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Abstract

Introduction: Documenting factors that influence differential sensitivity to acutely inhaled nicotine 
products requires carefully controlling the amount of exposure (dose), and thus a procedure by 
which to control such exposure.
Methods: We evaluated consistency of puff volume from intermittent acute exposures to smoked 
tobacco cigarettes (study 1, n = 45, plus a comparison study of uninstructed use with n = 59) and to 
vaped electronic cigarettes (e-cigarettes; study 2, n = 27 naive to e-cigarettes) in adult-dependent 
smokers. All in primary studies 1 and 2 participated in research administering different nicotine 
levels in each product under blind conditions, one per session using within-subject designs. In 
both studies, participants followed an automated instructional procedure on a computer monitor 
standardizing the timing and amount of exposure to each product during a given trial, with four 
trials per session, each separated by 20 minutes. Puff volume per trial via Clinical Research Support 
System (CReSS) was the primary dependent measure to determine consistency across trials via 
intraclass correlation coefficients (ICCs).
Results: Control over topography with both inhaled products was demonstrated by highly signifi-
cant ICCs for puff volume across trials. Instructed control with own brand was generally better in 
study 1 than with uninstructed smoking in the comparison sample, as expected. As intended, reli-
ability of puff volume generally did not differ by menthol preference or sex in either study, but ICCs 
in study 2 tended to be lower for some men using the placebo e-cigarette.
Conclusions: This instructional procedure may substantially improve control over amounts of 
acute exposure to tobacco or e-cigarette use.
Implications: Control over topography in studies of acute exposure to these inhaled products can 
potentially aid validity of research into differential sensitivity to use, so findings can be attributed 
to factors of interest and not to variable exposure. Our procedure minimized variability in expo-
sure to the same product and between moderate nicotine products, but remaining differences sug-
gest that compensation for very low or no nicotine commercial products may be difficult to totally 
eliminate with these instructions alone. Further study is needed to determine this procedure’s util-
ity with other inhaled products among experienced users and when comparing different products 
in between-groups analyses.
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Introduction

Some research on acute smoking or vaping behavior focuses on factors 
that may account for differential amounts of smoking exposure that 
are self-administered ad libitum by smokers over a brief period of time 
(eg, single cigarette, or one “bout” of smoking or vaping).1–5 Separately, 
other acute research evaluates influences on variable responding to 
fixed amounts of cigarette smoking (or vaping), which requires careful 
control over that smoke exposure to establish the factors responsible 
and rule out differential smoking amounts. In other words, rather than 
being the dependent measure, as in the first area of research, expo-
sure here is an independent measure (ie, dose), with magnitude of 
responding to that exposure amount, or sensitivity, being the depend-
ent measure. Relevant studies here are far more common for tobacco 
smoking, such as those examining variable responding to specific levels 
of smoking exposure as functions of individual differences, concurrent 
environmental conditions, differences in the cigarette’s constituents, or 
other manipulations. Examples include research on responding due to 
static individual difference factors of high or low dependence,6 men-
thol or nonmenthol preference,7 or subject sex8; contextual factors of 
testing location,9 concurrently engaging in exercise,10 or pretreatment 
with medications11; and controlled variations in nicotine or other con-
tent of tobacco in test cigarettes.12,13 Similarly observed variations in 
amount of self-administered exposure and in differential responses 
to exposure have been found in acute tests with electronic cigarettes 
(e-cigarettes).14

Some measures of smoking topography are often consistent 
within smokers smoking under the same conditions.4,15 However, 
although smokers can accurately report puff number and approxi-
mate interpuff interval (IPI), most are not able to accurately gauge 
puff volume,16 questioning the ability of instructions limited to just 
puff number and timing to effectively control total exposure from 
acute smoking.17,18 Consequently, even videotaped observation of 
smoking may not accurately assess total topography, given variabil-
ity in duration and volume of each puff.19 Without tightly control-
ling amounts of smoke or vape exposure, this research may not easily 
distinguish between factors affecting differential pharmacodynamic 
responses (sensitivity) to the same specific amount of exposure versus 
those altering intensity of smoking or vaping behavior, or differential 
amount of exposure (ie, puff topography).8,20 Therefore, an instruc-
tional procedure that can elicit standardized volumes for puffs may 
be of considerable utility for research seeking to assess responses to 
fixed amounts of acute exposure to these inhaled products.

In the current research, we evaluated the effect simplified instruc-
tions on the precise timing of puff inhalation, breath hold, and exha-
lation had on the reliability of the resulting volume of each discrete 
trial of smoking or vaping exposure, involving a set number of puffs. 
To evaluate this procedure, we conducted secondary analyses of data 
from recent studies using very similar methods for dependent smokers 
to self-administer fixed numbers of puffs under various manipulations. 
These studies also allowed us to explore generalizability of the con-
trol resulting from our computerized instructional procedure across 
different products, tobacco and e-cigarettes varying in nicotine, and 
different subgroups of smokers. Using within-subject designs, primary 
comparisons were differences in consistency across trials between ses-
sions because of cigarette nicotine yield or own brand (study 1, plus 
comparison data of topography with own brand when not using this 
instructional procedure), or due to e-cigarette nicotine content (study 
2). Secondary between-groups comparisons were differences in consist-
ency of topography due to men versus women or to menthol versus 
nonmenthol preference (both studies).

