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Personalized and adaptive interventions
for smoking cessation: Emerging trends
and determinants of efficacy

Gal Cohen,1 Carlo Maria Bellanca,2,3 Renato Bernardini,2,3 Jed E. Rose,1 and Riccardo Polosa4,5,6,7,*
SUMMARY

Cigarette smoking addiction is a leading cause of morbidity and mortality and presents a challenging in-
terventional target. Interventions for stopping smoking offer trade-offs in ability to displace or blunt the
effects of cigarettes, which include positive and negative reinforcement, psychological reward, aversive-
ness, and sensory enjoyment, and which are mediated through nicotine and non-nicotine elements of
smoking. Established therapies, which include nicotine replacement therapies (NRTs), varenicline, and bu-
propion are being supplementedwith a growing evidence base for cytisine and nicotine substitution prod-
ucts, with more rapid acting NRTs on the horizon, all of which are expanding individual choice. An under-
standing of determinants of efficacy can inform a personalized and adaptive approach to smoking
cessation, which presents an opportunity to further improve outcomes. This includes tailoring cessation
treatment plans based on initial individual response, preference, and tolerability to first line interventions
and considering second-line options (including evidence-based combination therapies) when needed.

INTRODUCTION: CIGARETTE SMOKING REMAINS A PERSISTENT AND URGENT PUBLIC HEALTH CHALLENGE

Forty years after smoking cessation products were first approved by the FDA, cigarette addiction remains a persistent cause of preventable

morbidity and mortality in the US and globally. A recent analysis of four national databases representing 23 million person-years highlighted

that abstention from smoking for as little as 3 years had a dramatic benefit across all ages, reducing excess mortality risk by over 50% in those

who were 50–59 years old, with even greater benefit for younger cohorts.1 And yet, the efficacy of cessation products is minimal in absolute

terms, with an average of 30 quit attempts required per successful cessation outcome.2 This article explores mechanisms of efficacy and lim-

itations of established cessation therapies, identifies emerging products expanding the range of personalized options, and describes an op-

portunity for further improving outcomes through evidence-based adaptive approaches.

CIGARETTE ADDICTION REPRESENTS A COMPLEX AND CHALLENGING INTERVENTIONAL TARGET

To understand mechanisms of action of products for stopping smoking, one first must understand the pharmacological, physiological, and

behavioral mechanisms which contribute to smoking addiction. As illustrated in Figure 1A, cigarette addiction represents a highly complex

interventional target. Cigarettes emit both nicotine and sensory flavorants, and are consumed via ritualistic behaviors, reinforced over years or

decades, that include hand-to-mouth repetitive actions, and integration into pro-social behaviors (e.g., sharing of a cigarette) and individual

relaxation habits (e.g., smoking breaks). These pharmacologic and behavioral stimuli result in positive and negative reinforcement and psy-

chological reward which contribute to continued smoking and relapse.

Nicotine delivery by cigarettes elicits positive and negative reinforcement, psychological reward, and aversiveness through

centrally mediated mechanisms

Nicotine, the primary active ingredient of cigarettes, is an agonist of excitatory neuronal nicotinic acetylcholine receptors (nAChRs). Neuronal

nAChRs consist of pentameric combinations of alpha and sometimes also beta subunits which can vary in nicotine affinity, localization, and

impact. The reinforcing effects of nAChRs have classically been viewed as resulting from induction of dopamine release via mesolimbic
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Figure 1. Graphical abstract

(A) Cigarette smoking addiction represents a complex and challenging interventional target. Cigarettes provide bolus nicotine delivery which accumulates over

the course of a day causing a basal-bolus pharmacokinetic pattern, and flavorants from tobacco, menthol, additives, and the combustion process. Consumption

is also integrated with habituated use rituals. Cigarettes elicit subjective responses which can be quantified by the Cigarette EvaluationQuestionnaire (CEQ). The

CEQ consists of 12 questions which segment into five latent categories: satisfaction, enjoyment of respiratory tract sensations, psychological reward, craving

reduction, and aversion. Responses are reported on a rating scale of (0–6). The spider chart shown represents mean responses for each category after

smoking a combusted cigarette.3 Responses to acute use of combusted cigarettes with nicotine content ranging from very low (0.4 mg, darkest blue) to

typical (15.8 mg, red) show a dose-response impact on the CEQ.4
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Figure 1. Continued

(B) Determinants of cessation efficacy can inform a personalized and adaptive interventional paradigm. A stop-smoking product alignedwith personal choice and

other predictive selection criteria can be tried during an initial pre-quit period. If initial response is below a minimal threshold, adjustments can be made,

including change of dosing or flavor, combination with an adjunctive product, or switching to a better tolerated product. Provision of supportive care or digital

closed loop technologies can further improve outcomes as well as accuracy of measuring initial response (i.e., reduction in exhaled CO in the pre-quit period).
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pathways.5 More recently, increased focus has been given to aversive influences that are involved in nicotine withdrawal symptoms and which

also limit excessive nicotine self-administration, via involvement of the medial and lateral habenula and the interpeduncular nucleus.6 Nico-

tine also modulates attention and higher-order cognitive processes through a thalamo-cortical feedback circuit.7 The typical daily smoking

pattern results in basal systemic nicotine pharmacokinetics that persist throughout the day, with superimposed bolus peaks associated with

each cigarette smoked (i.e., describing a ‘‘basal-bolus’’ pattern, see Figure 1A, left panel).8 Acute use of cigarettes elicits subjective responses

associated with psychological reward, satisfaction, craving reduction (i.e., reversal of withdrawal symptoms), and aversiveness, as measured

through the Cigarette Evaluation Questionnaire (CEQ). The magnitude of these responses exhibit a dose-response relationship to cigarette

nicotine content and associated bolus nicotine delivery (Figure 1A, right panel).
Cigarettes also provide nicotine and non-nicotine mediated sensory stimuli

