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Abstract

Introduction: New-generation tobacco products (NGPs) hold promises as modified-risk alternatives to conventional cigarettes (CCs), given their
comparable characteristics. This study investigated the nicotine pharmacokinetics (PK) of NGPs, encompassing closed pod systems, refillable
e-cigarettes (ECs), and heated tobacco products (HTPs), in comparison to CCs through systematic review and meta-analysis.

Aims and Methods: A comprehensive search was conducted on PubMed, Embase, and \Web of Science for articles published between January
2013 and July 2023. Maximum nicotine concentration (C__), time to peak concentration (T __), and total nicotine exposure (area under the
concentration-time curve, AUC) were extracted to evaluate nicotine delivery PK. Random effects meta-analyses were performed to determine
pooled standardized mean differences, facilitating a comparison of PK profiles between NGPs and CCs. Subgroup analyses exploring flavors and
nicotine concentrations across NGPs, and CCs were also conducted.

Results: The meta-analysis incorporated 30 articles with 2728 participants. C__ and AUC were significantly lower for NGPs, while T
demonstrated statistical similarity compared to CCs. Among three NGPs, C__and AUC were lower for closed pod systems and refillable ECs.
In HTPs, C__ was statistically similar while AUC was lower compared to CCs. T, was statistically similar in closed pod systems and HTPs
compared to that of CCs. No significant difference was observed in the comparisons of PK between each type of NGPs versus CCs.

Conclusions: NGPs delivered less nicotine than CCs but reached C__ over a similar timeframe, indicating that NGPs may serve as modified-risk
alternatives with lower nicotine delivery to CCs for craving relief and smoking cessation.

Implications: This study suggested that NGPs, such as the closed pod systems, the refillable ECs, and the HTPs, delivered either lower or com-
parable nicotine levels and achieved peak nicotine concentration at a similar rate as CCs. Our findings carry implications that NGPs can serve
as modified-risk nicotine alternatives to CCs in helping smokers manage cravings and potentially quit smoking, thereby highlighting their value
in the field of tobacco harm reduction.

Introduction smoking is responsible for approximately 63.17% of all lung
cancer deaths.®

Traditionally, conventional tobacco products have been the
predominant source of smoking, but in recent years, there
has been a global proliferation of New-Generation Tobacco
Products (NGPs).”'” NGPs include closed pod systems, refill-
able e-cigarettes (ECs), and heated tobacco products (HTPs).

Closed pod systems and refillable ECs generate vapor
through heating rather than combustion, thereby avoiding the
production of harmful combustion-related substances, poten-
tially reducing the inhalation of harmful chemicals."" HTPs
operate by generating aerosols by heating tobacco without
combustion, further mitigating the production of harmful
combustion-related chemicals.'?

Smoking is widely acknowledged as a significant public health
hazard, closely associated with various chronic diseases and
an increased risk of premature mortality.' Previous research
has demonstrated that the elevated mortality rate attributed
to smoking predominantly manifests in respiratory, car-
diovascular diseases, and cancer.* Tobacco use amplifies
mortality from pneumococcal pneumonia, with smokers
exhibiting a 0.6% higher mortality rate than nonsmokers at
30 days.’ Smoking is identified as the primary risk factor for
coronary heart disease, with a long-lasting impact extending
to approximately 0 years.® A meta-analysis pointed out that
smokers have a 13% increased risk of developing breast
cancer compared to nonsmokers in prospective studies,” and
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When evaluating the propensity for nicotine abuse, the phar-
macokinetic characteristics of nicotine need to be considered.
Abuse liability refers to the potential for a substance, such as
nicotine, to be misused or lead to addiction.'” A higher C__
may indicate stronger reinforcement and addictive potential.
A higher C_ suggests a more rapid delivery of nicotine to
the brain, leading to pronounced pharmacological effects and
potentially stronger reinforcement of the drug’s rewarding
properties. Similarly, a larger AUC may increase the propen-
sity for abuse. A larger AUC signifies prolonged exposure to
nicotine, which may enhance the reinforcing effects of the
drug. A shorter T__ indicates an earlier peak concentration
of nicotine, which may lead to faster interaction and satisfac-
tion with the reward circuit. This may increase the propensity
for nicotine abuse, as instant gratification is associated with
enhanced addictive potential. In a randomized, controlled,
open-label, crossover study, the cigarette showed greater nic-
otine uptake (C__=22.7 ng/mL) in conventional cigarettes
(CCs) compared to NGPs (8.6 and 10.5 ng/mL). The median
T . for nicotine replacement therapies (15.03 minutes) was
significantly longer than CCs (4.05-6.03 minutes). Besides,
CCs have the highest product preference and overall intent
for repeated use and can reduce smoking urges more effec-
tively than other products. This indicates that the abuse lia-
bility of NGPs is lower than that of regular-brand cigarettes.'*

Previous studies have provided preliminary insights into
the pharmacokinetics of NGPs and CCs. They pointed out
the pharmacokinetics features of the three most common
types of NGPs. For instance, compared to e-cigarettes, CCs
were associated with greater Cmax (25.9 vs. 9.0, p =.0043)
and greater nicotine boost (21.0 vs. 8.2, p =.0128)." Another
study found that e-cigarettes, after inhaling the same nico-
tine amount, resulted in lower blood nicotine concentrations
(13.19 £ 9.03 ng/mL) compared to CCs (16.05 = 10.21 ng/
mL)."® Moreover, the release rate of nicotine in e-cigarette
aerosols was reported to be faster than that of CCs in a dif-
ferent study.'” Additionally, HNB products were found to
produce significantly lower levels of nicotine and harmful and
potentially harmful constituents compared to CCs.'* Closed
pod systems exhibited lower aerosol concentrations than
open systems in terms of nicotine."