All puffing in these studies was done via the portable Clinical 
Research Support System (CReSS Pocket; Borgwaldt KC, Inc, 
Richmond, VA; https://www.borgwaldt.com/en/products/smoking-
vaping-machines/smoking-topography-devices.html), widely used in 
research over the past decade to assess acute smoking topography.15,19 
The CReSS was used here to objectively assess puff volume (in mil-
liliters),4,15 as well as puff duration, puff number, and IPI, and, thus, to 
evaluate the reliability of intake per trial with the instructions presented 
in this computerized puffing procedure. (A prior desktop CReSS ver-
sion allowed real-time feedback on the immediately obtained volume 
relative to the instructed volume, possibly improving exposure control 
beyond our instructional procedure. However, this version is apparently 
no longer available for purchase from Borgwaldt, the manufacturer; 
see link mentioned earlier). Importantly, though, the CReSS here is not 
a component of our instructional procedure but a method to validate 
the procedure, specifically its control over topography. This procedure 
potentially can be used alone to improve control over exposure during 
acute assessments of inhaled nicotine products.

If smoke and vape exposure per trial is confirmed as very reliable, 
this simple instructional procedure may enable researchers to carefully 
control acute smoking or vaping topography in experimental studies, 
with or without a device for objective topography assessment. Such 
a procedure would allow within-subject examination of responses to 
a fixed amount of exposure to inhaled products differing in constitu-
ents (especially nicotine content) and other influences on pharmacody-
namic responses, isolating causal factors in this differential responding. 
Between-groups differences in responding also may be more valid with 
better topography control. This procedure may be of particular benefit 
going forward, as research cigarettes explicitly differing in specific nico-
tine and other contents recently became available for study of nicotine 
dosing via smoking (Spectrum),7,12 along with nonsmoked products 
varying in nicotine content,21–23 all of which require good control over 
topography to isolate acute effects of nicotine dosing per se.

Study 1

These instructions were presented with an automated computerized pro-
cedure displayed in slides on a monitor that advance automatically based 
on the timing specified (see Supplementary Figure), as later described in 
more detail (Topography Control section). Study 1 examined the consist-
ency of control over topography with our procedure in dependent smok-
ers instructed to take six puffs from one cigarette at four separate times 
(trials). Three different types of cigarettes were tested, just one per session. 
Two sessions involved Quest brand cigarettes differing widely in nicotine 
yield and administered under blind conditions after brief abstinence. To 
begin evaluating generalizability of our instructional procedure between 
different study conditions, a third session entailed administering the partic-
ipant’s own brand of cigarettes in unblinded manner after no abstinence. 
Finally, for comparison, topography data from a separate sample smoking 
own brand in uninstructed (ie, ad libitum) manner were related to study 
1 results from the own brand condition to examine differences in control 
with versus without our procedure. Both of these samples smoked their 
own brand unblinded and after no abstinence, but with (study 1) or with-
out (comparison sample) this instructional procedure.

Methods
Participants
Data for study 1 were from dependent smokers completing two 
very similar prior studies examining acute reinforcement-enhancing 
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effects of nicotine via smoking.24,25 These studies compared sessions 
with virtually identical procedures and involving administration of 
moderate and very low nicotine Quest brand cigarettes, as well as a 
session with their own preferred brand. These participants comprised 
45 dependent smokers (20 M, 25 W), those who smoked at least 10 
cigarettes/day for at least 1 year and met Diagnostic and Statistical 
Manual of Mental Disorders, Fourth Edition, criteria for nicotine 
dependence. We excluded those currently taking medications to treat 
serious psychological problems (eg, psychosis, major depression) or 
those interested in quitting smoking (ie, treatment seekers). Mean (± 
SD) smoking characteristics were 14.6 ± 3.9 cigarettes/day, 4.5 ± 1.7 
on the Fagerström Test of Nicotine Dependence (FTND)26; nicotine 
yield of their preferred brand was 1.0 ± 0.2 mg; 58% were nonmen-
thol smokers; and they were 26.4 ± 9.7 years of age. Men and women 
also did not differ on these smoking characteristics or age. All were 
recruited from the surrounding community and most self-identified 
as Caucasian (84.4%), with 11.1% African American, 2.2% Asian, 
and 2.2% Native Indian/Alaskan Native.

To explore topography control with versus without our pro-
cedure, we compared topography between that for the own brand 
session in study 1 versus a participant sample from another study 
with the same inclusion or exclusion criteria27 who also smoked their 
own brand via the CReSS unblinded, but in uninstructed manner. 
Characteristics of the 59 individuals in this sample (36 M, 23 W) 
were comparable to those 45 for study 1, with means (SD) of 20.1 
(6.8) cigarettes/day, 4.7 (2.0) on FTND; nicotine yield of their pre-
ferred brand was 1.0 (0.2) mg; 53% were nonmenthol smokers; and 
they were 26.1 (8.9) years of age, with no sex differences in these 
characteristics. Also similar, most identified as Caucasian (86%) with 
others self-reporting as African American (12%) or Hispanic (2%).