Cigarettes induce sensory inputs which are both positive (‘‘enjoyment of respiratory tract sensations’’ as measured by the CEQ), and negative

in valence (‘‘aversiveness’’, whichmay be both centrally and peripherally mediated). Nicotine can directly activate trigeminal sensory neurons.

Cigarette combustion products and flavorants present in tobacco ormenthol-flavored cigarettes can also activate transient receptor potential

(TRP) and other sensory receptors in the oropharynx and olfactory system as well as the rest of the respiratory tract.9 Even cigarettes with min-

imal nicotine can elicit a significant portion of each of the CEQ responses in people who smoke (Figure 1A, right panel). Likewise, while IV

nicotine infusions can reduce concomitant ad libitum cigarette smoking, smoking of usual cigarettes is further reduced when these infusions

are supplemented with denicotinized cigarettes.10

In summary, both the nicotine and non-nicotine elements of smoking are each necessary but not sufficient to individually comprise the

cigarette use sensorial experience of enjoyment of respiratory tract sensations and aversiveness, and subjective responses, which include pos-

itive and negative reinforcement, and psychological reward.
Cessation products offer trade-offs in approaches to displace or blunt the actions of cigarettes

Three established classes of stop-smoking products utilize different mechanisms to displace or blunt the actions of cigarettes. Nicotine de-

livery products are designed to replace, to varying degrees, the bolus and/or basal nicotine delivery and sensory stimuli provided by ciga-

rettes, and can also blunt subjective responses to cigarette use. Nicotinic partial agonists blunt the bolus effects of nicotine while providing

an alternative source of basal nicotinic stimulation. Anti-depressants may modulate aspects of downstream behavioral responses of ciga-

rettes, such as psychological reward, and also have a modulatory impact on nicotinic signaling. These products may be used either as mono-

therapies, or in some cases, in combination, to provide a personalized approach tuned tomeet the preferences of the individual who smokes.
NICOTINE DELIVERY PRODUCTS FOR STOPPING SMOKING ENCOMPASS EVOLVING CATEGORIES, SPANNING A

RANGE OF NICOTINE DELIVERY AND SENSORY PROFILES

The products most commonly used to stop smoking in the US are nicotine delivery products, which include medicinal nicotine replacement

therapies (NRTs) and consumer nicotine substitution products.11 These products are intended to replace the nicotine delivered by cigarettes,

and to varying degrees, their sensorial experience, and can also blunt subjective responses to cigarettes. Table 1 and Figure 2 provide an

overview of these products (for brevity, this review will primarily reflect US regulatory status).
Medicinal nicotine replacement therapies offer trade-offs in nicotine delivery and attractiveness

NRTs include medicinal nicotine patches, gums, lozenges, inhalers, and nasal sprays. Each form presents distinct advantages and consid-

erations to suit personal preferences. The products with the most cigarette-like nicotine delivery have the highest efficacy in transferring

dependence and stopping smoking, which also corresponds to an increased risk of abuse. Intra-nasal nicotine provides the fastest-acting

nicotine delivery of NRT products currently available, and is associated with an OR (odds ratio for cessation vs. placebo) of 2.0 (see Table 1).

Intra-nasal nicotine may be somewhat limited in its attractiveness to people who smoke because it cannot mimic the sensory and hand-to-

mouth behavioral components of the smoking ritual.16 Patches provide a compliance benefit of all-day nicotine release from a single appli-

cation. However, they provide neither the bolus nicotine delivery nor the sensory stimuli and behavioral rituals associated with smoking,

and may cause sleep disruption and skin irritation.17 Oral NRTs provide an intermediate flux of nicotine and also provide oral tactile stimuli

and flavorings, with mint flavors being most popular in the US.18 Nicotine patches and oral NRTs demonstrated OR of 1.37 and �1.5,

respectively, in recent meta-analyses (see Table 1). In addition to providing a replacement source of nicotine, as shown in Figure 3A,

use of NRTs somewhat blunts the acute subjective impacts of cigarette use, thus reducing the attractiveness of cigarettes and making

it easier to replace cigarette use with NRTs.
iScience 27, 111090, November 15, 2024 3



