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Abstract

Background—Similar to adult smokers, quit attempts among younger smokers almost inevitably
result in relapse. Unlike adults, less is known about the process of relapse in this younger age
group. A technology-based remote monitoring system may allow for detailed and accurate
characterization of smoking and abstinence and would help to improve cessation strategies.

Objectives—This study describes a mobile system that captures smoking using breath carbon
monoxide (CO) and real-time self-reports of smoking behavior. Compliance, feasibility,
acceptability, and accuracy of the system were measured during a quit attempt and subsequent
monitoring period.

Methods—The mobile application (My Mobile Monitor; M3) combined breath CO with
ecological momentary assessment, delivered via smartphone. Participants (N=16; 75% female)
were daily smokers between the ages of 19-25, who used the app for 11 days during which they
agreed to make a quit attempt. Acceptability, compliance, and abstinence were measured.

Results—Participants averaged 22.3 + 2.0 years old and smoked an average of 13.0 £ 6.1
cigarettes per day. Overall session compliance was 69% and during the quit attempt, 56% of
participants abstained from smoking for at least 24 hours. Agreement between self-reported
smoking compared to breath CO was generally high, when available for comparison, though
underreporting of cigarettes was likely.

Conclusions—This study demonstrates feasibility of a remote monitoring app with younger
smokers, though improvements to promote compliance are needed. Remote monitoring to detect
smoking and abstinence represents a step forward in the improvement of cessation strategies, but
user experience and personalization are vital.
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Introduction

Cigarette smoking remains the leading cause of preventable death in the United States (US)
(1, 2). Most adult smokers started prior to age 18 (3), and tobacco use in adolescence
reliably predicts being a smoker as an adult (4, 5). While approximately two-thirds of youth
smokers reported making a serious quit attempt in the past year (6, 7), low rates of sustained
abstinence among youth smokers were achieved and evidence-based treatment was
frequently underutilized (8-16). Approximately 56% of young smokers relapse within one
month of a quit attempt (17) and two-thirds relapse within only seven days (18). Despite
relapse being the most common outcome of a quit attempt, data on the natural history of
relapse among a younger population of smokers is limited (19).

Ecological momentary assessment (EMA) (20) is a common method that has been used to
assess antecedents of smoking and relapse in ecologically relevant settings. EMA is a means
of in the moment, repeated measures data capture that examines processes contributing to
smoking relapse (i.e. affect, context, self-efficacy, craving, and withdrawal) (21), typically
through self-report. EMA has been implemented with young smokers and has identified
several variables associated with smoking, lapse and relapse (e.g., negative affect, craving,
smoking cues, time of day, and other context-specific variables) (22-29). While the use of
EMA provides a wealth of data on smoking and relapse, these data often rely on self-report
and are subject to response fatigue, diminished compliance, and inaccurate responding,
mostly in the form of underreporting. Inaccuracies of self-report among youth smokers are
common in the literature (30-33). Additionally, a feasibility EMA study with adolescent
smokers found reductions in session compliance rates over three weeks of monitoring (23).
EMA methods could be paired with objective measures of smoking in order to improve data
accuracy. The underreporting of smoking may be less likely if objective verification of
smoking is being submitted concurrently with self-report. Also, the capture of biochemical
verification of smoking through monitors or other novel devices that quantify behavior may
increase engagement with the system and improve rates of compliance.

Breath carbon monoxide (CO) is an accurate, non-invasive biochemical marker that
indicates recent smoking. Breath CO degrades quickly (half-life 4-8 hours) (34), making
frequent collection necessary for accurate estimates of smoking, though frequent CO
sampling is unrealistic and burdensome in the office/clinic setting. However, the collection
of breath CO lends itself well to remote monitoring given that it is relatively inexpensive and
non-invasive. Previous studies have used remote monitoring (i.e., video capture) to obtain
biochemical verification of smoking through breath CO samples (35-39), though in the
context of treatment via contingency management procedures. Studies focused on the
variables associated with smoking and relapse (via EMA) have not incorporated real-time,
concurrent biochemical verification of smoking into their procedures. As such, the inclusion
of breath CO in EMA methodology with young smokers offers conceptual appeal and may

Am J Drug Alcohol Abuse. Author manuscript; available in PMC 2018 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McClure et al. Page 3

potentially improve the granularity of data capture and provide additional information on the
temporal patterns of smoking, abstinence, and relapse.