Despite these valuable contributions, limitations such as
variations in sample size, study design, and data analysis
methods exist. There is no consensus on the differences in
pharmacokinetics between NGPs and CCs. Therefore, this
systematic review and meta-analysis aim to synthesize ex-
isting studies, providing a comprehensive understanding of
pharmacokinetic disparities between NGPs and CCs.

Methods

This systematic review covers data spanning from January 1,
2013, to July 20,2023. The databases searched include Embase,
Web of Science, and PubMed. We registered the research pro-
tocol with PROSPERO (CRD42023449750). Two investigators
(Y.C. and X.L.) independently undertook the literature search,
assessment for eligibility, data extraction, and qualitative assess-
ment. Discrepancies between reviewers were resolved by a third
investigator (L.Z.) until consensus was achieved.

Inclusion Criteria

Our research encompassed all clinical trials exploring nic-
otine characteristics in NGPs and CCs. We then excluded
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numerous clinical trials that did not encompass complete
pharmacokinetic curves but rather focused on nicotine ex-
posure or solely C . The study focused on diverse age
groups, genders, continents, and populations using specific
tobacco products, and documented flavors and nicotine
concentrations. Our measurement metric is to compare the
PK characteristics of nicotine between NGPs and CCs, in-
cluding maximum nicotine concentration (C__ ), time to the
peak concentration (T, ), and total nicotine exposure (area
under the concentration-time curve, AUC). The article types
included only full-text articles published in academic journals,
with conference abstracts and book chapters excluded.

Screening, Data Extraction, and Risk of Bias
Assessments

A systematic literature search collected relevant research ar-
ticles, and two researchers (Y.C. and X.L.) independently
assessed titles and abstracts for alignment with the research
purpose and inclusion criteria. Nicotine Subject Heading
terms were used in conjunction with the following keywords
for our search: ("electronic cigarette" or "e-cigarette" or
"vape" or "refillable electronic cigarette" or "HTP" or "heat-
not-burn") and ([pharmacokinetics or PK].mp. [mp = title,
abstract, original title, name of substance word, subject
heading word, keyword heading word, protocol supplemen-
tary concept word, rare disease supplementary concept word,
unique identifier, synonyms]). We have limited the search time
from January 1, 2013, to July 20, 2023. Full search strings
are presented in Table S1. We obtained the full text of the re-
maining articles for final screening. Any inconsistencies were
resolved by a third investigator (L.Z.) till a consensus was
reached.

Data Extraction

A data extraction table was developed, and essential informa-
tion, including author, publication date, participant charac-
teristics, comparative groups, outcome indicators, and other
features, was extracted independently by two researchers.

The flavors extracted from diverse literature sources
encompassed BIDI Stick Arctic, BIDI Stick Classic, BIDI Stick
Regal, BIDI Stick Solar, BIDI Stick Winter, Blond, classic, free-
base, Fusion, lactate, Mint, original, tobacco, unflavored, and
Virginia Tobacco. These flavors were systematically classified
into three distinct categories, as follows:

1. Traditional Tobacco Flavor: BIDI Stick Classic, Blond,
tobacco, classic, freebase, Virginia Tobacco.

2. Mint Flavor: BIDI Stick Arctic, Mint.

3. Other Flavors: BIDI Stick Regal, BIDI Stick Solar, BIDI
Stick Winter, lactate, original, unflavored.

We have also collected different nicotine concentrations in the
literature. Nicotine can be classified according to its high, me-
dium, and low concentrations.

1. High level: larger than 50 mg/mL.
2. Medium level: 10-50 mg/mL.
3. Low level: smaller than 10 mg/mL.

Data Processing and Analysis

After completing the data extraction, we carefully reviewed
and organized the extracted data, and organized it in the data
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extraction table. The table contains relevant details such as
author, publication date, participant characteristics, compara-
tive groups, outcome indicators, and other important features.
Full details can be found in Table S2. Throughout the en-
tire data processing and analysis process, we strove to en-
sure transparency, reliability, and effectiveness. All steps were
carried out by two independent researchers (Y.C. and X.L.).
Any inconsistencies between the reviewers were resolved by a
third investigator (L.Z.) till a consensus was reached.

We converted the data as needed to ensure consistency and
comparability. For data that only provides the median range
in the articles, we used the est means package in R language
to convert it to the mean (standard deviation). By applying
the “est. mean.sd()” function in the package, we estimated
the average and standard deviation of the data and ensured
that the parameters were set appropriately (for example,
“rangeknow=TRUE”). For data that provides a median (co-
efficient of variation), we used the bootstrap method in R lan-
guage”” for resampling and converted the median (coefficient of
variation) to the mean (standard deviation). By repeatedly sam-
pling and calculating the mean and standard deviation for each
sampling, we obtained multiple estimates. By calculating the
mean and standard deviation of these estimates, we obtained
the final estimated result. Then we converted the sorted effect
size into standardized mean differences (SMD). This transfor-
mation helps to enhance data comparability and allows for
more intuitive comparison and synthesis of research results.

Given the significant heterogeneity owing to a diversity
of study designs or methodological differences in the in-
cluded studies, we established a random-effect model to
estimate aggregated effects using SMD with its 95% confi-
dence intervals (CI). The random-effect model can take into
consideration the heterogeneity between and within studies,
allowing each study to have its own effect size and address the
variability between these effects. The degree of heterogeneity
within the pooled studies was assessed through Q-statistics
and I? statistics. In addition, we conducted a subgroup anal-
ysis to further explore potential sources of heterogeneity.
Forest plots were drawn to display the magnitude of the
pooled effect during the whole process. We evaluated the ex-
istence of publication bias by visually examining funnel plots
and using statistical tests such as Egger’s regression tests. All
p values were two-sided, and p < .05 was considered statisti-
cally significant. All data analysis was conducted using statis-
tical software (R 4.2.2).