Table 1. Pharmacologic approaches for stopping smoking

Product category Mechanism Route of administration

Rate of nicotine

delivery Flavor profile

Stop smoking

efficacy

Regulatory

status (US) Reference

Medicinal nicotine replacement therapies: FDA approved products

Transdermal patch Nicotinic agonist Dermal Slowest (basal) N/A 1.37 OR, 105 RCTs,

n = 37,319

FDA approved:

cessation. OTC

Lindson et al.12

Gum Nicotinic agonist Oral > patch,

< cigarette

Mint, fruits,

spices

1.49 OR, 56 RCTs,

n = 22,581

FDA approved:

cessation, OTC

Hartmann-Boyce et al.13

Tablet, lozenge Nicotinic agonist Oral > patch,

< cigarette

Mint, fruits,

spices

1.52 OR, 8 RCTs,

n = 4,439

FDA approved:

cessation, OTC

Hartmann-Boyce et al.13

Inhalator Nicotinic agonist Buccal/oral > gum,

< cigarette

N/A 1.90 OR, 4 RCTs,

n = 976

FDA approved:

cessation. Rx

Hartmann-Boyce et al.13

Nasal spray Nicotinic agonist Nasal > inhalator,

< cigarette

N/A 2.02 OR, 4 RCTs,

n = 887

FDA approved:

cessation, Rx

Hartmann-Boyce et al.13

NRT combination Nicotinic agonist Mixed < cigarette N/A 1.93 OR, 86

study arms

N/A (Typically

patch + oral NRT)

Lindson et al.12

Medicinal nicotine replacement therapies: products under development

HFA inhaler Nicotinic agonist Buccal/oral Bioequivalent

to nicotine inhaler

Unflavored Limited data Not developed in US

Approved in UK

for cessation;

discontinued

–

Oral mist Nicotinic agonist Buccal/oral Intermediate TBD (mint,

fruit ex-US)

Limited data US: Positive

advisory panel

(OTC)

Ex-US: approved

in many countries

–

Medicinal ENDS Nicotinic agonist Pulmonary Cigarette-like TBD See nicotine

substitution

products,

below

Pre-clinical

development in US

Clinical development,

UK

–

Nebulizer Nicotinic agonist Pulmonary Potentially

cigarette-like

Unflavored Limited data Clinical development,

UK

Entering clinical

development, US

–

Rapid-acting

sublingual tablet

Nicotinic agonist Buccal/sublingual Faster than

NRT lozenge;

< cigarette

TBD Limited data Under clinical

development

–

(Continued on next page)
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Table 1. Continued

Product category Mechanism Route of administration

Rate of nicotine

delivery Flavor profile

Stop smoking

efficacy

Regulatory

status (US) Reference

Medicinal therapies, mechanisms beyond nicotine replacement: FDA approved products

Varenicline Nicotinic partial agonist Oral N/A N/A 2.33 OR, 67 RCTs,

n = 16,430

FDA approved:

cessation, Rx

Lindson et al.12

Bupropion Nicotinic antagonist;

DA and NA reuptake

inhibitor

Oral N/A N/A 1.43 OR, 71 RCTs,

n = 14,759

FDA approved:

cessation, Rx

Lindson et al.12

Medicinal therapies, mechanisms beyond nicotine replacement: products under development

Cytisine Nicotinic partial agonist Oral N/A N/A 2.21 OR, 7 RCTs,

n = 3,848

Eastern EU:

history of use

Lindson et al.12

Cytisinicline Nicotinic partial agonist Oral N/A N/A Limited data US: late stage

clinical/FDA review

–

Nicotine substitution products: FDA authorized products and categories under FDA review

ENDS Nicotinic agonist Pulmonary Cigarette-like Tobacco, menthol 2.37 OR, 16 RCTs,

n = 3,828

FDA authorized:

APPH

MRTP applications

in clinical phase

Lindson et al.12

HTP Nicotinic agonist Pulmonary Cigarette-like Tobacco, menthol Limited data FDA authorized:

APPH, MRTP

(Reduced toxicant

exposure vs.

cigarettes)

Tattan-Birch et al.14

Snus Nicotinic agonist Buccal Intermediate Tobacco, mint,

winter-green

Limited data FDA authorized:

APPH, MRTP

(Reduced risk

of mouth cancer,

heart disease,

lung cancer, stroke,

emphysema, and

chronic bronchitis

vs. cigarettes)

Lindson-Hawley et al.15
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Table 1. Continued

Product category Mechanism Route of administration

Rate of nicotine

delivery Flavor profile

Stop smoking

efficacy

Regulatory

status (US) Reference

Snuff Nicotinic agonist Buccal Intermediate Tobacco-flavored Limited data FDA authorized:

MRTP (Reduced

risk of lung

cancer vs.

cigarettes)

–

Nicotine pouches Nicotinic agonist Buccal Intermediate TBD Limited data Under FDA review –

VLNC cigarettes Nicotinic agonist Pulmonary Lower nicotine

emissions vs.

full strength

cigarettes

Tobacco, menthol Limited data FDA authorized:

APPH, MRTP

(Reduced nicotine

exposure vs. other

cigarettes;

helps you

smoke less)