The inclusion of breath CO with EMA has several advantages for youth smokers, including:
verification of self-reported smoking with objective measures, potential for improved data
accuracy and temporal capture of smoking/relapse, and fewer clinic visits, which may
improve retention. Therefore, a remote monitoring mobile application (app; My Mobile
Monitor [M3]) was developed to capture breath CO in order to accurately detect smoking
and abstinence combined with real-time, ecologically valid assessments of context, craving,
and affect via EMA. The current pilot study had the following aims; 1) to assess compliance
with M3 sessions over an 11 day study; 2) to assess feasibility and acceptability of M3; 3) to
accurately capture abstinence rates during a 2-day quit attempt; and 4) to compare
agreement between self-reported and objective measures of smoking.

Methods

Participants

Participants were recruited from the community through online advertisements, and through
friend or other study referrals. To be eligible, participants had to meet the following
inclusion criteria; 1) be between the ages of 15-25, 2) be a daily smoker for = 3 months and
smoke > 5 cigarettes per day (CPD) on average, 3) be willing to abstain from marijuana or
other tobacco products during the study, and 4) be willing to engage in a brief quit attempt
lasting for 48 hours. Participants were excluded if they had any unstable medical or
psychiatric disorders that could have interfered with study participation, were using any
smoking cessation pharmacotherapies, were immediately seeking cessation treatment, or if
pregnant. Since smoking cessation treatment (other than brief counseling) was not being
provided to study participants, quit motivation was only used as an exclusion criteria if
participants were immediately seeking treatment. Twenty participants were enrolled in study
procedures (out of 63 referrals, 32 scheduled screening visits, and 24 consented). Of the 20
enrolled participants, two were terminated due inadequate time to complete study
procedures, one due to incarceration, and one due to moving out of state. Only study
completers (N=16) are included here. Enrollment took place from January through July
2016. All procedures were approved by the Institutional Review Board at the author's
institution. Procedures were approved for the assent of minors (those under the age of 18)
and consent of their guardians. No consented participants were under age 18 and assent
procedures were not needed for this study (range of consented participants was 18-25).

Procedures

M3 Sessions—Following informed consent procedures with designated research staff and
screening, eligible participants returned to the clinic for a training visit on use of the M3 app.
Version 1 of M3 was only available on iOS and participants with Android devices or a non-
compatible iPhone (n=7) were provided with a loaner smartphone. Training was provided on
proper use of the breath CO monitor (Pico+ Smokerlyzer®, Bedfont). Participants were
instructed to carry the smartphone and CO monitor for 11 days, consisting of two days of
naturalistic smoking (ad-libitum smoking), a two day quit attempt, and seven days of
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continued monitoring. Study days consisted of a 12-hour block, of the participant's
choosing, in which sessions could be prompted at any time (separated into 2, 6-hour blocks
in the morning and evening). Throughout the study, participants were asked to log every
cigarette they smoked in real-time (immediately following that cigarette). Following two,
user-initiated cigarette entries, EMA smoking sessions were prompted (2 each day possible)
and asked about the conditions surrounding that smoking occasion. Two non-smoking EMA
+ CO sample sessions were randomly prompted, at least 30 minutes since the last cigarette
entry with the designated time block. Participants had 45 minutes to complete sessions
before they expired. An evening report was administered at the end of the 12-hour block
each day that asked about cigarettes that were not entered. Cigarettes reported through the
evening report for that day were counted as part of that participant's daily cigarette total.

The collection of breath CO was completed via photo capture through the app. Participants
took a photo of themselves exhaling into the CO monitor and a second picture of the
resulting CO value. The participant's image and CO value were verified by research staff.
Each picture was time stamped and the time between pictures was assessed for potential
deception. Based on the time required to complete a breath CO sample (30-45 seconds), a
second picture submitted more than 45 seconds after the first was not considered compliant.

Quit Attempt—On the morning of Day 3, participants were asked to make 2-day quit
attempt lasting until the morning of Day 5. Compensation was given contingent on CO
samples that indicated smoking abstinence during those two days ($5 per each of four
abstinent samples taken over 2 days, total of $20). Abstinence was determined by CO
samples of < 6 parts per million (ppm) or a 75% reduction from their average CO during ad-
lib smoking periods. Motivational enhancement and brief cessation counseling (5-10
minutes) was provided to assist in the quit attempt and was provided at the Day 0/Training
visit. Cessation materials were also provided to participants (iQuit; Centers for Disease
Control and Prevention) to assist them in their quit attempt. Participants continued to receive
random EMA non-smoking + CO prompts during this time and EMA smoking prompts (if
smoking was reported).

