.4 1.17  0.9 53.4 
96 

2017 

Benson & Hedges Light (menthol 
cigarette) 

15.1 1.23   1.05 56.5 

Marlboro red 12.2 1.68  2.54 123.9 97 2020 

Lucky Strike  10.7 1.8   1.3 67.5 
98 

2018 

Lucky Strike Menthol  10 2  1.3 65.0 

Lucky Strike 16.6 1.6  1.5 56.5 99 2020 

Low-yield cigarettes (<=0.8 mg of 
nicotine/cigarette) 12.7 1.5  1.7 

89.2 
88 

2000 

Medium-yield cigarettes (0.9–1.2 
mg of nicotine/cigarette) 12.1 1.5  2.39 

131.7 

2R4F 9.5 2   0.829  43.6 100 2014 

1R6F 8.0 2  0.73  45.6 

101 2018 1R6F 8.4 2  2.34  139.3 

3R4F 9.0 2  0.74  41.1 

3R4F 10.7 2  2.38  111.2 

Regular-yield brands (9-15 mg ISO 

tar) 
9 2  1.1 61.1 94 2006 

12.1 2  2.4 99.2 

Low-yield cigarettes (<=0.8 mg of 

nicotine/cigarette) 9 2  0.7 
38.9 

88 2000 

Medium-yield cigarettes (0.9–1.2 

mg of nicotine/cigarette) 9 2  1.11 
61.7 

Marlboro Ultra Smooth 
7.2 2  0.42 29.2 102 2006 

6.9 2  1.09 79.0 

Marlboro Regular 12 2 1.99 82.9 103 2018 

VLNC VLN King 9* 2  0.03 1.7 104 2019 

Roll Your Own 

Cigarettes 

Average of 13 brands 12.4 2 1.3 52.4 105 1985 

Average of 11 brands 9.42 2  1.90 100.8 106 2014 

Average of 517 cigarettes made by 

26 regular users 
12.3 2  1.30  52.8 107 1998 

Tobacco 

Heating 

Products 

glo with Bright Tobacco Kent 
Neostiks  11.6 1.8  0.3 

14.4 

98 

2018 

glo with mentholated Intensely 
Fresh Kent Neostiks 10 1.8  0.3 

16.7 

iQOS with Essence tobacco 
HeatStick 10.55 1.8  0.9 

47.4 

glo with Bright Tobacco Kent 
Neostiks 15.4 1.6 0.34 

13.8 
99 

2020 

iQOS with Essence tobacco 
HeatStick 15 1.4   0.98 

46.7 

carbon-based Eclipse 25 2  2.36 47.2 108 2019 

Glo with Bright Tobacco Kent 

Neostiks 
8 2  0.462 28.9 

109 2018 
Glo with mentholated Intensely 
Fresh Kent Neostiks 

8 2  0.365 22.8 

Unspecified Heat not Burn Device 12 2  1.4 58.3 

103 2018 

Unspecified Heat not Burn Device 

with Mentholated flavor 12 2  
1.38 57.5 

Unspecified Heat not Burn Device 12 4  1.41 29.4 

Unspecified Heat not Burn Device 

with Mentholated flavor 12 4  
1.43 29.8 

Carbon-based Eclipse 12 2  0.14 5.8 108 2019 
Carbon-based Eclipse 18.3 2  0.56 15.3 

 

 

 

Volish, eGo-3 (nicotine 
concentration  18 mg/ml; liquid 
composition: Propylene glycol, 

15 2.8  1.06 25.2 110 2015 
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Electronic 

Nicotine 

Delivery 

Systems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nicotine, vanillin, linalool, 
flavorings) 

Volish, eGo-3 (nicotine 
concentration  18 mg/ml; liquid 
composition: Propylene glycol, 
glycerin, nicotine, ethanol, 
flavorings) 

15 2.8  1.15 27.4 

Volish, eGo-3 (nicotine 
concentration  24 mg/ml; liquid 
composition: Glycerin, nicotine, 
propylene glycol, linalool, vanillin, 
flavorings) 

15 2.8  1.05 25.0 

Volish, eGo-3 (nicotine 
concentration  22 mg/ml; liquid 
composition: Glycerin, propylene 
glycol, nicotine, flavorings) 

15 2.8  1.43 34.0 

Volish, eGo-3 (nicotine 
concentration  12 mg/ml; liquid 
composition: Glycerin, propylene 
glycol, nicotine, flavorings) 