–

Abbreviations: APPH (appropriate for the protection of the public health; FDA marketing authorization regulatory standard); ENDS (electronic nicotine delivery system; e-cigarette); HFA (hydrofluoroalkane

inhaler); HTP (heated tobacco product); OTC (over-the-counter medicine; no prescription required); Rx (prescribedmedicine); RCT (randomized controlled trial); OR (odds ratio vs. placebo); MHRA (Medicines

and Healthcare Products Regulatory Agency, UK); MRTP (modified risk tobacco product; FDA review has indicated reduced toxicity, risk or harm vs. use of other tobacco products such as cigarettes); VLNC

(very low nicotine content cigarette). ‘‘Limited data’’ indicates meta-analysis not available.
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Figure 2. Nicotine delivery products for stopping smoking

Cigarettes and nicotine delivery products span a continuum of risk (X axis). They also vary in route of administration and nicotine delivery rates (Y axis), which

impact abuse liability and efficacy in stopping smoking. Nicotine replacement therapies meet medicinal regulatory standards of safety and are lowest on the

harm continuum of nicotine products. NRTs approved in the US include patches, gum, lozenges, inhalators, and nasal inhaler. Pipeline products (dotted

lines) include oral spray, nebulizer, and medicinal ENDS (in England). Nicotine substitution products are intermediate in the continuum of risk. Products

which the FDA-CTP (Center for Tobacco Products) has scientifically reviewed and designated as meeting the APPH (appropriate for the protection of the

public health) marketing authorization regulatory standard include ENDS, HTP, and SNUS products. Nicotine pouches and lozenges are under FDA review.

Not shown: very low nicotine content cigarettes (VLNCs), which provide reduced nicotine exposure vs. conventional cigarettes, although with similarly toxic

smoke. Created in BioRender. Mangione, M. (2024) BioRender.com/q50z218.
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NRTs under development include faster-acting products which offer the potential for increased efficacy

Several categories of buccally absorbed NRTs are available ex-US or are in development. Buccally absorbed products are somewhat

faster acting than products absorbed gastrically, and thus should be moderately more efficacious, along with having fewer gastric

side effects. An over-the-counter nicotine oral spray is on the market ex-US and has received a favorable FDA advisory panel opinion.

Biochemically verified continuous smoking abstinence from week 2 to week 6 was doubled vs. placebo (5.0% vs. 2.5%) in a pivotal

randomized controlled trial (RCT).22 Nicotine strips and other novel oral formulations are also being introduced outside the US. A

rapidly acting sublingual tablet under clinical development in the US has demonstrated rapid relief from withdrawal symptoms in

an initial study.23

NRTs with rapid pulmonary delivery offer the potential for superior efficacy vs. most other NRTs, although this will need to be validated in

clinical trials. A previous generation of pulmonary NRTs and medicinal ENDS (electronic nicotine delivery system, or e-cigarette) products

(Voke/e-Voke, AERx, Staccato, Hava Health) have discontinued development or are not available.24 Products currently in development

include an NRT nebulizer (Qnovia) in England and the US,83 and medicinal ENDS (electronic nicotine delivery products, or e-cigarettes;

NJOY and others) in England.84

Nicotine substitution products have an emerging role in stopping smoking

The FDA is increasingly recognizing addiction to cigarette use as a chronic relapsing condition requiring extended dosing of products for

stopping smoking. In 2013, labeling for NRT duration of use was extended, and more recently, FDA guidance has proposed expanded in-

dications formaintenance use of cessation products after the quit attempt to prevent relapse.25,26 Similarly, the FDACenter for Tobacco Prod-

ucts (FDA-CTP) has been authorizing nicotine substitution products, with diverse formulations, delivery methods, and pharmacokinetic and

sensory profiles, as harm reduction options for people who can’t or won’t otherwise quit smoking.
iScience 27, 111090, November 15, 2024 7
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Figure 3. Subjective impact of stop-smoking products

(A) Responses to acute use of cigarettes, as measured by CEQ, comparing baseline response vs. response to cigarettes after 1 week of usage of NRT or cytisine

(shown in red, dotted line, or blue, respectively).19

(B) CEQ responses to combusted cigarettes (CC) in conjunction with placebo, bupropion, or varenicline (shown in red, dotted line, or blue, respectively).20

(C) ENDS (blue) can sensorially substitute for CC (red).3

(D) degree of mCEQ response to ENDS correlates with efficacy in stopping smoking for at least one month.21 Note: (A, B, and C) were reported from participants

who as yet had not stopped smoking at the time of the questionnaire, and therefore may not fully highlight responses representative of complete cessation or

complete switching and maximal displacement of dependency from CC to ENDS. Responses to ENDS products were measured with a modified CEQ survey

(mCEQ). The CEQ consists of 12 questions which segment into five latent categories: satisfaction, enjoyment of respiratory tract sensations, psychological

reward, craving reduction, and aversion. Responses are reported on a rating scale of (0–6). The spider charts shown represent mean responses for each

category after smoking a combusted cigarette (CEQ) or using an e-cigarette (mCEQ).
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In the U.S., ENDS represent themost prevalent nicotine substitution products, and were used every day or some days by 11–17million U.S.