Bias Risk Assessment

We used the Cochrane risk bias tool to assess the bias risk
included in the study.?! This includes randomization process
bias, execution bias, reporting bias, and other potential
sources of bias. Two independent researchers conducted a
bias risk assessment independently and assessed the quality
of the studies based on the guidelines in standardized tools.
Figure S1 summarizes the overall bias of this study.

Results

In the 30 existing articles measuring nicotine PK (Figure
1),116222% we compared C_ , T and AUC of three types of
NGPs, including closed pod systems, refillable ECs, and HTPs
with those of CCs. We also conducted the subgroup analysis
by different flavors and nicotine concentrations of NGPs and
CCs, as well as age, gender, and continent characteristics.
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Pooled SMD in C__ BetweenThree Types of NGPs

and CCs

C,., was found to be significantly lower in NGPs compared
to that in CCs (SMD = -3.09, 95% CI: [-5.6,-0.57],p = .02)
shown in the forest plot of Figure 2. Meanwhile, there was
no significant difference when comparing nicotine PK profiles
between each type of NGPs versus CCs (X? = 2.45, p = .29).
However, closed pod systems and refillable ECs showed a sig-
nificantly lower trend C__in NGPs. There was no statistical
difference between HTPs and CCs in C___

Pooled SMD inT__ BetweenThree Types of NGPs

and CCs

There was no statistically significant difference between NGPs
and CCsin T general (SMD = 0.21, 95% CI: [-0.54, 0.96],
p =.58), as shown in Figure 3. There was no significant dif-
ference in subgroup analysis among different types of NGPs
versus CCs in T (X% =0.66, p =.72).

max

Pooled SMD in AUC Between Three Types of NGPs
and CCs

In general, the AUC of nicotine PK was significantly lower
in NGPs than those in CCs (SMD = -3.33, 95% CI: [-5.22,
-1.44], p < .01) as shown in Figure 4. Among the three types
of NGPs, there was no significant difference among each type
of NGPs versus CCs in AUC (X? = 4.55,p =.10).

Subgroup analyses were undertaken based on variations in
flavors and nicotine concentrations. Figures S2 and S3 present
the detailed results of these subgroup analyses. There was no
statistically significant difference in overall C_ _(SMD = -4.54,
95% CI: [-9.76,-1.44], p=.09), T__ (SMD =-0.54, 95%
CL: [-3.93, 2.85], p = .75) and AUC (SMD = -4.36, 95% CI:
[-9.72, 0.40], p = .07) between each type of NGPs and CCs
by flavors. In the Mint flavor, the C__(SMD =-0.38,95% CI:
[-9.76, —1.44]) was significantly lower, and in the traditional
tobacco flavor, the AUC (SMD =-1.10, 95% CI: [-1.50,
-0.69]) showed a lower level compared with CCs.

There was no statistically significant difference in T__
(SMD =0.13,95% CI: [-1.17, 1.43], p = .09) between NGPS
and CCs by nicotine concentration.

Besides, in the high level of nicotine concentration, C_
(SMD =-2.77, 95% CI: [-5.06, -0.48]) was found to be
significantly lower in NGPs than that of CCs, while in the
median level of nicotine concentration, AUC (SMD = -5.10,
95% CI: [-8.73, -1.46]) was significantly lower in NGPs
than that of CCs.

In addition, we also conducted comparisons with age,
gender, and geographical regions as subgroups. According
to our subgroup analysis results, age, gender, and continent
may have certain effects on the PK parameters of nicotine.
Different age groups showed similar T _ values and had a
lower level of C__ and AUC while usmg NGPs compared
with CCs. Slmllarly, gender differences also lead to lower-
level values in C___and AUC, the T had no statistical dif-
ference accordlng to dlfferent genders between NGPs and
CCs. Meanwhile, there were statistical differences between
different geographical continents in C_  and AUC, resulting
in a lower level in NGPs compared with CCs, which may be
related to the different consumption habits and nicotine in-
take of different tobacco products in different areas. All sub-
group meta-analyses can be seen in Figure S4 to S12.

Egger’s test was conducted to assess the presence of pub-
lication bias for each category in the analysis, as shown in
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Identification

Screening

Eligibility

Figure 1.

Figure 5, revealing a presence of publication bias (p <.05),
and suggesting the possibility of selective reporting or pub-
lication of studies, which may introduce bias in the overall

58 Records
identified through
PubMed

116 Records 517 Records
identified through identified through
Embase Web of Science
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(_netudea |

Y v

691 Records pooled

84 Duplicated records moved

A 4

v

607 Records after duplicates removed

(potential relevant) for screening

548 Records excluded based on
title and abstract

v

59 Full-text articles assessed for eligibility

Full-text articles excluded:

a.4 population are animals or adolescents
b.8 are reviews or conference abstract
c.2 only have ratio data

d.11 no control group data or no data

e.2 no full text

f. 1 not new generation cigarettes

g.1 not PK method

v

30 Studies included in qualitative synthesis

(rating for study)

30 Studies included in qualitative synthesis

(meta-analysis)

PRISMA (preferred reporting items for systematic reviews and meta-analyses)? Flow diagram.

understanding of the research topics.