15 2.8  0.88 21.0 

Volish, eGo-3 (nicotine 
concentration  16 mg/ml; liquid 
composition: Glycerin, propylene 
glycol, nicotine, flavorings) 

15 2.8  1.02 24.3 

Volish, eGo-3 (nicotine 
concentration  25 mg/ml; liquid 
composition: Glycerin, propylene 
glycol, nicotine, ethanol, flavorings) 

15 2.8  1.36 32.4 

Volish, eGo-3 (nicotine 
concentration  28 mg/ml; liquid 
composition: Glycerin, propylene 
glycol, nicotine, ethanol, malic acid, 
flavorings) 

15 2.8  1.49 35.5 

Volish, eGo-3 (nicotine 
concentration  11 mg/ml; liquid 
composition: Glycerin, nicotine, 
menthol, vanillin, aromatic oils, 
vanilla) 

15 2.8  0.77 18.3 

Blu Cigs (Tobacco-flavored 
cartomizers with nicotine 
concentration of 16 mg/ml) 

33 2.75  1.2 13.2 

111 

2015 

V2 Cigs (Tobacco-flavored 
cartomizers with nicotine 
concentration of 18 mg/ml) 

31 2.54  1.4 17.8 

Lab Assembled ECIG 6 W (E-liquid 
concentration range 6-18 mg/ml) 

57 4.6  
3.5 

13.3 
112 

2018 

Lab Assembled ECIG 10 W (E-liquid 
concentration range 6-18 mg/ml) 

46 3.8  
4.2 

24.0 

KangerTech Mini ProTank with own 
flavor (E-liquid nicotine 
concentration range 1.6-16.7 mg/ml 
and PG/VG ratio range of 69/31-
5/95) 

106 4.3  3.4 7.5 

113 

2018 

KangerTech Mini ProTank with 
strawberry flavored e-liquid (E-liquid 
nicotine concentration 19.9 mg/ml 
and PG/VG ratio of 40/60) 

73 3.2   5.4 23.1 

KangerTech Mini ProTank with 
Tobacco flavored e-liquid (E-liquid 
nicotine concentration 19.3 mg/ml 
and PG/VG ratio of 44/56) 

69 2.8  4.1 21.2 

Vype with ‘Twilight Tobacco’ 
flavored e-liquid (E-liquid nicotine 
concentration 5 mg/ml and PG/VG 
ratio of 40/60) 

61.1 1.45  0.75 8.5 99 

2020 

Vapour 2 cigs (E-liquid nicotine 

concentration 20 mg/ml and PG/VG 

ratio of 50/50) 

12 2  0.46 19.2 
103 2018 

12 4  0.86 17.9 
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eGo style, Epsilon (E-liquid nicotine 

concentration 20 mg/ml and PG/VG 

ratio of 50/50) 

12 2  0.51 21.3 

12 4 1.73 
36.0 

 

EVIC VTC Mini battery with 

Nautilus Mini atomizer (E-liquid 

nicotine concentration 20 mg/ml and 

PG/VG ratio of 50/50) 

12 2 0.82 34.2 

12 4 1.84 38.3 

Electronic 

Nicotine 

Delivery 

Systems 

 

Vype Disposable Regular 
1 3  0.04 13.3 

108 2019 
1 5  0.06 12.0 

Intellicig XL 
1 3  0.03 10.0 

1 5  0.07 14.0 

V4L CoolCart cartomizers (8.53 

mg/ml nicotine concentration) 
 
 
 
 

2 15 0.11 3.7 

77 2015 

4 15 0.30 5.0 
4 15 0.29 4.8 
8 15 0.72 6.0 
8 15 0.68 5.7 
2 15 0.64 21.3 
4 15 1.18 19.7 
4 15 1.50 25.0 
8 15 3.23 26.9 