adults in 2021.27 In a survey of adults who vape in the US, UK, and Canada, 73% reported wanting to quit smoking as a reason for use.28 Ev-

idence for the cessation efficacy of ENDS has reached a ‘‘tipping point’’ for many in the scientific community.29,30 A recent meta-analysis of 7

RCTs (n= 2,544) indicated that ENDS representative of the past decade have been�59%more efficacious thanNRTmonotherapies for smok-

ing cessation.31 Early products (2008–2014) were inefficient in pulmonary nicotine delivery, utilizing unprotonated (‘‘freebase’’) nicotine for-

mulations, but proved to be attractive alternatives to cigarettes for adults who smoke because of a diversity of flavor availability, which

has been associated with higher quit rates.32,33 The introduction of protonated (‘‘nicotine salt’’) formulations in 2013–2015 (VUSE Solo,

JUUL, NJOY Daily) and subsequent changes from wick-and-coil heaters to larger surface area and ceramic heater technologies c. 2018

(NJOY ACE, VUSE Alto), has led to nicotine delivery rates more similar to cigarettes, with a commensurate increase in efficacy.34,35 Figure 3C

illustrates that e-cigarettes can provide a substitute for the sensory and behavioral effects of cigarettes. In a recent RCT in adults who smoke,

reported side effects included coughing, headaches, and increased phlegm (although these were also reported in the control group).36 A

comprehensive discussion of the physiological impact of switching from cigarettes to ENDS would require a review of its own, but improve-

ments in relevant blood and urine biomarker levels and in respiratory- and cardiac-related endpoints have been reported in some randomized

studies.37,38

Heated tobacco products (HTP) consist of a device that transfers controlled heat to tobacco sticks, plugs, or capsules that generate nico-

tine-containing aerosols. In the US, HTP have faced limited distribution due to patent disputes, but new products are pending. In Japan, HTP,

launched in 2014, now represent �1/3 of the tobacco stick market. Reported HTP population-level displacement of cigarettes has varied

across different survey methodologies and countries.14,39 An RCT of HTPs coupled with counseling reported 39% biochemically verified

3-month abstinence from cigarette smoking.40

Oral nicotine products, such as snus, pouches, and lozenges, are designed to deliver nicotine through oral mucosal absorptionwithout the

need for combustion. Oral products represent the fastest-growing consumer tobacco segment in the US and can resemble oral NRTs in
8 iScience 27, 111090, November 15, 2024
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composition and flavoring.41 In an initial open-label actual-use study, self-reported 7-day stop-smoking rates of 27% were observed after

1 week of product trial followed by 6 weeks of use of preferred flavor(s). Choosing multiple flavors was associated with greater reductions

in smoking; further studies are warranted.42

NICOTINIC PARTIAL AGONISTS AND ANTI-DEPRESSANTS OFFER ADDITIONAL OPTIONS
Evidence for cytisine as an alternative to varenicline has recently been bolstered

Varenicline has historically been the most effective cessation product in RCTs, with an OR (odds ratio vs. placebo) of 2.33 reported in a recent

meta-analysis.12 Varenicline’s activity includes partial agonism of b2* and full agonism of a7 nAChR subtypes.43 The partial agonist actions of

varenicline have been observed to elevate tonic levels of dopamine.44 Varenicline concomitantly selectively suppresses cigarette-induced

dopamine release.45 Varenicline has been shown to dampen smoking satisfaction, as well as craving and negative affect46 (see also Figure 3C).

Dosing is once or twice per day; side effects include sleep disturbances and nausea.47,48

Cytisine (historically used in eastern Europe) is similarly a partial agonist of b2* nAChRs.49 Recent meta-analyses have revised the OR of

cytisine upward to�2.2, approaching the efficacy of varenicline.12,50 Cytisine also has a blunting effect on cigarette behavioral and responses

which is similar to varenicline (Figure 3A). Cytisine offers a meaningfully lower rate of nausea incidence vs. varenicline, consistent with its lower

affinity for 5-HT3 receptors.47,48 A drawback is its rapid metabolism, typically requiring dosing of 6 times per day. A more convenient 3 times

per day dosing regimen (cytisinicline) is in late stage development.51

Antidepressants remain less effective than varenicline

Bupropion was initially developed and approved as an antidepressant and later discovered to be effective for smoking cessation. Inhibition of

the neuronal reuptake of dopamine and norepinephrine, and antagonism of nAChRs are thought to contribute to its efficacy.5 A RCT reported

that bupropion was somewhat less efficacious than varenicline in blunting the acute impact of cigarettes (see Figure 3C). More recently, nega-

tive allosteric modulation of 5-HT3A receptors by bupropion has been described, which may contribute to its lower incidence of nausea vs.

varenicline.52 Bupropion can induce seizures, and similarly to SSRIs, may cause neuropsychiatric adverse reactions.5 A meta-analysis reported

cessation OR of 1.43 vs. placebo.12 Nortriptyline, another antidepressant, demonstrated OR of 1.35.12