Discussion

In this study, we conducted a systematic review and meta-
analysis to compare the nicotine PK parameters, including
C,.o T,.0and AUC between each type of NGPs and CCs.

max’
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New Tobacco CcC Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Closed I
Carl D D'Ruiz 2015 115 15.24 58615 24 1580 8.6400 , -0.09 [-0.53; 0.35] 5.1%
lan M Fearon 2017 64 7.04 7.3927 24 15.24 7.8200 i -1.08 [-1.58; -0.59] 4.0%
lan M Fearon 2017 64 7.04 7.3927 18 10.32 12.2500 -0.37 [-0.90; 0.15] 3.6%
James K Ebajemito 2020 113 1015 7.3854 23 18.50 12.5000 -0.98 [-1.45; -0.52] 4.86%
lan M Fearon 2022 119 15.04 9.7342 18 16.20 9.1700 -0.12 [-0.61; 0.38] 4.0%
Nicholas | Goldenson 2021 96 4.68 3.2050 24 20.90 11.3000 -2.80 [-3.37; -2.23] 3.0%
Peter Hajek 2017 66 937 6.3925 11 17.90 16.0000 -1.01 [-1.67; -0.35] 2.3%
Nicholas | Goldenson 2022 107 16.01 13.3099 34 31.66 21.7000 -0.99 [-1.39; -0.59] 6.1%
MNadja Mallock 2021 26 T7.96 5.8323 14 16.53 12.7300 -0.95 [-1.64; -0.27] 21%
Grant O'Connell 2019 59 9.30 8.0183 15 19.88 9.8600 -1.24 [-1.85; -0.64] 27%
Anna Phillips-Waller 2021a 36 15.92 17.0317 18 32.57 54.8000 -0.48 [-1.05; 0.10] 3.0%
Tanvir Walele 2015 36 3.08 1.2930 12 23.09 9.9500 -3.94 [-4.99; -2.89] 0.9%
Natalie Voos 2019 108 7.01 7.8790 18 24.83 21.8100 -1.63 [-2.16; -1.09] 3.4%
Gideon St Helen 2020 33 6.10 5.5000 33 20.20 11.1000 -1.59 [-2.15; -1.03] 3.2%
Yi Guo 2022 21 1319 9.0300 21 16.05 10.2100 -0.29 [-0.90; 0.32] 2.7%
Peter Hajek 2020 20 20.40 15.0000 20 19.20 17.6000 0.07 [-0.55; 0.69] 26%
Jessica M Yingst 2019 14 9.00 9.2000 10 25.90 16.7000 -1.27 [-247; -0.37]  1.2%
Anna Phillips-Waller 2021 22 26.80 24.4000 22 23.67 33.1500 0.11 [-0.49; 0.70] 2.8%
Random effects model 1119 359 -1.00 [-1.44; -0.56] ;
He ity: 1° = B8%, t° = 0.8 p < 0.01
Refillable :
Peter Hajek 2017 22 10.80 6.7026 11 17.90 16.0000 5_"' -0.65 [-1.39; 0.09] 1.8%
Grant O'Connell 2019 14 7.15 7.7400 15 19.88 9.8600 -1.39 [-2.21, -0.57] 1.5%
Random effects model 36 26 -1.00 [-1.72; -0.28]
Hete tye | 41%, T 0.1125, p =0.19
HNB/HTP
George Hardie 2022 62 13.19 12.7613 30 31.30 29.7200 -0.80 [-1.36; -0.45] 4.7%
Mitchell F. Stiles 2018 193 3.30 0.6279 71 18.21 0.0980 G -27.55 [-29.93; -25.16] 0.2%
Mitchell F. Stiles 2017 135 2.22 0.3694 45 7.22 0.8180 B -9.61 [-10.67; -8.56] 0.9%
Justin Frosina 2023 215 31.97 15.6191 29 16.59 4.5490 1.04 [ 0.64, 1.44] 6.2%
Simon McDermott 2023 70 8.74 6.0822 23 21.68 10.8100 171 [-2.24; -1.18]  3.5%
Brian M. Keyser 2023 96 7.25 0.7722 28 7.00 0.0770 0.35 [-0.07; 0.78] 5.5%
Grant O'Connell 2019 75 8.51 6.2268 15 22.98 12.8560 -1.87 [-2.49; -1.25] 26%
Andrea Rabenstein 2023 30 14.03 9.9643 15 24.90 10.4440 -1.06 [-1.72; -0.40] 2.3%
Nicholas | Goldenson 2022 38 18.22 9.2400 34 31.66 21.7000 -0.81 [-1.30; -0.33] 4.2%
Anna Phillips-Waller 2021 22 16.62 25.0200 22 2367 33.1500 -0.24 [-0.83; 0.36] 28%
Patrick Picavet 2016 28 9.74 5.7300 28 14.01 8.7200 -0.57 [-1.11; -0.04] 3.4%
Chris Campbell 2022 37 262 0.2430 39 6.09 0.7170 -6.36 [-7.49; -5.23] 0.8%
Esther Papaseit 2016 9 596 3.7190 9 8.39 5.0660 2. -0.52 [-1.47, 042] 1.1%
Erik Lunell MD 2020 17 8.40 1.5560 17 10.60 0.8670 -1.71 [-2.50; -0.91] 1.5%
Dai Yuki 2017 24 545 0.0610 24 11.92 0.1330 —+=— -61.51 [-74.34, -48.68] 0.0%
Random effects model 1051 429 -6.91 [-14.31; 0.48] .
Heterogeneity: /° = 99%, t° = 210.84 <
Random effects model 2206 814 -3.09 [-5.60; -0.57]

Heterogeneity: I* = 97%, t° = 56.7640, p < 0.01
Test for overall effect: z = -2.41 (p = 0.02)
Test for subgroup differences: y3 = 2.45, df = 2 (p = 0.29)

Figure 2. Forest plot of meta-analysis standardized mean difference in C

max

I I I I I I 1
-60 -40 -20 0 20 40 60

Lower Nicotine Concentration Higher Nicotine Concentration

between three types of new-generation tobacco products and conventional

cigarettes (CCs). The size of the plotted squares reflects the relative statistical weight of each study. The numbers on the x-axis denote the standardized
mean differences. The horizontal lines denote the respective 95% confidence intervals (Cl).