8 15 3.09 25.8 

V4L CoolCart cartomizers (15.73 

mg/ml nicotine concentration) 
4 15 0.48 8.0 77 2015 
8 15 4.7 39.2 

JUUL US - Tobacco flavor ( 65 

mg/ml nicotine concentration) 
15 4 1.3 21.7 

114 2020 
JUUL UK - Tobacco flavor  (19 

mg/ml nicotine concentration) 
15 4 0.4 6.7 

JUUL US - Tobacco flavor  ( 69 

mg/ml nicotine concentration) 
15 4 2.07 34.5 115 2019 

JUUL US - Tobacco flavor   1 2.5 0.157 62.8 

116 2019 
JUUL US – Crème brulee flavor   1 2.5 0.170 68.0 

JUUL US – Fruit punch flavor   1 2.5 0.154 61.6 

JUUL US - Mint flavor   1 2.5 0.188 75.2 

JUUL US – Tobacco flavor ( 69.8 

mg/ml nicotine concentration) 
15 4 1.67 27.8 

117 2021 

Ezzy Oval – Berry Cool flavor (53.8 

mg/m nicotine concentration) 
15 4 4.07 67.8 

Ezzy Oval – Mango Lychee flavor 

(75.4 mg/m nicotine concentration) 
15 4 5.44 90.7 

Hyde – Cherry lemonade flavor 

(86.9 mg/m nicotine concentration) 
15 4 3.15 52.5 

Puff Bar – Banana ice flavor (83.4 

mg/m nicotine concentration) 
15 4 6.72 112.0 

SEA – Mint flavor (54.3 mg/m 

nicotine concentration) 
15 4 1.67 27.8 

Waterpipes 

- 77.7 3.6  1.6 5.8 118 2016 

- 290 2.9  5 5.9 51 2018 

- 220 2.8  4.8 7.8 119 2010 

- 105 2.6  5.4  19.8 54 2019 

- 171 2.6  2.96  6.7 46 2005 

- 100 3.0  2.25  7.5 73 2003 

- 171 2.6  6.06  13.6 49 2008 

- 171 2.6  7.75  17.4 67 2011 

Cigarillos Black & Mild 23.1 2.8  2.3 35.6 120 2018 

Small Cigars 

Winchester 9.8 2  1.8 91.8 120 2018 

Average values of 8 commercially 

available small cigars in the US 

16.6 2  1.24  37.3 
101 2018 

16.5 2 3.49 
105.8 

 

Little cigars with cigar wrapper 

(average of 5 brands) 
8.5 2  1.60  94.1 

121 1976 
Little cigars with paper wrapper 

(average of 5 brands) 
9.4 2  1.60  85.1 

Average of 10 brands 14.4 2  2.1 72.9 105 1985 

Large Cigars 
Average of 5 brands 70.3 1.5 2.4 22.8 121 1976 

Average of 6 brands 108 1.5 1.9 11.7 105 1985 

Kretek  
Sampoerna 12.6 2  0.74  29.4 

100 2014 
Garam  17.3 2  1.78  51.4 
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Kretek-R  14.4 2  1.72  59.7 

Bidi 
Average of 21 brands 21 2  2.70 64.3 122 2003 

Average of 24 brands 17 2  1.86 54.7 123 1998 

Nicotine Patch 

NiQuitin Clear 7 mg  - 24 hrs 7 0.08 
124 2019 NiQuitin Clear 14 mg  24 hrs 14 0.16 

NiQuitin Clear 21 mg  24 hrs 21 0.24 

Nicotine Gum Zonnic 2mg - 30 min 2 1.11 125,126 2018/2019 

Table 8: Summary of the nicotine yield and flux of various tobacco products and the 

corresponding puffing topography parameters. * Average puff number under ISO 

smoking regime was used. 

   Flux (µg/s) 

Product N Year span Mean (SD) Range 

Combustible cigarettes 27 1988-2020 79(32) 29-140 

ENDS 52 2015-2021 29(23) 3.7-110 

Heated tobacco products 14 2018-2020 31(18) 5.8-58 

Waterpipe 8 2003-2019 11(5.6) 5.8-20 

Cigars/cigarillos 9 1976-2018 62(35) 12-110 

Roll your own 3 1985-2014 69(28) 52-100 

Bidi 2 1988-2003 60(6.8) 55-64 

Kretek 3 2014 47(16) 29-60 

Nicotine patch and gum products 4 2018-2019 0.4(0.48) 0.08-1.1 

Very low nicotine cigarettes 1 2019 1.7(-) - 

Table 9: Computed nicotine flux by tobacco product category. N indicates the number 

of products reported, while year span indicates years of publication for the studies 

included. SD = standard deviation. 