Cigarettes
Subjects smoked a different cigarette in these three sessions, involv-
ing a moderate nicotine brand, a denicotinized brand, and, for 
comparison, their own preferred nicotine brand, with just one ciga-
rette type per session. The moderate (nicotine) brand was Quest 1 
(yield of 0.6 mg nicotine), and the very low, denicotinized (denic) 
brand was Quest 3 (yield <0.05 mg nicotine). Both were formerly 
sold commercially by Vector Group, Ltd (Miami, FL). Menthol-
preferring smokers (n  =  19) received menthol Quest; nonmenthol 
smokers (n = 26) received nonmenthol Quest. All Quest cigarettes 
had identifiable markings covered using Fisherbrand 13 mm labeling 
tape,28 and subjects were kept blind to brand. By contrast, markings 
of their preferred brand (mean yield of 1.0 ± 0.2 mg nicotine) were 
not covered in the nonabstinent comparison session and so were 
administered unblind. This own brand  or  satiation condition was 
intended here to examine generalizability of smoking topography 
control with our procedure between an unfamiliar brand (Quest) 
under blinded and overnight abstinence conditions, and a familiar 
(own brand) cigarette under unblinded and nonabstinence condi-
tions (typical of most smoking in the natural environment). All in 
the comparison sample also smoked their own brand unblinded but 
without access to the instructional procedure to allow us to evaluate 
whether the procedure improved control over topography.

Topography Control
This instructional procedure was designed to standardize the timing 
and amount of exposure from a fixed number of puffs inhaled from 
the cigarette being tested, based on typical means from observations 

of ad libitum smoking in past research. The exact puff timing and 
durations were guided by computer-presented puffing instructions 
via Microsoft Office PowerPoint29 slides to standardize the durations 
of each step in consuming one puff, comprising 30 seconds per puff 
exposure. As shown in the Supplementary Figure, these steps pro-
ceeded from preparation (two slides) of “Get Ready” and then “Put 
the Mouthpiece to your lips” (2 seconds each), then “Inhale” (ie, puff 
duration; 2 seconds), “Breathe in and hold” (2 seconds for tobacco 
cigarette, 4 seconds for e-cigarette), and “Exhale” (2 seconds), fol-
lowed by “In a moment you’ll do that again. Wait for instructions” 
(20 seconds for tobacco, 18 seconds for e-cigarette) for the next 
scheduled puff. The slides ended after the last scheduled puff of the 
trial. This timing was intended to fix intake from a tobacco ciga-
rette at about 50 mL per puff, consistent with ad libitum puffing.4,19 
Participants engaged in these trials of controlled puffing behavior 
while alone in the study room but were observed by an experimenter 
in a different room watching via video monitor.

Procedure
After attending a screening session to confirm eligibility and pro-
vide informed consent, all engaged in a “practice” period with the 
topography procedure (described earlier) using an unlit cigarette, to 
ensure familiarity with following the timing of puffing instructions 
shown on the monitor prior to the three 2-hour experimental ses-
sions. No other training or feedback on performance was provided. 
Two sessions followed overnight abstinence and differed only in the 
acute smoking condition in effect: “nicotine” (Quest 1) or “denic” 
(Quest 3) cigarettes presented under blind conditions. To compare 
these results with topography control under more “typical” smok-
ing conditions, the third session involved no overnight abstinence 
and smoking of one’s preferred cigarette (own brand) in unblinded 
manner, identified at the eligibility screening session. A fourth experi-
mental session was identical to the other three but did not involve 
any smoking and is not discussed further. All cigarettes, including the 
preferred brand, were provided by the experimenter. The order of 
these three smoking conditions across sessions was counterbalanced 
between subjects and separated by at least 1 day.

On arrival to each session, expired-air carbon monoxide (CO) 
was assessed via BreathCo CO monitor (Vitalograph, Lenexa, KS) to 
confirm overnight (>12 hours) smoking abstinence (CO ≤ 10 ppm) 
or nonabstinence (CO > 10 ppm),30 according to smoking restric-
tions required prior to these three sessions. Prior to each of the 
four puffing trials per session, participants were presented with the 
cigarette assigned for that session, told to insert it into the CReSS 
device prior to the puffing trial, and then instructed to light it and 
follow the computerized puffing procedure via PowerPoint slides on 
the monitor (see Topography Control). When lighting the cigarette, 
participants were instructed to do so without taking a puff from 
the cigarette or CReSS device, preventing additional smoke expo-
sure separate from the puffing procedure. Participants held the flame 
from the lighter on the tip of the cigarette until the paper caught 
and were instructed to blow on the tip of the cigarette to ensure it 
was fully lit before continuing with the puffing procedure. This same 
procedure was followed on the three subsequent puffing trials, each 
involving a new cigarette. As noted, the procedure instructed them 
on when to take six puffs over 3 minutes, with one puff every 30 
seconds, and these six puffs/trial were presented on a total of four 
trials per session, each followed by 20 minutes of rest without any 
smoking exposure.
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Finally, to compare consistency of topography with versus with-

out our instructional procedure, we examined data from a differ-

ent sample of smokers comparable to those in study 1 but who 

smoked their own brand without instructions (ie, ad libitum) once 

upon arrival on four separate sessions (unblinded and after no absti-

nence, as in study 1). The purpose for these trials in that compari-

son study was to ensure satiation at baseline prior to the start of 

testing of smoking responses to other cigarette brands later in the 

sessions because of different negative affect induction manipula-

tions, described in the original report27 and not discussed further 

here. Thus, the only relevant procedures in this comparison sample 

involved telling participants to smoke as usual prior to each of four 

sessions and then, after arrival, to smoke one of their preferred brand 

cigarettes however they wished via the CReSS. Study protocols were 

approved by the University of Pittsburgh Institutional Review Board.