These results provide important insights into the compar-
ative of NGPs and CCs, especially in terms of nicotine de-
livery. Insignificantly lower C__ suggested that NGPs may
offer a potentially less intense nicotine experience compared
to CCs.** This lower level of C___cannot provide them with
the required nicotine levels but can be less addictive. Lower
nicotine peak concentrations may lead to lower euphoric and
habit-strengthening effects, thereby reducing the need for
rapid nicotine satisfaction. This helps smokers gradually re-
duce nicotine intake, reduce nicotine addiction and depend-
ence, and thus provide the possibility of smoking cessation.
However, it is important to take other factors such as overall

nicotine exposure and individual usage patterns into account,
as they may impact the overall effects of NGPs on nicotine
consumption. Among them, there is no evidence that HNB has
significant statistical differences in C_compared with that
of CCs, which may be caused by three factors. First, different
types of electronic cigarette devices have different designs
and working principles. The design or use of closed pod sys-
tems and refillable e-cigarettes may result in a lower level
in the rate and degree of nicotine release, thereby affecting
nicotine concentration. Since the working principle of HNB
differs from other types of e-cigarettes, this may lead to an
absence of a significant difference in nicotine concentration.
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New Tobacco cc Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Closed
Carl D D'Ruiz 2015 115 2918 3.4530 24 717 3.2700 6.39 [551, 727 1.1%
James K Ebajemito 2020 113 844 71331 23 7.22 56700 ¢ 0.18 [-0.27, 0.62] 4.4%
lan M Fearon 2022 119 6.16 16780 18 6.70 2.7400 ; -0.29 [-0.79; 0.20] 3.6%
Nicholas | Goldenson 2021 96 6.67 24671 24 670 1.7000 ' -0.01 [-046; 0.44] 4.4%
Peter Hajek 2017 66 567 46520 11 4.00 7.0000 + 033 [-031; 097] 22%
Nicholas | Goldenson 2022 107 12.32 59047 34 1251 6.7900 -0.03 [-042; 0.35] 6.0%
Nadja Mallock 2021 26 4.88 1.6143 14 1061 5.6500 * -1.58 [-2.33; -0.84] 1.6%
Grant O'Connell 2019 59 7.88 3.3431 15 8.61 2.8100 : -0.22 [-0.79; 0.35] 28%
Anna Phillips-Waller 2021a 36 505 25213 18 6.33 3.5500 -0.43 [-1.01; 014] 27%
Tanvir Walele 2015 36 1213 9.2156 12 3.16 1.5300 1.09 [ 040; 1.78] 1.9%
Natalie \Voos 2019 108 17.89 28.0866 18 7.80 6.9400 . 0.38 [-0.12; 0.88] 3.5%
Gideon St Helen 2020 33 650 54000 33 270 24000 : 090 [ 0.39; 141 34%
Yi Guo 2022 21 567 23100 21 7.52 57400 - -0.41 [-1.03; 0.20) 24%
Peter Hajek 2020 20 4.00 20800 20 5.92 27000 -0.78 [-1.43; -0.14] 2.1%
Jessica M Yingst 2019 14 11.50 26000 10 6.20 2.9000 E 1.88 [ 0.88; 287] 09%
Anna Phillips-Waller 2021 22 395 21100 22 575 1.5300 -0.96 [-1.89; -0.33] 2.3%
Random effects model 991 317 }) 0.38 [-0.47; 1.24]
Refillable
Peter Hajek 2017 22 6.00 6.1043 11 4.00 7.0000 ; 0.30 [-042; 1.03] 1.7%
Grant O'Connell 2019 14 7.51 39600 15 861 2.8100 -0.31 [-1.05; 0.42] 1.7%
Random effects model 36 26 ér -0.00 [-0.61; 0.60] ;
HNB/HTP
George Hardie 2022 62 592 57542 30 598 1.5300 -0.01 [-0.45; 042] 47%
Mitchell F. Stiles 2018 193 15.01 4.0113 71 7.43 0.0170 220 [1.87; 253] 81%
Mitchell F. Stiles 2017 135 9.88 15075 45 3.79 0.3700 459 [ 4.01; 518] 26%
Justin Frosina 2023 215 11.53 4.8527 29 7.86 1.2230 0.80 [ 040; 1191 57%
Simon McDermott 2023 70 9.27 7.5432 23 9.06 8.1994 v 0.03 [-0.44; 0501 4.0%
Brian M. Keyser 2023 96 12.31 6.8446 28 14.66 10.1170 : -0.30 [-0.73; 0.12] 5.0%
Grant O'Connell 2019 75 8.19 20147 15 910 1.7170 : -0.46 [-1.02; 0.10] 2.8%
Andrea Rabenstein 2023 30 76.74 13.4992 15 71.47 12.8770 & 0.39 [-0.24; 1.01] 23%
Nicholas | Goldenson 2022 38 15.53 13.2800 34 12,51 6.7900 ; 0.28 [-019; 074 4.1%
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Patrick Picavet 2016 28 11.88 8.7500 28 8.41 3.7400 0.51 [-0.02; 1.04] 3.1%
Chris Campbell 2022 37 550 0.8590 39 4.00 06180 f 2.00 [ 145 256 29%
Esther Papaseit 2016 9 18.71 14.2660 9 26.08 6.4790 -0.63 [-1.59; 0.32) 1.0%
Erik Lunell MD 2020 17 5.10 2.3470 17 69.00 4.5920 —%=— E -17.11 [-21.47;-12.75]  0.0%
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Figure 3. Forest plot of meta-analysis standardized mean difference inT__ between three types of new-generation tobacco products and conventional

cigarettes (CCs).