 

We also found a significant increase in reported flux over time (Figure 12) for 

ENDS products (4.5 g/s/year; p<0.001). Whereas prior to 2018, no publications 

reported products with a flux exceeding 40 ug/s, from 2019 onwards, nearly 40% of the 

tested products exceeded a flux of 60 g/s.  The upper quartile flux for ENDS products 

in a given year also increased significantly at a mean rate of 9.5 g/s/year (p<0.001). 
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4.4. Discussion 

Nicotine flux is a performance metric that describes the acute nicotine 

throughput of a tobacco product, the net outcome of the interactions between numerous 

product design and operating variables. While nicotine flux represents the rate at which 

nicotine can enter the human body, and therefore the theoretical limit of the rate of 

delivery to the brain, the rate is mediated by other factors that influence the 

pharmacokinetics of nicotine delivery. For inhaled products, these factors include such 

things as the particle size distribution and freebase-to-protonated nicotine ratio of the 

aerosol. In this study, we sought to document nicotine flux from a range of tobacco 

products whose yields and puffing parameters had been reported in the literature.  One 

limitation of this study is that products studied by previous researchers may not 

represent well the sales-weighted average of each category. A second limitation is that 

reported smoking machine studies may not have always used representative puffing 

parameters (e.g., puff velocity, duration, or interpuff interval), biasing nicotine yield, 

and, therefore, the computed flux.  The most accurate analytical determinations of 

nicotine emissions are made using puffing conditions appropriate to the product in 

Figure 12: Reported nicotine flux of ENDS products by year of 

manuscript publication. (p<0.001 for both regression lines) 
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question; for example, users of large sub-Ohm ENDS devices typically draw up to an 

order of magnitude greater flow rate than a user of a small pod-based device.   

We found that for inhalable tobacco products, combustible cigarettes exhibited the 

greatest average nicotine flux, while waterpipes exhibited the greatest nicotine yield per 

session.  Overall, nicotine patches had the greatest yields but also, owing to the long 

duration of use per unit, the lowest fluxes.  These findings underscore the limitations of 

nicotine yield as a regulatory construct for tobacco products that vary widely; in these 

cases, greater yield was associated with lower abuse liability. 

We also found significant variability in flux within and across product categories, as 

illustrated in Figure 13. While ENDS generally exhibited nicotine fluxes lower than 

those of combustible cigarettes, reports from 2018 onwards began revealing ENDS 

products whose fluxes were equivalent to combustible cigarettes.  Importantly, the 110 

g/s maximum flux reported to date for an ENDS product does not represent an 

intrinsic physical limit. With products available over the counter today, an ENDS user 

can readily access a liquid/device combination whose flux exceeds any value yet 

reported.  For example, based on the mathematical model of Talih et al.127, a device 

operating at 60 W with an EU-compliant 20 mg/ml nicotine concentration liquid can 

produce a flux of approximately 240 µg/s, roughly double the maximum reported for 

any combustible cigarette.  
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Figure 13: Nicotine flux ranges across tobacco products. The dashed line for ENDS 

represents the capacity of current over-the-counter products to exceed values reported to 

date. 

 

The current regulatory environment therefore allows marketing ENDS products 

whose nicotine emission rate exceeds that of the high abuse liability combustible 

cigarette.  Combined with emerging evidence that the convenience of ENDS use leads 

to far more frequent nicotine administration throughout the day than for combustible 

cigarettes128,129, the availability of high-flux ENDS products may portend greater 

population-wide nicotine dependence than was present prior to the advent of ENDS, if 

this outcome has not already been realized.  Empirical data on the relationship between 

flux, acute delivery, and dependence is too thin to evaluate this hypothesis at present; 

such data is urgently needed. Of note, Do et al.130 recently reported an association 

between nicotine flux and dependence scores in a pilot study of experienced users of 

pod-based devices. 

Given the approximate doubling of ENDS nicotine flux from 2015 to 2020, policy 

makers may not have the leeway to wait for a definitive evidence base to emerge, and 
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may find it prudent to regulate flux in the interim.  There is little reason to suspect that 

exceeding the nicotine flux of combustible cigarettes is necessary to improve public 

health.  With this starting point, an upper limit on ENDS nicotine flux could be, at most, 

140 g/.  However, given the greater convenience and greater use frequency observed 

in ENDS users, this upper limit, if applied to ENDS, may still lead to greater 

population-level nicotine dependence. For this reason, one potential approach is to use 

the mean observed for combustible cigarette flux (i.e., approximately 80 mg/sec, see 