THE EFFICACY OF STOP SMOKING PRODUCTS IS LOW IN ABSOLUTE TERMS

While stop-smoking products have validated efficacy in RCTs (see Table 1), absolute efficacy rates are low. Varenicline, for instance, only in-

creases odds of cessation in RCTs by 8 in 100.12 The other leading cessationmedications are even less efficacious; oral NRTs, nicotine patches,

and bupropion increase rates of cessation by 2–3 per 100 attempts in RCTs.12

Furthermore, the net real-world efficacy of stop-smoking products is more limited than what is observed in randomized controlled trials. In

the US, an analysis of the PATH study dataset showed a 10% twelve-month smoking quit rate for people who used pharmacotherapy

(including NRTs), a rate comparable to those who did not use pharmacotherapy.53 Likewise, results from the Smoking Toolkit study in the

UK indicated that, at the population level, NRT use heightened motivation to quit but did not necessarily lead to a reduction in cigarette

intake.54 On average, it takes 30 real-world quit attempts to successfully stop smoking; this relapse pattern causes reductions in perceived

self-efficacy and motivation which further inhibit quitting.2,55

DETERMINANTS OF EFFICACY OFFER INSIGHT INTO OPPORTUNITIES FOR IMPROVING INDIVIDUALIZED

OUTCOMES

In spite of these low net rates of efficacy, it is also true that millions of people have stopped smoking with these products. As discussed pre-

viously, individual determinants of efficacy include substitutability for the sensory and nicotine delivery profile of cigarettes and tolerability.

Additional critical determinants include sufficiency of dosing, and supportive care and motivational factors. These insights can inform ap-

proaches for improving outcomes at the individual and population level.

Sufficiency of dosing is often unmet for stop-smoking products

A central yet often overlooked insight is that efficacy is highly dependent on sufficient dosing and adherence, and these sufficiency criteria are

often not met, both in RCTs and in real-world use. The UK Smoking Toolkit analysis, for example, noted that daily use of nicotine patch or use

at least 4 times per day of oral NRTs was associatedwith smoking reduction, while less frequent use was not. Increasing duration of use of NRT

up to 12 weeks was also positively associated with smoking reduction.54 A meta-analysis found that adherence to NRT use was only 61% in

RCTs and 26% in real-world studies; adherencewas associatedwith anORof 2.17 vs. non-adherence.56 Likewise, for ENDSproducts, daily use,

but not non-daily use, was associated with increased odds of stopping smoking in a meta-analysis and in a four-country survey of real-world

use patterns.57,58 Similarly, in RCTs, cytisine was found to be more effective when dosed for an extended course of up to 84 days (similar to

varenicline) vs. shorter durations of 25 days (as labeled in Europe).51

In addition to adherence to dosing over time, sufficient dosing per use is also critical, particularly for nicotine delivery products. A recent

observational study reported that successful quitting was likeliest among those receiving an initial NRT dose of at least 2–3 mg per day per

daily cigarette smoked.59 Several studies have similarly observed a dose-response relationship between nicotine delivery and rates of stop-

ping smokingwith ENDS. An RCT of 36 vs. 8 vs. 0mg/mL of freebase nicotine reported biochemically-confirmed stop-smoking rates of 10.8%,
iScience 27, 111090, November 15, 2024 9
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4.6%, and 0.8%, respectively, at week 24, in a population with no initial intent to stop smoking.60 In a comparison of real-world use patterns of

the same pod-based device in adults who purchased a starter pack in North America (59 mg/mL nicotine salt) vs. UK (18 mg/mL nicotine salt),

self-reported stop-smoking rates of 38% vs. 28%, respectively, were observed after 24 weeks of use.35
Supportive care and motivational factors are also important for efficacy

Like any significant modification of a habituated behavior, whether involving consumption of food, exercise, or other chronic habits, support-

ive care is a validated and efficacious component. In smoking cessation, provision of supportive care has been associated with an increased

OR of 1.57.61 For instance, a meta-analysis indicated that when varenicline is combined with supportive care, cessation rates of �23% are

achieved on average.62

Resources within the healthcare system for supportive care are limited, and thus mobile apps have been developed to expand ac-

cess and automate supportive care. A recent systematic review of studies published in 2017–2022 found evidence for short-term

improvement in cessation rates in adult smokers with intent to quit who used mobile app, web or texting based programs. Longer

term benefits overall were limited in this generation of products, but results were improved in programs which incorporated personal-

ized features.63 This highlights the opportunity for mobile platforms to integrate digital diagnostics such as handheld monitors of

exhaled carbon monoxide for closed-loop personalized feedback and reinforcement of progress in stopping smoking. A recent RCT

evaluated cessation efficacy of NRT in conjunction with either an intensive digital platform combining remote CO monitoring, SMS

text-messaging based counseling with a tobacco cessation coach, a web-based community forum, and an app vs. app only. 1-year,