Meanwhile, the result is based on data from different studies.
The differences in sample size, sample population, and data
collection and analysis methods of the study may affect the
significance of the results.

On the other hand, there is a lower level of AUC in NGPs
compared to CCs. This outcome indicates that NGPs pro-
vide an overall lower exposure to nicotine over time. The
potential benefit of this in AUC is two-fold. Firstly, it may
contribute to harm reduction strategies by minimizing
the adverse health effects associated with prolonged nic-
otine exposure.”” Secondly, it could aid in smoking cessa-
tion efforts, as lower levels of nicotine exposure may help
individuals gradually reduce their nicotine dependence.
The AUC may effectively reduce the immediate satisfac-

tion and strengthening effect of nicotine, thereby reducing
the tendency towards abuse. Nonetheless, additional re-
search is needed to fully understand the implications of
these findings on nicotine dependence and long-term health
outcomes.

According to our research results, the new device and tra-
ditional tobacco exhibit similarity in T, which suggests that
the NGPs and CCs may have similar effects in terms of detox-
ification. Therefore, we can conclude that the NGPs are po-
tentially fewer addictive alternatives that can assist smokers
in alleviating their tobacco cravings and even achieving their
smoking cessation goals. This discovery supports the simi-
larity between the NGPs and CCs in terms of addiction relief,
providing smokers with a safer choice.
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New Tobacco cc Standardised Mean

Study Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
Closed I

Carl D D'Ruiz 2015 115 235.00 99.7935 24 294.00 107.4000 E -0.58 [-1.03; -0.14] 4.1%
lan M Fearon 2017 36 246.34 1848796 18 268.00 176.1000 i -0.12 [-0.68, 0.45] 2.5%
James K Ebajemito 2020 113 41872 234.8718 23 717.00 241.0000 & -1.26 [-1.73; -0.78] 3.6%
lan M Fearon 2022 119 549.07 310.1447 18 747.10 325.4800 B4 -0.63 [-1.13) -0.13] 3.2%
Yi Guo 2022 42 909.60 446.8526 21 1006.80 411.6000 it -0.22 [-0.75; 0.30] 3.0%
Yi Guo 2022 42 909.60 446.8526 21 1434.60 546.0000 -1.08 [-1.64; -0.52] 26%
Nicholas | Goldenson 2021 95 153.22 97.7388 24 582.00 210.0000 o -3.33 [-3.95; -271] 21%
Peter Hajek 2017 66 175.15 94.3255 11 314.60 155.1000 [ -1.32 [-1.99; -0.65] 1.8%
Nicholas | Goldenson 2022 107 779.15 518.6258 34 1472.84 666.5900 @ -1.24 [-1.65; -0.83] 4.8%
Madja Mallock 2021 26 122.80 67.8088 14 286.19 140.2400 . -1.62 [-2.37, -0.87] 1.5%
Grant O'Connell 2019 59 155.97 1124093 15 345.09 123.5400 i -1.63 [-2.26; -1.00] 21%
Anna Phillips-Waller 2021a 28 216.60 187.3846 14 324.80 208.9000 [+ -0.55 [-1.20; 0.11] 1.9%
Tanvir Walele 2015 36 370.80 164.1503 12 2337.09 668.4100 o] -5.42 [-6.72; -4.12] 0.5%
Natalie Voos 2019 108  34.38 45.3661 18 139.82 96.4300 .'__;,' -1.80 [-245; -1.34] 2.7%
Matalie Voos 2019 108 213.98 268.7017 18 602.59 849.8000 i -0.96 [-1.48; -0.45] 3.1%
lan M Fearon 2017 23 2758 182500 24 14581 60.7000 ;"r -2.57 [-3.36, -1.78] 1.3%
Gideon St Helen 2020 33 2220 21.5000 33 7230 38.4000 '_'_ -1.59 [-2.15; -1.03] 2.6%
Gideon St Helen 2020 33 72,00 64.1000 33 207.80 103.5000 o -1.56 [-2.11; -1.00] 27%
Gideon St Helen 2020 33 550.00 438.0000 33 1368.00 665.0000 [ b -144 [-1.98; -0.89] 28%
Gideon St Helen 2020 33 779.00 624.0000 33 1849.00 981.0000 4] -1.29 [-1.82; -0.75] 2.9%
Peter Hajek 2020 20 307.90 172.5000 20 312.60 187.6000 -0.03 [-0.65; 0.59] 2.1%
Anna Phillips-Waller 2021 21 324.53 113.9900 21 291.47 136.2800 0.26 [-0.35; 0.87] 2.2%
Random effects model 1296 482 l -1.32 [-1.77; -0.86] F
Refillable :

Peter Hajek 2017 22 216.35 1146963 11 314.60 155.1000 ks -0.74 [-1.49; 0.01] 1.5%
Grant O'Connell 2019 14 114.03 1124000 15 345.09 123.5400 -1.80 [-2.80; -1.00] 1.0%
Random effects model 36 26 R -1.29 [-2.42; -0.16] .
HNB/HTP :

George Hardie 2022 62 739.07 561.4393 30 1559.55 989.3800 -1.12 [-1.58, -0.65] 3.8%
Mitchell F. Stiles 2018 193 2589 66705 71 178.38 0.1150 b=l -26.63 [-28.93;-24.32] 0.2%
Mitchell F. Stiles 2018 193 49471 57.6599 71 1568.03 0.0830 i : -21.68 [-23.56;-19.80] 0.2%
Mitchell F. Stiles 2017 135 1349 3.6438 45 6790 9.5630 -9.49 [-10.54; -8.44] 0.7%
Mitchell F. Stiles 2017 1356 22255 435782 45 82279 91.1100 i -6.75 [-7.54; -597] 1.3%
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Grant O'Connell 2019 75 147.47 97.1541 15 361.39 85.4900 : -2.22 [-2.87;, -1.58] 2.0%
Andrea Rabenstein 2023 30 1741 129700 15 26.78 6.7460 [ -0.81 [-1.46; -017] 2.0%