Table 9) as a temporary ceiling for over-the-counter ENDS products, with further 

adjustments informed by empirical investigations aimed at understanding the abuse 

liability of ENDS products across populations of particular interest (e.g., nicotine naïve 

individuals, former smokers at risk for relapse).  Of course, if empirical work 

demonstrates that higher flux ENDS are safe and effective for smoking cessation, these 

products can be made available to cigarette smokers in a manner that does not risk the 

health of nicotine-naïve individuals (e.g., restricted access rather than over-the-counter 

availability). An additional concern is that ENDS aerosols contain varying 

concentrations of toxicants such as carbonyl species. Thus, minimizing the amount of 

inhaled aerosol may be desirable because it can reduce user exposure to harmful 

toxicants. From this perspective, to the extent that a user seeks to attain a given nicotine 

intake, too low a nicotine flux can, perversely, increase non-nicotine toxicant exposure 

because it may drive more prolonged puffing bouts.  

Policymakers interested in reducing nicotine dependence at the population level would 

do well to address nicotine flux as a regulatory target and avoid the mistake of using 

inappropriate proxies (e.g., liquid nicotine concentration) that cannot, by themselves, be 

used to control the nicotine dose inhaled by ENDS users.  
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APPENDIX 
 

ENDS model description 

 

The temperature and liquid vaporization rate, �̇�𝑣0
 emitted by the ENDS during a 

puff were determined using a numerical simulation previously described by Talih et 

al.127  The model is based on unsteady energy and mass balances and equilibrium ideal 

solution thermodynamics applied to a single-zone control volume bounding the heating 

coil and wick of the ENDS device.  

In brief, the temperature of the ENDS heating coil and wick is computed at a time 

step of 0.1 milliseconds during and between puffs, accounting for the electrical power 

delivered by the device, the heating and subsequent vaporization of fresh liquid into the 

heated zone, and the various losses due to conduction and convection from the heated 

zone. The model accounts for liquid composition changes during evaporation and 

boiling, depending on the instantaneous temperature in the heated zone.  

To account for thermal energy and condensation losses from the aerosol as it 

travels downstream of the vaporization zone through the mouthpiece, we coupled to the 

model of Talih et al. (2017)127 to a boundary-layer heat transfer model using the 

geometry of the Subox Mini-C ENDS product used in the clinical studies,  as illustrated 

in Figure A1. At each time step, the adiabatic mixing temperature T1 between the hot 

vapors and the air flowing over the coil/wick assembly is computed. The mixture then 

loses heat by convection to the walls of the ENDS mouthpiece tube. The average heat 

transfer coefficient ℎ̅ through the tube length is calculated based on the flow rate of the 

inhaled aerosol and tube dimensions so that the temperature T2 of the inhaled aerosol 

could be determined by29:  

𝑇2 = 𝑇𝑡𝑢𝑏𝑒 − 𝑒𝑥𝑝(−
𝑃𝑒𝑟 𝐿

𝑚 ̇ 𝑐𝑝
ℎ̅)(𝑇𝑇𝑢𝑏𝑒- 𝑇1)       (A1) 
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To verify the simulation of the ENDS/mouthpiece operation during a puff, the 

aerosol temperature exiting the mouthpiece was measured by a thermocouple installed 

at the mouthpiece exit while the device was puffed using the AUB Aerosol Lab Vaping 

Instrument (ALVIN). The thermocouple data was acquired at 4 Hz using a National 

Instruments-based data acquisition system.  

Measurements were made under 18 different conditions. These included varying 

liquid PG/ VG ratio (70/30 vs 30/70), three flow rates (4,10, and 15 lpm), and three 

ENDS power settings (13.5, 30, and 40.5 W).  For each condition, ALVIN was 

programmed to generate 10 puffs of 4 second duration with an inter-puff interval of 10 

seconds. The same test conditions were run using the model and compared to 

Figure A1: Inhalation temperature at the device 

mouthpiece computed by combining the model 

of Talih et al. (2017) and thermal energy losses 

to the tube walls.  
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experimental results. Model predicted temperatures showed significant correlation with 

those measured experimentally as shown in Figure A2.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2: Model predicted versus measured aerosol temperature difference between the 

outlet of the ENDS mouthpiece and the ambient. Each point represents the mean temperature 

of 10 puffs drawn at each condition 
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Upper airway cross-sectional area and perimeter variations 

 

 

 

 

0

100

200

300

400

0 2 4 6 8 10 12 14 16 18 20

C
ro

ss
-s

ec
ti

o
n

al
 a

re
a 

(m
m

2
)