Data Preparation and Analysis Approach
To assess amount of smoking exposure, the primary dependent 

measure of interest was total puff volume per trial, which was 

determined by the volume assessed by the CReSS throughout each 

trial. Secondary topography measures were puff number per trial 

and means per trial for the individual puff-level data of IPI and puff 

inhalation duration. Across all participants and cigarette condi-

tions, there were a total of 3362 individual puffs. Prior to analyses, 

we examined all trials apparently deviating from the procedure’s 

instructions. Puffs with IPIs less than 1000 ms (n = 26, 0.77% of all 

puffs) or a combination of IPIs less than 2000 ms and durations less 

than 1000 ms (n = 3, 0.09% of all puffs) were identified as “stut-

ter puffs.” Stutter puffs were those that could have occurred due to 

participants changing their lip position on the mouthpiece mid puff, 

taking a brief pause mid puff, or a false start in anticipation of the 

“Inhale” slide. Puff volume and duration from these few identified 

stutter puffs were combined with the preceding puff. Means for puff 

duration and IPI, along with the number of puffs, were then calcu-

lated for each trial.

Preliminary analyses used separate 3  ×  4 repeated measures 

analysis of variance (RM ANOVA) to assess within-subjects differ-

ences in puff volume, puff duration, IPI, and absolute number of 

puffs as a function of cigarette conditions (3) and trial number (1–4). 

Partial eta squared (η2
p) was calculated as a measure of effect size 

for each ANOVA. Pairwise comparisons using a Bonferroni correc-

tion for multiple comparisons were conducted to follow up any sig-

nificant main effects. For primary analyses, two-way mixed model 

intraclass correlation coefficients (ICCs)31 were calculated to assess 

reliability in total puff volume across trials within each cigarette 

condition. Type C ICC values were used to estimate the consistency 

of puff volumes. Differences in ICC values between cigarette condi-

tions, menthol preference, and sex were determined by examining 

overlap of the 95% CIs.

To compare topography results from smoking own brand with 

versus without our procedure, we conducted similar analyses as 

described earlier with the own brand session of study 1 versus the 

comparison sample smoking their own brand in uninstructed man-

ner. RM ANOVA of Study × Trial evaluated differences in the four 

topography measures noted earlier. ICC values were also computed 

to estimate consistency of puff volumes across sessions.

Results
Preliminary Analyses
Control of smoking exposure with this procedure is indicated by the 
means (±SEM) for the topography measures by trial, shown sepa-
rately for each cigarette condition in Figure 1. Results of the prelimi-
nary RM ANOVAs are shown in Table 1. Despite this consistency of 
puff volume across trials (Figure 1), main effects of cigarette condi-
tion and trial were significant. Bonferroni adjusted pairwise compar-
isons indicated that mean (SEM) volume was higher for the Quest 3 
denic, 342.45 (13.53) mL, than for the two nicotine cigarettes, Quest 
1, 287.26 (10.75) mL, and own brand, 302.79 (14.54) mL, which 
did not differ. However, pairwise comparisons found no significant 
differences in puff volume between trials. Similarly, the main effect 
of cigarette condition was also significant for puff duration, with 
longer mean (SEM) durations for Quest 3 denic, 2.01 (0.06) seconds, 
compared to the nicotine cigarettes of Quest 1, 1.88 (0.04) seconds, 
and own brand, 1.89 (0.06) seconds. For the other secondary topog-
raphy measures, IPI and number of puffs, the main effect of trial was 
significant, but none of the follow-up comparisons were significant.

Primary Analyses
Table 2 displays ICC values and 95% CIs for each cigarette condi-
tion overall, and then separately for the subgroups differing by men-
thol preference and sex. As suggested by the comparable means per 
trial shown in Figure 1, total puff volume was consistent across trials 
for each cigarette condition in all participants, indicated by overlap-
ping 95% confidence interval (CI) bands in the first row of Table 2. 
When comparing between menthol preference subgroups, ICC val-
ues were similar within each cigarette condition. Similarly, puff vol-
ume per trial was consistent for each menthol group across cigarette 
conditions. The same pattern of consistency between groups (within 
cigarette conditions) and within groups (across cigarette conditions) 
was found for sex.