Nicholas | Goldenson 2022 38 892,98 330.1900 34 1472.84 666.5900
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-0.49 [-1.10; 0.13] 2.2%

Patrick Picavet 2016 28 19.34 85300 28 2482 1.6700 -0.88 [-1.43; -0.33] 2.7%
Chris Campbell 2022 37 1820 25730 39 1817 2.5000  + 0.01 [-0.44; 048] 4.0%
Chris Campbell 2022 37 209.42 33.0300 39 404.64 63.2650 E -3.80 [-4.57; -3.03] 1.4%
Esther Papaseit 2016 9 200.38 81.3570 9 330.97 148.2780 -1.04 [-2.04;, -0.04] 0.8%
Erik Lunell MD 2020 17 1410 26790 17 4590 8.2400 E; -5.07 [-6.51;, -3.62] 04%
Dai Yuki 2017 24 416 0.0400 24 6.08 0.0580 —+— : -38.06 [-46.01;-30.11] 0.0%
Random effects model 1581 634 < -5.99 [-10.27; -1.71] .
Random effects model 2913 1142 ¢ -3.33 [-5.22; -1.44]

Heterogeneity: I° = 98%, 1° = 40.4495, p = 0
Test for overall effect: z =-3.46 (p < 0.01)
Test for subgroup differences: x§ =4.55,df =2 (p =0.10)
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Figure 4. Forest plot of meta-analysis standardized mean difference in area under the curve between three types of new-generation tobacco products

and conventional cigarettes (CCs).

NGPs can potentially serve as modified-risk with lower nic-
otine delivery and less addictive alternatives to CCs in helping
smokers manage cravings and quit smoking. Besides, abuse
liability needs to be assessed from both the perspectives of
pharmacokinetics (PK) and subjective effects. Past literature
also indicates that, when considering these two aspects, the
data obtained in Tobacco Heating Products demonstrate a

lower abuse liability than that of participants’ usual brand
cigarettes. Nicotine delivery and the reduction of the urge to
smoke/vape upon usage of NGPs were lower in comparison
to CCs.!*0

For products with three different flavors (mint, traditional
tobacco, other), the overall C_, T, and AUC were not
statistically different between NGPs and CCs (p > .05). This
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Figure 5. Funnel plots for publication bias of included studies in the analysis.

means that there is no significant difference in pharmacoki-
netic parameters between NGPS and CCs in terms of each
type of flavors. However, when observing the mint flavor
alone, the C_ has a significantly low value, which may in-
dicate a lower level of nicotine absorption in mint-flavored
NGPs compared to traditional tobacco products. In addition,
the low value of AUC in traditional tobacco flavored products
means that the overall absorption of nicotine is relatively low
compared to traditional tobacco products. It should be noted
that although significant differences were found in certain
flavors, no significant differences were found overall. This
may be due to sample size limitations, so the results have not
yet reached a significance level.

Under different concentrations of nicotine, the C_ and
AUC of NGPs were lower compared to traditional tobacco.
This means that regardless of nicotine concentration, new to-
bacco products exhibit lower results in terms of the highest
peak concentration (C__ ) and area under the curve (AUC) of
nicotine in plasma compared to traditional tobacco. Lower
C,.. and AUC may mean that new tobacco products provide
less nicotine absorption compared to traditional tobacco, or
are metabolized and cleared faster. This may be related to
factors such as the design, composition differences, and nico-
tine delivery methods of new tobacco products.

It is important to acknowledge that our analysis focused
on specific product categories and factors such as nicotine
concentration, flavor, and demographic characteristics while
excluding certain product characteristics like e-cig power and
formulation. These additional product attributes have been

Standardised Mean Difference

Standardised Mean Difference

(Tmax) (4UC)

recognized as potential influencers of nicotine C_ /T /AUC,
and their exclusion from our subanalyses represents a limita-
tion of the study. Future research should aim to incorporate a
broader range of product characteristics to provide a more ho-
listic understanding of the factors impacting nicotine pharma-
cokinetics in NGPs and CCs. Additionally, the absence of data
on certain product characteristics may have implications for
the generalizability of our findings and should be considered
when interpreting the results. Addressing these limitations
and exploring a more comprehensive set of product attributes
in future studies will contribute to a more robust assessment
of nicotine delivery profiles and enhance the validity and ap-
plicability of our findings.

The categorization into three levels allowed for a systematic
analysis of the impact of varying nicotine concentrations on
pharmacokinetic outcomes, even though specific data on low
nicotine concentrations was limited. Future research may ben-
efit from including a broader range of nicotine concentrations
to provide a more comprehensive understanding of nicotine
delivery profiles in electronic cigarettes and HTPs.

The results of subgroup analysis showed that no significant
differences were observed between the three different types
of new tobacco (HNB/HTP, refillable, and closed) in terms of
maximum nicotine concentration (C__ ), time to peak concen-
tration (T ), and total nicotine exposure (AUC) compared
to CCs. This is an important research finding indicating that
the nicotine released by NGPs is similar in terms of absorp-
tion rate and overall exposure with CCs. The comparatively
modest nicotine release and akin release rates observed in
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novel tobacco products present potential avenues for aiding
smokers in transitioning away from CCs, thereby facilitating
reductions in nicotine intake and, conceivably, fostering
smoking cessation. The diminished nicotine release associated
with these innovative tobacco products implies a lesser extent
of nicotine absorption in comparison to traditional cigarettes.
These characteristics hold promise for assisting smokers in the
gradual reduction of nicotine dependence and the stepwise re-
duction of overall nicotine consumption. Consequently, the
distinctive nicotine release profile of new tobacco products
may contribute to effective strategies for harm reduction and
smoking cessation.