Distance from oral entrance (cm)

Oral Cavity Laryngeal Tracheal Airway

0

40

80

120

160

0 2 4 6 8 10 12 14 16 18 20

Pe
ri

m
et

er
 (

m
m

)

Distance from oral entrance (cm)

Laryngeal Tracheal AirwayOral Cavity

Figure A3: Cross-sectional area and perimeter variations along the upper airway 
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Upper airway Nusselt number values 

 

 
Flow rate (LPM) 

Airway Segment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 9.8 13.2 15.8 18.0 19.9 21.7 23.4 25.0 26.5 28.0 29.4 32.0 32.1 33.3 34.6 35.8 37.0 38.1 39.3 42.5 

2 7.9 9.3 10.5 11.8 13.2 14.6 16.1 17.6 19.1 20.7 22.2 24.2 25.4 27.0 28.7 30.3 31.9 33.6 35.2 36.3 

3 8.8 9.8 10.7 11.7 12.7 13.8 15.0 16.2 17.4 18.6 19.8 21.6 22.0 23.1 24.1 25.0 25.9 26.8 27.7 29.3 

4 10.5 12.6 15.3 18.4 21.9 25.3 28.8 32.2 35.7 39.1 42.6 46.4 49.6 53.0 56.2 59.2 62.2 65.3 68.3 72.3 

5 6.2 7.3 9.2 11.8 15.1 18.6 22.1 25.8 29.4 32.8 36.0 39.3 11.4 44.3 47.3 50.5 53.6 56.9 60.1 60.0 

6 6.9 5.6 4.0 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 19.8 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

7 5.6 6.3 6.4 5.9 4.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

8 4.2 4.5 4.4 4.0 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

9 3.7 3.9 4.2 4.4 4.7 4.9 5.0 6.0 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

10 3.7 3.7 3.9 4.0 4.1 4.2 4.3 3.7 4.6 4.8 5.1 5.6 5.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

11 3.8 4.2 4.6 5.2 6.0 7.3 9.2 11.6 14.0 16.0 17.7 19.4 21.3 23.3 25.1 26.4 27.3 28.0 28.7 31.8 

12 3.8 4.5 5.4 6.3 7.5 9.0 10.2 10.7 10.8 11.0 11.9 12.9 15.2 14.9 14.0 13.7 14.4 15.8 17.1 17.9 

13 3.7 3.7 4.4 5.3 6.1 6.7 7.0 7.2 7.1 6.9 6.6 7.2 5.2 4.8 5.1 5.6 5.9 6.0 6.0 6.0 

14 3.7 5.2 6.8 8.3 9.6 10.4 10.9 11.2 11.6 12.1 12.6 13.7 13.7 14.6 15.3 15.9 16.4 16.9 17.4 18.8 

15 3.7 5.3 6.9 8.5 10.1 11.6 12.8 14.0 14.8 15.4 16.0 17.4 17.2 17.8 18.5 19.3 20.0 20.7 21.4 23.5 

16 4.1 5.8 7.5 9.1 10.5 11.8 13.0 14.1 15.0 15.6 16.3 17.7 17.5 18.2 18.8 19.5 20.3 21.0 21.6 23.7 

17 3.7 4.5 5.9 7.3 8.4 9.4 10.3 11.1 11.7 12.2 12.7 13.8 13.5 13.9 14.4 14.9 15.4 15.9 16.4 18.0 

18 3.7 4.5 5.8 7.1 8.2 9.2 10.1 10.9 11.6 12.2 12.8 14.0 13.8 14.2 14.7 15.2 15.7 16.2 16.7 18.4 

19 3.7 4.7 6.0 7.3 8.3 9.1 9.9 10.6 11.3 11.9 12.5 13.6 13.5 14.0 14.4 14.9 15.4 15.9 16.4 18.0 

20 6.9 9.0 11.3 13.3 15.0 16.4 17.7 18.9 20.1 21.4 22.6 24.7 24.6 25.5 26.3 27.2 28.0 28.9 29.7 32.5 

21 3.7 3.7 3.7 3.7 3.7 3.7 3.9 4.1 4.4 4.6 4.9 5.3 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.6 

22 3.7 3.7 3.7 3.7 3.7 3.8 4.0 4.2 4.5 4.7 5.0 5.5 5.5 5.7 5.9 6.1 6.3 6.5 6.7 6.8 