Comparison Analyses
For the noninstructed smoking of own brand in the comparison 
sample, the RM ANOVA is also shown in Table 1; the ICC values 
and 95% CIs for topography results are shown in Table 2; and the 
means per trial for each measure are also displayed at the bottom of 
Figure 1. As would be expected, total exposure was much higher in 
the uninstructed sample versus study 1, with 570.39 (21.44) versus 
301.79 (24.55) mL for total volume and 12.14 (0.33) versus 5.97 
(0.39) for puff number, respectively. Ignoring this expected vast dif-
ference in total volume and puff number, comparisons between sam-
ples in puff duration and IPI may be more informative, as they assess 
each puff considered individually. Mean puff duration was shorter in 
the uninstructed versus study 1, 1.59 (0.06) versus 1.89 (0.07) sec-
onds, respectively, whereas IPI did not differ (perhaps surprisingly; 
see Figure  1). Better topography control with versus without our 
instructed puffing procedure also may be shown by the consistency 
of values across the four exposure trials to own brand within each 
study sample (comparison versus study 1), as the interaction of Study 
× Trial was significant for total volume, IPI, and number of puffs, but 
not puff duration (Table 1). As shown in Figure 1, volume and puff 
number declined and IPI got longer across trials for the ad libitum 
smoking sample compared to the consistency across trials observed 
in study 1, presented earlier. However, although ICC values for the 
uninstructed sample in Table 2 were somewhat lower than those for 
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Figure 1. Means for the primary outcome of puff volume, and for the secondary topography measures of puff inhalation duration, interpuff interval, and puff 
number, in each of the four exposure trials with each of the three tobacco cigarettes in study 1. Also shown are means for the uninstructed smoking (“ad lib”) of 
own brand in the comparison sample (versus instructed smoking of own brand in study 1). Dashed lines indicate expected values due to instructions for fixed 
timing and puff number of tobacco cigarettes during puffing procedure.
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the instructed puffing sample in study 1 when using their own brand 
of cigarette, the differences were not statistically significant.

Study 2

Study 2 gauged generalizability of our computerized puffing proce-
dure for controlling topography to dependent smokers administered 
e-cigarettes with nicotine versus no nicotine (placebo) content, very 
similar to the within-subjects design of Quest 1 nicotine versus Quest 
3 denic tobacco cigarettes in study 1. In study 2, just as with study 
1, each smoker took a fixed number of puffs from the designated 
e-cigarette four times per occasion, only one e-cigarette per occasion, 
under blind conditions after abstinence prior to both sessions. An 
own cigarette session after no overnight abstinence was not assessed 
here, given stark differences between tobacco and e-cigarette prod-
ucts in how they are used.

Methods
Participants
Participants in study 2 were adult-dependent smokers with little 
e-cigarette experience (N  = 27; 12M, 15 W). All were from a prior 
study examining reinforcement-enhancing effects of nicotine via 
e-cigarettes,32 as a direct follow-up to the research comprising study 
1 mentioned earlier and using virtually identical procedures. All again 
met the same dependence eligibility criteria as in study 1, as well as 
having no current or history of more than once per week e-cigarette 
use. Respective mean (± SD) tobacco smoking characteristics were 
15.5 ± 5.1 cigarettes/day, 4.4 ± 1.9 on the FTND, and nicotine yield of 
their preferred tobacco cigarette brand of 1.1 ± 0.1 mg (ns of 18 non-
menthol, or 67%, and 9 menthol, or 33%). They were 26.8 ± 6.6 years 
of age, and men and women did not differ on these smoking charac-
teristics or age. They mostly self-identified as Caucasian (74.1%), with 
22.2% African American, and 3.7% more than one ethnicity. No com-
parison sample of uninstructed e-cigarette use was included in study 2.

Procedures
Participants first attended a screening session to provide informed 
consent and confirm eligibility, followed by the practice period 
with the topography procedure using an unlit cigarette (as in study 
1)  to ensure familiarity with how to follow the timing of puffing 
instructions shown on the monitor. Then, as in the sessions compar-
ing Quest 1 versus Quest 3 exposures in study 1, subjects abstained 
overnight from tobacco smoking prior to intermittent e-cigarette use 
during two sessions on separate days, differing in e-cigarette nico-
tine content and scheduled in counterbalanced order between days. 
Participants provided CO upon arrival to each session to confirm 
compliance with the abstinence instructions (CO ≤ 10 ppm). Before 
each of four trials, 20 minutes apart, participants self-administered 
10 puffs over 5 minutes from the designated e-cigarette, one puff 
every 30 seconds, similar to exposure procedures from recent stud-
ies assessing acute e-cigarette effects.33 Again, the precise timing 
and durations of each puff were guided by the computer-presented 
instructions (Supplementary Figure), but with two modifications: (1) 
increase to 10 for the number of puffs presented, and (2) increase per 
puff from 2-second to a 4-second “hold” duration for e-cigarettes, as 
often observed in similar research.14,34 Also as in study 1, all puffing 
was done via portable CReSS Pocket, this time with an e-cigarette 
adapter (E-Cig Adaptor 9.00  mm), and both device and adaptor 
were obtained from Borgwaldt KC, Inc. This protocol was approved 
by the University of Pittsburgh Institutional Review Board.