Post-Quit Monitoring—The post-quit monitoring period started on Day 5 and incentives
for abstinence were terminated. Though not formalized, research staff did informally
encourage continued abstinence and praised reductions in smoking, though there were no
consequences for either abstinence or a return to smoking during this study phase.
Participants were asked to continue logging cigarettes in real-time. The first three cigarettes
that were smoked following the 2-day quit attempt were considered lapse cigarettes and
prompted up to three EMA sessions. It was determined that participants had returned to
smoking following three episodes of smoking after the quit attempt. This return to smoking
may not be the best representation of relapse, as participants had varying levels of
motivation to quit smoking and may have not been motivated to abstain after reinforced
abstinence. Following a return to smoking, participants continued to receive random and
user-initiated EMA sessions. Participants returned to the clinic on Day 12 for their final
study visit.
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Assessments conducted during clinic visits included: demographics, Beck Depression
Inventory (40), smoking history, 30-day Timeline Follow-Back (TLFB) (41, 42), breath CO
and urine cotinine (metabolite of nicotine)testing, the modified Fagerstrém Tolerance
Questionnaire (MFTQ) (43), readiness and confidence to quit smoking (10-point Likert scale
with 1 being not ready/confident and 10 being extremely ready/confident), Stages of Change
(44), and several other questionnaires assessing aspects of smoking, impulsivity,
psychological health, and technology adoption. App acceptability was assessed through a
quantitative questionnaire administered at the final study visit that used a 100-point visual
analog scale ranging from 1=Strongly Disagree to 100=Strongly Agree.

EMA items used previously with adolescent smokers were used here (23) and included:
cigarette craving, affect (i.e., happy, stressed, relaxed, bored, etc.), social context (i.e., who
they were with, smoking cues), recent consumption behaviors (i.e., eating, drinking), and
time since last cigarette. Most questions were on a 5-point Likert scale that ranged from
1=Not at all to 5=Extremely. Lapse sessions included 5-10 additional items assessing
motivation and confidence to abstain from smoking, amount smoked during lapse, and
latency to report the lapse. Given the small sample size of this study and the focus on app
acceptability and feasibility, variables associated with lapse and a return to smoking were
not analyzed and will not be presented here. User-initiated EMA sessions took 1-2 minutes
to complete, and randomly prompted sessions took an additional 1-2 minutes for CO sample
submission. All M3 data were stored and managed on private, secure servers maintained by
the programming team. All other data were collected and managed using REDCap
(Research Electronic Data Capture) (45).

Statistical Analyses

Demographic, compliance, abstinence, and acceptability data are presented as descriptives
for study participants (Aims 1-3). To assess agreement between smoking measures (Aim 4),
correlations between cigarette entries for each study day logged through the app, including
cigarettes logged as part of the evening report, and breath CO averages (possible two
samples per day) were conducted using Spearman's rho. Generalized estimating equations
(GEE) (46) were used to predict number of cigarettes for all participants following the 2-day
quit attempt (Days 5-11). Only post-quit monitoring days were used in this model since day
was a continuous variable and ad-lib and quit days were treated differently. GEE is used to
model outcomes with correlated errors, such as repeated observations within an individual.
Predictors included study day (Days 5-11) and the average of two possible CO values for the
day. In the event that only one CO value was provided, that value was used. If both CO
values were missing, that day was not included in the analysis. Statistical analysis was
performed using PROC GENMOD in SAS version 9.4 (SAS Institute, Cary, NC, USA). An
autoregressive (AR1) correlation structure was used and a log link function was assumed.
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Results

Demographics and Smoking Characteristics

Demographic and smoking characteristics are shown in Table 1. The average age of
participants was 22.3 + 2.0 years old. The majority were female (75%), White (88%),with
the remaining 12% being African American/Black, and 6% being Hispanic or Latino. At
study enrollment, participants were smoking an average of 13.0 £ 6.1 CPD and had
moderate levels of nicotine dependence (4.1 £ 1.5). Breath CO values averaged 16.3 ppm
+13.3 and all participants were positive for urinary cotinine (cut-off of 200 ng/ml).

Compliance with the M3 app

Logged Cigarettes—During the 11 day study, participants logged an average of 6.3 + 6.6
CPD (total of 1104 cigarettes). Logged CPD during Days 1 and 2 (ad lib smoking) were 9.0
+ 3.7 and 9.4 + 4.1, respectively, which was lower than the average CPD reported at
screening (13.0 + 6.1). This may suggest underreporting of smoking through the app or a
reduction in smoking in preparation of the upcoming quit attempt. During the 2-day quit
attempt (Days 3 and 4), logged cigarettes dropped to 2.5 + 5.0 per day, and CPD averages
during Days 5-11 were 6.5+ 7.1. Using GEE, day and average daily CO during the
monitoring phase (Days 5-11) was used to predict the reported number of cigarettes. A plot
of the observed versus predicted cigarettes and breath CO averages is shown in Figure 1.
Average daily CO significantly predicted the total reported cigarettes for the day (6=0.013,
SE=0.002, p<0.01). Though there was a decline in reported cigarettes in later days of the
study, day was not a significant predictor of CO in the model (6=-0.02, S£=0.04, p=0.70).
This should be interpreted with caution given the small sample size.