CO-validated continuous abstinence was 19.1% in the intensive support group, vs. 8.5% in the app-only group. Free NRTs were offered

every 2 weeks for up to 12 weeks, and cumulative dose of NRT utilized was higher in the intensive support group (3.3 orders vs. 1.8),

suggesting an adherence benefit.64

Personal beliefs can also impact motivation and adherence for nicotine products. Qualitative studies have indicated that many adults who

smoke have concerns about the safety and side effect profiles of NRT and ENDS, as well as concerns about the potential continuation of nico-

tine addiction.65,66 Data from the PATH study indicated that a belief that electronic cigarettes were less harmful was associated with a

doubling of the odds of successfully switching from cigarettes to ENDS and with a further halving of the odds of subsequent relapse back

to smoking for successful switchers.67 Education of patients who smoke about the relative benefits and risks of cessation and harm reduction

approachesmay have a significant public health impact.68 One challenge is that a substantial majority of US physicians believe that nicotine is

a directly causative agent of tobacco-related diseases such as cancer and COPD.69
EVIDENCE-BASED ADAPTIVE APPROACHES MAY FURTHER INCREASE CESSATION EFFICACY
Adaptive approaches can include use of evidence-based combinations and multiple lines of therapy

Adaptive treatment approaches have an established history in medicine and hold promise for further enhancing smoking cessation adher-

ence and outcomes. These approaches, as illustrated in Figure 1B, include tuning choice of therapies based on individual product preferences

and early predictors of efficacy. They may also entail a step-up of dosing, a switch to another better tolerated or more attractive product with

higher likelihood of adherence, or supplementation with another product, following an incomplete response or non-response to an initial

product, and may be combined with supportive care including mobile CO monitoring technologies.
Recent RCTs incorporating adaptive protocols provide insights for future research

A recent RCT compared adaptive vs. standard approaches to first-line use of varenicline or nicotine patch. The adaptive study arms pro-

vided the addition of bupropion in the pre-quit period for ‘‘early non-responders’’ to initial monotherapy (i.e., less than 50% smoking

reduction during the first 2 weeks; see Figure 4). Biochemically verified 30-day continuous abstinence rates at 12 weeks were higher in

the adaptive arms (28% vs. 8% for varenicline adaptive protocol vs. non-adaptive protocol; 16% vs. 10% for NRT adaptive protocol vs.

non-adaptive protocol).70

In a prior RCT, supplementing nicotine patch with bupropion for early non-responders to patch (after 1 week of use in the pre-quit period)

greatly increased 6months point abstinence rates (17.2% vs. 6.6% for those randomized to combination vs. patch only). However, provision of

adjunctive bupropion later in treatment for early patch responders who relapsedwas not beneficial (10.0% for relapsers whowere randomized

to combination vs. vs. 13.3% for those who remained on patch only).71 This highlights that pre-quit trial use of product can be highly infor-

mative for whether treatment should be adjusted or not in order to improve outcomes.

Interventional adjustments for early non-responders should be supported by empiric evidence, as not all adjustments are beneficial. An

RCT observed that escalation of dose for early non-responders to varenicline did not increase smoking cessation rates, possibly in part

because nausea incidence further increased.72 Alternate adaptive protocolsmight include addition of ENDS or fast-actingNRT to varenicline,

step-up in varenicline dose only for non-responders who do not experience nausea, or switching to cytisine for non-responders who do expe-

rience nausea.

Beyond actual reduction in smoking over 1–2 weeks, acutely measured metrics such as individual CEQ response upon product trial may

provide an early prediction of efficacy. Figure 3D shows that larger magnitude early CEQ responses upon trial of e-cigarettes were correlated

with subsequent smoking abstinence of at least 1 month or more. Likewise, initial positive reactions were predictive of ultimate successful

treatment outcome for a nicotine nasal spray.16
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Figure 4. Adaptive protocol example: supplementation with bupropion for early non-responders to NRT or varenicline

This figure illustrates an adaptive protocol which improved cessation outcomes in an RCT comparing randomization to an adaptive vs. non-adaptive protocol. In

the adaptive protocol arm, participants chose between nicotine patch or varenicline, early response was monitored, and for early non-responders (less than 50%

reduction in smoking), bupropion was added to the initially preferred product.70 Study participants who were randomized to a non-adaptive protocol continued

on their initially preferred monotherapy regardless of early responder status (not shown).
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EVIDENCE-BASED COMBINATIONS MAY HAVE UTILITY IN ADAPTIVE PROTOCOLS

Adaptive protocols may identify individuals for whom the efficacy benefits of combinations outweigh the potential for increased

compliance burden or side effects. Beyond the bupropion combinations described previously, combinations which have been

observed to be incrementally beneficial over monotherapy and which might be incorporated into adaptive protocols include the

pairing of oral NRT, ENDS, or varenicline with nicotine patches, as well as varenicline combined with ENDS. Other combinations

incorporating emerging or pipeline products, including cytisine, pulmonary NRTs, and other nicotine substitution products may

also hold relevance.

The combination of patch + oral NRT is more efficacious vs. either monotherapy alone

Combinations of NRTs (typically oral NRT + patch) canmore closely approximate the nicotine dosage levels and basal-bolus pharmacokinetic

pattern associated with cigarettes and are well established as beingmore efficacious thanmonotherapies, with anOR of 1.93 vs. placebo (see

Table 1).