The e-cigarettes were obtained from PrimeVapor LLC (Pleasant 
Prairie, WI), labeled as containing 36 or 0 mg nicotine content per 
milliliter of liquid in vegetable glycerin, with prefilled cartridges 
(www.primevapor.com). These different nicotine contents are the 
same as those tested in many other acute studies of e-cigarettes as 
a function of nicotine content.21,35 The nicotine and placebo ver-
sions were “Rawhide Red (Tobacco)” for nonmenthol and “Freeport 
(Menthol)” for menthol, all provided with a KR808D-1 type auto-
matic E-cigarette battery.

Table 1. Repeated Measures Analysis of Variance (RM ANOVA) Results for Study 1 (and Comparison Sample) and Study 2

Instructed puffing (main study)

Uninstructed 
puffing  

(comparison 
sample)

Own cigarette condition comparisons:  
instructed vs. uninstructed puffing

Cig or e-cig 
condition Trial Cig × Trial Trial (session) Study Trial (session) Study × Trial

F η2
p F η2

p F η2
p F η2

p F η2
p F η2

p F η2
p

Study 1 df = 2, 88 df = 3, 132 df = 6, 264 df = 3, 174 df = 1, 102 df = 3, 306 df = 3, 306
  Puff volume 11.48*** 0.21 3.74*, a 0.08 0.33 0.01 5.20*** 0.08 67.43*** 0.40 5.01** 0.05 2.47† 0.02
  Puff duration 7.04** 0.14 0.27 0.01 1.18 0.03 2.91* 0.05 11.16** 0.10 2.44† 0.02 1.35 0.01
  Interpuff 

interval
2.13 0.05 3.70*, a 0.08 0.80 0.02 3.05* 0.05 0.22 0.00 1.54 0.02 2.83* 0.03

  Number of puffs 1.19 0.03 4.29**, a 0.09 0.92 0.02 2.82* 0.05 143.94*** 0.59 2.24† 0.02 2.09† 0.02

Study 2 df = 1, 26 df = 3, 78 df = 3, 78
  Puff volume 1.97 0.07 1.21 0.04 1.25 0.05
  Puff duration 0.94 0.04 2.61 0.09 0.37 0.01
  Interpuff 

interval
0.08 0.00 2.09 0.07 1.83 0.07

  Number of puffs 0.22 0.01 0.89 0.03 1.57 0.06

Cig = cigarette, E-cig = electronic cigarette, df = degrees of freedom.
aNo significant differences in follow up pairwise comparisons.
†p ≤ .10; *p < .05; **p < .01, ***p < .001.
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Data Preparation and Analysis Approach
As with study 1, total puff volume per trial was the main depend-
ent variable in study 2, with puff number, mean IPI, and mean 
puff inhalation duration (each per trial) as secondary depend-
ent variables. Across all participants and e-cigarette conditions, 
there were a total of 2224 individual puffs. Examination of tri-
als deviating from 10 puffs identified 45 puffs (2.02% of all 
puffs) with IPIs less than 1000 ms and another 22 puffs (0.99% 
of all puffs) with a combination of IPIs less than 2000 ms and 
durations less than 1000 ms. Consistent with study 1, puff vol-
ume and puff duration (inhalation) from these stutter puffs were 
combined with the preceding puff and means for puff duration 
and IPI, along with the number of puffs, were then calculated 
per trial.

Analyses were similar to those used in study 1. Preliminary 
analyses used separate 2 × 4 RM ANOVA to assess within-sub-
jects differences in puff volume, puff duration, IPI, and absolute 
number of puffs as a function of e-cigarette conditions (2) and 
trial number (1–4). Partial eta squared (η2

p) was calculated as a 
measure of effect size for each ANOVA. Pairwise comparisons 
using a Bonferroni correction for multiple comparisons were 
conducted to follow up any significant main effects. Again, pri-
mary analyses used two-way mixed model Type C ICCs31 to 
assess reliability in total puff volume across trials within each 
e-cigarette condition. Differences in ICC values between e-cig-
arette conditions, menthol preference, and sex were determined 
by examining overlap of the 95% CIs.

Results
Preliminary Analyses
As shown in the bottom half of Table 1, none of the topography 
measures varied significantly as a function of e-cigarette condi-
tion, trial, or the E-cigarette × Trial interaction. Taken together, 
our puffing procedure minimized within-subject variability in 
these topography measures, as intended.

Primary Analyses
Means (±SEM) for the topography measures by trial, separately for 
each e-cigarette condition, are shown in Figure 2. ICC values and 
95% CI for study 2 are displayed in the bottom half of Table 2, by 
e-cigarette condition overall and then separately for the subgroups 
differing by menthol preference and sex. Consistency in total puff 
volume across trials was shown in all men and women when vap-
ing on the nicotine e-cigarette, and among women with the placebo 
e-cigarette, with ICC values at least as strong as those for study 1 (top 
half of Table 2). However, surprisingly given the RM ANOVA results 
(Table 1), consistency was lower among men vaping on the placebo 
e-cigarette, resulting in an overall difference between the nicotine 
and placebo e-cigarette conditions, indicated by non-overlapping 
95% CI bands. Comparing outcomes between menthol preference 
subgroups, ICC values were similar within each but generally lower 
for the placebo e-cigarette in both subgroups, due to low ICCs for a 
few men vaping on the menthol or nonmenthol placebo e-cigarette.