23 3.7 4.7 5.7 6.6 7.3 7.9 8.5 9.0 9.6 10.2 10.8 11.8 11.9 12.4 12.8 13.2 13.6 13.9 14.3 15.6 

24 4.3 5.2 6.3 7.2 8.1 8.8 9.5 10.2 10.8 11.4 12.1 13.2 13.4 14.0 14.5 15.0 15.5 16.0 16.4 17.8 

25 5.9 6.7 7.5 8.2 8.9 9.5 10.1 10.6 11.2 11.7 12.2 13.3 13.3 13.8 14.2 14.6 15.0 15.4 15.8 16.9 

26 12.4 15.3 17.1 18.3 19.4 20.6 21.9 23.3 24.7 26.1 27.5 30.0 30.2 31.5 32.6 33.6 34.7 35.7 36.7 39.0 

27 14.7 21.2 28.0 34.9 43.3 51.4 59.8 68.0 72.1 78.7 85.1 92.9 99.5 106.3 113.4 120.5 127.6 136.6 144.1 149.9 

28 19.4 26.2 32.0 35.3 39.4 43.6 46.9 50.0 55.0 64.8 78.0 85.1 100.2 110.1 117.5 124.2 129.8 125.9 134.5 144.1 

Table A10: Nusselt number values in the oral cavity “OC” at flow rates ranging 

between 1 and 20 liters/minute 
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Flow rate (LPM) 

Airway Segment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

29 4.5 4.0 3.8 4.1 3.7 3.7 3.7 3.7 5.6 5.8 5.0 5.5 3.7 3.7 3.7 3.7 9.1 3.7 5.4 6.0 

30 3.8 4.7 6.2 7.1 8.5 9.4 10.9 12.8 11.6 12.6 13.5 14.7 15.5 16.6 17.8 18.2 9.0 13.7 5.3 22.3 

31 5.0 7.6 9.3 10.3 12.7 14.0 15.2 15.4 20.1 20.2 20.0 21.8 18.8 17.5 14.7 13.5 12.5 3.7 3.7 3.7 

32 5.7 9.8 12.8 12.9 11.5 10.8 9.3 7.3 9.7 9.6 9.8 10.7 10.8 11.7 13.7 15.4 16.7 22.1 27.2 30.3 

33 5.3 9.0 12.3 14.2 12.0 10.2 9.1 9.5 9.1 9.6 3.7 3.7 3.7 5.1 7.2 9.0 11.0 24.3 26.6 30.0 

34 4.4 7.4 9.7 11.1 12.2 12.9 13.6 14.3 7.4 7.9 16.6 18.1 18.9 20.2 21.6 23.1 24.7 29.6 30.5 28.2 

35 3.7 6.0 7.9 9.3 10.6 11.6 12.5 13.3 13.8 14.4 15.3 16.7 17.9 19.3 20.6 22.0 23.3 23.9 25.3 26.1 

36 3.7 5.4 6.9 8.1 10.0 11.2 11.9 12.4 11.2 11.4 11.9 12.9 13.2 14.2 15.5 16.7 17.8 18.8 19.8 19.7 

37 4.1 5.8 6.8 7.9 9.1 11.2 13.3 14.8 16.5 18.0 19.1 20.8 19.8 20.4 20.9 21.3 21.8 24.8 25.9 27.6 

38 3.7 4.9 6.2 7.2 8.4 9.6 11.0 12.4 13.3 14.8 16.3 17.8 18.0 19.1 20.2 21.3 22.5 26.8 28.7 27.7 

39 3.7 3.7 4.5 5.8 7.9 9.8 11.3 13.1 13.6 14.9 16.2 17.7 19.3 20.6 21.9 23.6 25.5 26.3 27.5 29.1 

40 3.7 3.7 3.7 4.4 6.3 7.6 9.2 10.7 10.9 11.6 12.6 13.8 15.5 16.7 18.1 19.2 20.2 19.5 19.7 22.4 

41 3.7 3.7 3.8 5.1 7.4 10.5 13.3 15.6 16.5 18.3 20.1 21.9 24.4 25.4 26.5 27.8 29.1 31.0 32.3 35.1 

42 3.7 3.7 4.4 6.3 8.9 11.0 11.8 12.1 12.9 14.5 15.7 17.2 15.9 17.0 18.0 18.8 19.7 24.0 25.7 24.9 