Adding ENDS to patch increased efficacy in an RCT

In a recent RCT exploring 2x2 combinations of active or placebo nicotine patches and ENDS, enhanced smoking reduction was observedwith

this combined approach.73 Sample sizes were small, however, and additional studies are warranted to evaluate the combination of pulmonary

nicotine delivery with nicotine patch for stopping smoking. This type of pairing is aligned with the US regulatory context, in the most typical

instance whereNRT use is likely to result in dual-use of NRT and cigarettes, where persisting cigarette usage is substituted with a harm reduc-

tion alternative.

Augmenting nicotine patch with varenicline increased efficacy but adding patch to varenicline has yielded mixed results

Combining varenicline with NRT has yielded mixed results. In two recent 2 RCTs, varenicline showed a benefit vs. placebo when added to

nicotine patch, while adding patch to varenicline did not provide benefit in a large study (n= 1251).74,75 However, an earlier 2015meta-analysis

of three trials did show a benefit when an active patch (vs. placebo patch) was added to varenicline.76 The basal nicotine delivery provided by

patches desensitizes nAChRs, while also providing ongoing agonism, which is possibly too similar mechanistically to the partial agonism

induced by varenicline to provide extensive benefit beyond that of varenicline alone, given that varenicline is more efficacious than nicotine

patches as a monotherapy.
iScience 27, 111090, November 15, 2024 11



ll
OPEN ACCESS

iScience
Perspective
The combination of varenicline with ENDS demonstrated incremental benefit in 2 RCTs

An RCT combining ENDS (providing rapid nicotine delivery) with varenicline (providing basal partial agonism of nAChRs) indicated a trend

toward higher efficacy for the combination vs. varenicline alone, with a 43% lower hazard of relapse for the group receiving the combination

treatment.77 Likewise, in a population which dual-used cigarettes and ENDS, an RCT of adjunctive varenicline showed increased continuous

smoking abstinence between weeks 4 and 24 (49% vs. 14% for placebo). ENDS e-liquid consumption increased in the varenicline arm, but not

the placebo arm, suggesting a synergistic interaction of ENDS and varenicline.78

CESSATION OF THE USE OF NICOTINE AS A MULTI-STEP JOURNEY

Finally, as articulated recently by the FDA-CTP Center Director, nicotine substitution can be an important interim harm reduction step on a

multi-step journey toward ultimate nicotine cessation for people who smoke.79 Additionally, the use of nicotine substitution products should

ideally not divert those who are interested in and likely to succeed in nicotine cessation.29 There is real-world evidence that stepping down of

ENDS e-liquid nicotine concentration to zero is possible.33 Both varenicline80 and cytisine81 have demonstrated efficacy in cessation of nico-

tine vaping. Furthermore, a texting-based digital intervention increased vaping cessation rates for adolescents, and the combination of dig-

ital and pharmaceutical approaches might prove synergistic in the future.82

DISCUSSION: CONCLUSION AND FUTURE PERSPECTIVES

Cigarette addiction is a chronic, relapsing condition with complex drivers. Personalized and adaptive approaches present an opportunity to

improve outcomes. This includes tailoring cessation treatment plans based on initial individual response, preference, and tolerability to first

line interventions and considering second-line options (including evidence-based combination therapies) when needed.

Several research directions may hold promise for further exploration. Firstly, efficacy should be verified across multiple RCTs for emerging

products such as HTPs and oral nicotine products and pipeline products such as faster-acting NRTs. Predictive factors, such as personal pref-

erences, CEQ responses, genetic predispositions, and early responses to pre-quit trial of cessation products can be studied to help define

individualized treatment approaches. Thirdly, sequences and combinations of products can be explored to optimize adaptive protocols and

to define populations most likely to positively respond to nicotine substitution, while not interfering with and enhancing the rate of nicotine

cessation in early responders to cessation approaches. Lastly, the role of stop-smoking adaptive interventions during different phases of

cessation, including pre-quit attempt, during the primary quit attempt, and afterward to prevent relapse of smoking, each provide opportu-

nities for future studies.

Limitations of the study

This review reflected a comprehensive assessment of the literature, but was not formally a systematic review, and thus was submitted as a

perspective article. However, the core data table (Table 1) referenced efficacy odds ratios from the Cochrane Library of systematic reviews,

which are executed by an independent non-profit organization with the following policy statement: ‘‘We do not accept commercial or

conflicted funding. This is vital for us to generate authoritative and reliable information, working freely, unconstrained by commercial and

financial interests.’’85
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APPENDIX

APPH: Appropriate for the protection of the public health; FDAmarketing authorization regulatory standard for consumer tobacco and nico-

tine products.

CDER: Center for Drug Evaluation and Research; the FDA center which regulates pharmaceutical smoking cessation products.

CTP: Center for Tobacco Products; the FDA center which regulates consumer tobacco and nicotine products.

ENDS: Electronic nicotine delivery system (e-cigarettes).

HTP: Heated tobacco product.

MHRA: UK Medicines and Healthcare Products Regulatory Agency

MRTP: Modified risk tobacco product; FDA review of an APPH product supports a labeling expansion communicating reduced toxicity, risk or

harm vs. use of other tobacco products such as cigarettes.

OR: Odds ratio. This is the ratio of the outcome rate associated with a given intervention vs. the outcome rate seen under control conditions in

the absence of the intervention.

RCT: Randomized controlled trial.
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