Trial level puff volumes were examined for men to follow up the 
low ICCs for the placebo e-cigarette in this subgroup. Of these 12 
men, 3 participants (1 menthol, 2 nonmenthol) had puff volumes per 
trial during the placebo e-cigarette condition that differed by more 
than twofold (eg, 2072, 556, 2100, and 1252 mL in trials 1–4 for 
one of these three men). Exploratory analyses examined the impact 
of these participants’ erratic puffing behavior by calculating the 
ICCs without these participants. After excluding these three men, 
ICCs (95% CI) for the remaining nine indicated much greater con-
sistency in puff volumes across trials between placebo and nicotine 
e-cigarette conditions, 0.85 (0.75 to 0.93) and 0.83 (0.71 to 0.91), 
respectively, very similar to the ICCs for the 15 women (Table 2).

General Discussion

Results of this research document strong control over acute puffing 
topography from these inhaled products with the use of our comput-
erized procedure, instructing smokers or vapers on precisely when 
and how long to inhale a puff (ie, puff duration), hold it, and then 

Table 2. ICC Values for Puff Volumes Across Trials by Cigarette for Study 1 (and Comparison Sample) and E-Cigarette Conditions for Study 2

Instructed puffing Uninstructed puffing

Quest 3 Quest 1 Own cigarette Own cig comparison sample

Study 1 n ICC (95% CI) ICC (95% CI) ICC (95% CI) n ICC (95% CI)
  Overall 45 0.79 (0.70 to 0.87) 0.82 (0.74 to 0.89) 0.81 (0.72 to 0.88) 59 0.69 (0.58 to 0.78)
  Menthol groups
    Menthol 19 0.83 (0.70 to 0.92) 0.85 (0.74 to 0.93) 0.81 (0.66 to 0.91) 28 0.77 (0.64 to 0.87)
    Nonmenthol 26 0.69 (0.53 to 0.83) 0.81 (0.69 to 0.90) 0.80 (0.68 to 0.90) 31 0.63 (0.46 to 0.77)
  Sex
    Women 24 0.80 (0.67 to 0.90) 0.76 (0.62 to 0.88) 0.77 (0.63 to 0.88) 23 0.77 (0.62 to 0.88)
    Men 21 0.72 (0.55 to 0.86) 0.82 (0.70 to 0.92) 0.85 (0.74 to 0.93) 36 0.64 (0.49 to 0.77)

Placebo e-cig (0 mg/mL) Nicotine e-cig (36 mg/mL)
Study 2 n ICC (95% CI) ICC (95% CI)
  Overall 27 0.59 (0.41 to 0.76) 0.90 (0.83 to 0.95)
  Menthol groups
    Menthol 09 0.57 (0.25 to 0.86) 0.94 (0.85 to 0.98)
    Nonmenthol 18 0.54 (0.30 to 0.76) 0.86 (0.74 to 0.94)
  Sex
    Women 15 0.84 (0.70 to 0.94) 0.91 (0.82 to 0.97)
    Men 12 0.43 (0.15 to 0.74) 0.87 (0.72 to 0.96)

ICC = intraclass correlation coefficient; CI = confidence interval; cig = cigarette; e-cig = electronic cigarette.
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exhale it. Consistency of exposure via puff volume and other top-
ography measures across four trials was shown when participants 
smoked different tobacco cigarettes in study 1 and puffed on e-cig-
arettes differing in nicotine content in study 2. No subgroup differ-
ences in consistency of topography per trial (ICCs) were observed 
between men and women smokers, or between smokers differing in 
menthol preference (although some men in study 2 were less con-
sistent in puffing on the placebo e-cigarette, as discussed in more 
detail later). In the study 1 comparison analyses, we also found gen-
erally better topography control under our instructional procedure 
in study 1 versus no instructions (ad libitum) in the comparison 
sample, both involving those smoking own brand of tobacco ciga-
rettes in unblinded manner after no abstinence.

Note that our evaluation was designed to compare consistency 
of puff topography values within smokers across exposures from the 
same inhaled product within a session, and from different products 
between sessions. Such control should aid within-subject analyses 
of responding to fixed amounts of acute exposure between ciga-
rettes explicitly differing on certain constituents (eg, nicotine con-
tent),7 as we intended for this procedure. Although our procedure 
also minimized variability in exposure between smokers, it did not 
eliminate it completely, pointing to a need for further refinement of 
these instructional procedures to ensure identical puff topography 

when comparing responses to different cigarettes in between-groups 
analyses.