43 3.7 3.7 3.7 5.6 8.5 10.5 11.3 11.5 11.5 11.9 13.2 14.4 14.6 15.3 16.2 16.9 17.6 19.5 20.5 21.2 

44 3.7 3.7 3.7 3.7 4.0 6.1 8.0 9.1 10.1 10.2 9.6 10.5 10.0 10.4 10.6 10.9 11.1 10.3 10.5 12.9 

45 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 4.1 4.2 4.5 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

46 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.9 4.3 3.7 5.9 3.7 6.1 3.7 5.0 5.0 6.0 

47 3.7 3.8 5.0 6.3 3.7 3.7 3.7 3.7 3.8 18.3 6.7 7.3 21.9 10.2 25.2 10.5 28.9 8.5 8.4 10.0 

48 3.7 3.7 3.8 4.2 4.9 5.8 6.7 7.7 9.1 9.9 10.4 11.3 10.4 10.7 11.2 11.8 12.4 13.3 13.9 14.7 

49 3.7 3.7 3.7 3.7 3.9 4.4 5.0 5.5 5.8 6.4 7.0 7.6 7.8 8.1 8.3 8.5 8.6 9.3 9.6 10.1 

50 3.7 3.7 3.9 4.6 5.9 7.3 9.1 10.8 12.5 14.3 16.1 17.5 18.5 19.8 21.3 22.9 24.6 26.1 27.9 28.7 

51 3.7 3.7 3.7 4.6 6.1 8.2 10.5 13.3 15.3 17.6 19.8 21.6 23.3 24.5 25.3 25.9 26.3 25.8 25.8 31.6 

52 3.7 3.7 3.7 3.7 4.1 5.3 6.6 7.7 8.3 8.9 8.7 9.5 7.9 7.5 7.1 6.8 6.7 7.0 7.2 10.0 

53 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

54 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 4.5 5.3 3.7 3.7 3.7 7.4 7.8 3.7 

55 3.7 3.7 4.2 4.3 4.9 5.1 5.4 6.3 8.1 9.8 12.1 13.2 15.0 16.3 17.8 19.4 20.8 21.3 22.3 23.0 

56 3.7 4.2 5.3 6.2 7.4 8.0 8.9 10.5 11.9 13.3 14.4 15.7 15.1 15.9 16.8 17.7 18.7 20.4 21.3 22.2 

57 3.7 4.3 5.6 6.7 8.5 9.9 11.4 12.6 13.2 14.0 14.9 16.2 16.5 16.9 17.2 17.6 18.0 19.4 20.1 22.0 

58 3.9 4.6 5.7 6.7 8.2 9.5 11.0 12.3 12.8 13.8 15.0 16.4 16.7 17.3 18.0 18.7 19.4 20.6 21.4 23.1 

59 3.7 3.9 4.9 5.8 7.1 8.2 9.5 10.7 11.3 12.4 13.4 14.6 14.8 15.4 16.1 16.8 17.4 18.3 18.9 20.6 

60 3.7 4.2 5.2 6.2 7.5 8.6 9.9 11.0 11.4 12.4 13.4 14.6 14.7 15.4 16.0 16.6 17.3 18.3 19.0 20.5 

61 3.9 4.6 5.7 6.7 8.1 9.2 10.6 11.7 12.1 13.0 14.0 15.2 15.5 16.2 16.9 17.5 18.2 19.3 20.0 21.5 

62 3.7 3.7 3.9 4.5 5.4 6.2 7.0 7.7 8.0 8.6 9.3 10.1 10.2 10.7 11.1 11.5 12.0 12.5 12.9 13.9 

63 3.7 3.7 4.5 5.3 6.2 7.0 8.0 8.7 9.0 9.6 10.3 11.3 11.5 12.0 12.5 13.0 13.5 14.3 14.7 15.7 

64 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

65 3.7 3.7 4.4 5.1 6.0 6.8 7.7 8.3 8.6 9.2 9.8 10.7 11.0 11.4 11.9 12.3 12.7 13.4 13.8 14.8 

66 3.7 3.9 4.9 5.9 6.8 7.7 8.7 9.3 9.7 10.3 11.0 12.0 12.4 12.9 13.4 13.9 14.4 15.3 15.8 16.9 

Table A11: Nusselt number values in the laryngeal tracheal airway “LT” at flow rates 

ranging between 1 and 20 liters/minute 
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