A parallel release rate signifies that new tobacco products
exhibit a nicotine delivery rate akin to traditional cigarettes, a
factor deemed significant for smokers familiar with the inha-
lation rhythm and satisfaction associated with conventional
smoking habits. The novel generation of tobacco products, by
maintaining a similar release rate, can effectively reduce nic-
otine intake while concurrently addressing the oral and ges-
tural needs inherent to smoking behavior.

The utilization of these new-generation tobacco products
holds promise for assisting smokers in gradually diminishing
their nicotine dependence and progressing toward the over-
arching goal of smoking cessation. It is conceivable that di-
verse types of emerging e-cigarettes may evolve as potential
reduced-risk alternatives to traditional tobacco products in
the future. However, comprehensive research efforts and reg-
ulatory measures are imperative to comprehend and evaluate
the full spectrum of potential benefits and risks associated
with these nascent products.

Our decision to focus on these NGPs was based on their
prevalence in the market, which allowed for robust data col-
lection and comparison in our analysis of nicotine pharmaco-
kinetics. We recognize that there are other types of e-cigarettes
available and understand the importance of considering a
broader range of e-cigarette products in future studies to pro-
vide a comprehensive assessment of nicotine delivery profiles.

In terms of limitations, our meta-analysis was contingent
on synthesizing data from diverse studies, introducing in-
herent heterogeneity and potential biases. Moreover, diver-
gent methodologies, participant characteristics, and tobacco
product formulations across the included studies may have
contributed to observed variations, necessitating caution
in generalizing findings to all NGPs or specific NGP types.
However, it is noteworthy that among the 30 included
studies, a consistently high level of quality was observed.
Rigorous planning and execution of experimental design and
data analysis were evident, contributing to the robustness of
our findings.

Besides, our study may have introduced bias by excluding
studies that reported only C_ or nicotine exposure data in-
stead of a full PK analysis. The omission of such studies may
have overlooked important information related to electronic
cigarettes/HTPs versus CCs. The results of the study should
be interpreted cautiously when it comes to generalizability.

The selection criteria for this study focused on studies that
conducted a full PK analysis of nicotine in ECs/HTPs and
CCs. This criterion may have excluded studies that solely
evaluated nicotine exposure or reported C_  values due to
funding constraints or other reasons.

The exclusion of articles that did not conduct a full PK
curve analysis may have limited the breadth of studies in-
cluded in our analysis and potentially introduced bias. Future
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research should consider a more inclusive approach to encom-
pass studies with varying degrees of PK analysis to provide
a more comprehensive overview of nicotine delivery profiles
across different e-cigarette and heated tobacco product (HTP)
brands.

To address these limitations, future research endeavors
should focus on exploring the intricate pharmacokinetics of
NGPs in more depth. Large-scale, well-designed studies are
imperative to investigate additional factors influencing nic-
otine delivery, including user behavior, device design, and
specific characteristics of NGP formulations. Longitudinal
studies assessing the enduring effects of NGP use on nicotine
dependence, smoking cessation, and overall health outcomes
are warranted.

Furthermore, while our analysis provides valuable insights
into pharmacokinetic differences between NGPs and CCs,
it is essential to acknowledge that the assessment of nico-
tine exposure entails various factors beyond C_and AUC.
Consideration of additional study parameters, such as nico-
tine uptake, elimination half-life, and subjective assessments
of nicotine satisfaction, is crucial for obtaining a comprehen-
sive understanding of NGP characteristics.

In discussing the absorption of nicotine in NGPs, it is impor-
tant to consider the two main pathways, namely absorption
through the oral mucosa and the nasal mucosa. The literature
suggests that absorption by the oral mucosa is highly pH de-
pendent, while various types of NGPs and devices introduce
variability in nicotine absorption. Although individual studies
may not delve deeply into specific details on these pathways,
our analysis synthesized available information to provide a
comprehensive overview.

In conclusion, our meta-analysis findings demonstrate that
NGPs generally exhibit similar T, _and alower C _and AUC,
suggesting modified nicotine delivery profiles compared to
CCs. These findings have important implications for harm re-
duction strategies and smoking cessation efforts. Meanwhile,
the research also found that no significant differences were
observed between the three different types of new tobacco
(HNB/HTP, refillable, and closed), which indicates that dif-
ferent types of NGPs may become modified-risk substitutes
for CCs. However, further research is necessary to validate
and expand on these results, considering the diverse land-
scape of NGP products and users.

The outcomes of this investigation are poised to bridge
existing gaps in knowledge pertaining to the comparative
pharmacokinetics of NGPs and CCs. These findings carry
substantive value for decision-makers in the formulation
of informed policies. A nuanced comprehension of the
pharmaceutical attributes of NGPs facilitates a more com-
prehensive evaluation of their potential health risks and
impacts relative to CCs. Such insights are pivotal for the
development of effective smoking control strategies and the
formulation of evidence-based public health policies related
to NGPs.

Conclusions

All three types of NGPs delivered less nicotine than CCs but
reached the C_ over a similar period of time, indicating that
NGPs are likely to serve as a less addictive alternative to CCs
to assist smokers in craving relief and smoking cessation. This
study contributes essential information to the epidemiolog-
ical understanding of tobacco product dynamics, providing a
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foundation for evidence-driven interventions in the realm of
tobacco control and public health.
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