Moreover, consistency of puff topography was strong with 
the Quest 1 versus Quest 3 cigarettes in study 1, relative to prior 
research showing variable topography from these cigarettes under 
uninstructed conditions.36 Yet, the mean volume was higher for the 
denic Quest 1 compared to mean volumes for nicotine Quest 1 or the 
nicotine own brand. This difference perhaps suggests that smoking 
“compensation”37 cannot be completely overcome with widely vary-
ing nicotine commercial cigarettes using these instructions alone. 
The very similar topography results between the two higher nico-
tine cigarettes, Quest 1 (after abstinence) and own brand (when not 
abstinent), indicate the factors differing between those sessions, that 
is presession abstinence or knowledge of the brand being smoked,28 
apparently did not alter topography. Although we saw good control 
over vape exposure from the nicotine e-cigarette, a bit less control 
was observed with use of placebo e-cigarettes in some men, perhaps 
reflecting their attempts at compensation during occasional trials, 
common with users of e-cigarettes.23,34

A potential limitation with this research was the use in study 
2 of smokers without regular experience using e-cigarettes, along 
with the inadequacy of using an unlit tobacco cigarette to practice 
our topography procedure during the screening session prior to the 
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Figure 2. Means for puff volume, and for measures of puff inhalation duration, interpuff interval, and puff number, in each of the four exposure trials with the 
nicotine and placebo electronic cigarette (e-cigarette) in study 2. Dashed lines indicate expected values due to instructions for fixed timing and puff number of 
e-cigarettes during puffing procedure.
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sessions with e-cigarette exposure trials. E-cigarette use requires 
puffing in a manner different from puffing on a tobacco cigarette,38 
and those less experienced with e-cigarette use may not take puffs on 
e-cigarettes as smoothly or consistently as experienced vapers21 (eg, 
see also the longer mean puff inhalation durations in Figure 2). Yet, 
wide variability was pronounced in only some men and only when 
those three were using a placebo e-cigarette, and not in any men 
when using the nicotine e-cigarette or women under either e-cigarette 
condition. In sum, replication of study 2 is needed to confirm con-
trol over topography by those more familiar with using e-cigarettes, 
particularly when administering very low or no nicotine products, 
as well as when manipulating other components of e-cigarette de-
livery (eg, power settings).2 Individual variability in topography with 
e-cigarettes may be significant among dual users with differential 
experience smoking combustible cigarettes.39

Another limitation with all this research is inability of the CReSS 
to assess the precise duration of the puff hold after the duration 
of puff inhalation, as that involves removing the cigarette from the 
mouth (thus, not providing any flow to be assessed). Consequently, 
compliance with our instruction to exhale cannot be evaluated (see 
Supplementary Figure). Thus, research relating differential responses 
to smoking with the assessed puff volumes and timing alone may not 
include all the relevant topography data needed to fully account for 
exposure to smoking. Although hold durations have been shown to 
not alter nicotine retention during controlled smoking, hold dura-
tion may affect CO and other smoke constituent exposure.40 Finally, 
our uninstructed comparison sample involved testing topography 
across the four trials occurring on four different sessions, rather than 
consecutively in one session, as in study 1. This difference in timing 
between smoking trials could have limited the validity of this com-
parison of topography from own brand after no abstinence between 
assessments with versus without our instructional procedure. On the 
other hand, the somewhat similar means between study samples in 
puff duration and IPI may confirm that the timing of these specific 
puff behaviors in our procedure’s instructions closely conforms to 
naturalistic ad libitum smoking puff behaviors, as also shown in 
prior research on ad libitum smoking.41

Future research may need to compare topography control with 
our procedure from smoking in a more “conventional” manner, that 
is, not through the CReSS device, as the device may alter smoking 
enjoyability42 but does not appear to systematically alter topogra-
phy.15,19 As noted in Introduction, this procedure does not necessarily 
require use of a topography assessment device such as the CReSS. It 
likely can be used to improve control over exposure from conven-
tional use of inhaled nicotine products during acute assessments, but 
that outcome remains to be confirmed in future research. Moreover, 
the minimal training required of participants (see practice periods at 
start of Procedures) further indicates the feasibility of using this pro-
cedure in controlling acute smoking exposure, although more exten-
sive training may be required for inexperienced e-cigarette users. We 
previously used this same automated procedure to carefully control 
puff topography while smoking commercial cigarettes widely differ-
ing in nicotine yield but not via the CReSS, showing no differences in 
plasma nicotine rise due to each cigarette between men and women, 
but other measures of exposure were not assessed.43,44 We have also 
used this procedure to control smoke exposure via CReSS in research 
using two types of menthol and nonmenthol Spectrum research ciga-
rettes differing in nicotine content, showing virtually identical topog-
raphy regardless of their nicotine or menthol content.7 However, we 
could not include those data as part of this evaluation because of the 

random order of administering both types of cigarettes within the 
same session (and a smaller number of puffs per trial).

Additional future research should examine the procedure’s 
control of topography when smoking or vaping under different 
environmental manipulations,9,10 such as those causing acute 
negative affect.45 Toward that end, and to conduct such assess-
ments under more naturalistic conditions, our PowerPoint-driven 
topography instructions could be modified and administered by 
smart phones for use during mobile assessment of inhaled product 
use while controlling topography46,47 with or without including 
the CReSS Pocket device. Our procedure may also be effective in 
controlling total smoke exposure from a larger bout of smoking, 
and not just individual puffs. Finally, additional study is needed 
to verify this procedure is also effective in controlling topography 
when used with other inhaled products, such as other smoked 
tobacco (eg, cigars, hookah, pipe), other nonsmoked tobacco 
(heat-not-burned cigarettes), or newer versions of e-cigarettes or 
other emerging nontobacco nicotine products,22,48–50 pending their 
ability to allow careful control over exposure during a defined 
bout of use.

Supplementary Material

Supplementary data are available at Nicotine and Tobacco Research 
online.
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