Session Compliance—Rates of compliance withM3 sessions are shown in Table 2.
Random assessments (non-smoking EMA + CO sessions) were completed 73% of the time
and Evening Reports (time-based) were completed 79% of the time. User-initiated sessions
(those following cigarette entries), were completed 95% of the time; however, these sessions
were only prompted when users initiated cigarette entries, which is a problematic way to
calculate compliance (47). Underreporting cigarettes results in user-initiated sessions not
being delivered. Since CO values were collected as part of this study and a participant's
abstinence status could be determined, compliance numbers were also calculated based on
expected user-initiated sessions. Compliance with user-initiated sessions, with the
consideration of breath CO, was computed by determining the number of blocks per day
when cigarette sessions were expectedto occur, based on CO values indicative of smoking.
When considering underreporting of smoking, compliance rates dropped to 55% of user-
initiated sessions completed. Lapse sessions were completed 88% of the time, but these were
also user-initiated. When counting the number of expected lapse sessions (3 per participant),
compliance rates were 79%. Overall, compliance with all M3 session types was 69% based
on the expected number of sessions, and 80% compliance among prompted sessions.

Smoking Abstinence

The percentage of participants submitting abstinent CO samples during the 2-day quit
attempt is shown in Table 2. Of the possible 64 samples to determine abstinence (2 samples

Am J Drug Alcohol Abuse. Author manuscript; available in PMC 2018 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McClure et al.

Page 7

per day for each of 2 days for 16 participants), 78% were submitted (50/64). Of those, 60%
(30/50) met the abstinence criterion. When missing samples were considered positive, 47%
(30/64) of all samples met for abstinence. Only 25% of participants (4/16) abstained for the
full 2-day period, while 31% (5/16) did not submit any abstinent CO samples.

Agreement in Smoking Measures

Obijective and self-reported measures of smoking (CO values and same day cigarette entries
from the app, including evening report additional cigarettes) were positively associated (r=.
49, p<.001). Smoking measures were also compared for agreement for individual study
days. Smoking measures were compared and each study day was categorized as either agree,
disagree, or missing and percentages of sessions are shown in Figure 2. Disagreement was
defined as no cigarettes logged for that day, but CO values that did not meet for abstinence
(>6 ppm or less than a 75% CO reduction from ad-lib values). Agreement between CPD and
CO was generally high throughout the 11 day study, when data were available to compare.
Missed sessions increased steadily throughout the study period and reached 37% by Day 11.
Disagreement peaked on Day 3 (first day of the reinforced quit attempt), remained high on
Day 4, but was low otherwise.

Return to Smoking Following Abstinence

All participants had reported their first lapse cigarette by Day 5 before 21:00. Six out of 15
(40%) participants who completed their first lapse session reported that they were still
attempting to abstain from smoking. Most participants had reported smoking three or more
cigarettes by the end of Day 5 and were no longer trying to abstain. One participant did not
report smoking until Day 9, but their CO values did not confirm abstinence leading up to
their reported smoking.

Acceptability

Acceptability ratings are shown in Table 3. Acceptability appeared to show a bi-modal
distribution, and therefore median, minimum, and maximum values are shown in the table.
All acceptability questions are shown and ordered by most acceptable to least. Overall,
responses were positive regarding the app and use of the CO monitor.

Discussion

This study describes a remote monitoring mobile app (M3) that captures objective
verification of smoking status via breath CO with real-time, self-report assessments of
smoking, affect, stress, context, craving, and other potentially relevant variables to smoking
and abstinence. Participants were satisfied with some aspects of the study, the app, and the
CO monitor, though favorability appeared to be bi-modal in distribution. The lowest
acceptability ratings surrounded the convenience of the app and carrying devices during the
day. These ratings are not surprising given that just under half of the participants had to be
loaned a smartphone and thus had to carry two mobile phones with them during the study.
While the cost of developing an app for multiple operating systems is at times prohibitive, it
is important to prioritize so that participants are able to download the app onto their personal
devices, which would likely lead to increased engagement and compliance. Also, responding
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to session prompts had to occur within 45 minutes which was problematic (e.g., in class,
working, driving, etc.), and participants frequently commented on a desire for more
flexibility in completing sessions and submitting CO samples. Ratings regarding CO
monitoring were high indicating that biochemical verification is acceptable and feasible with
this population for relapse monitoring, though it is inconvenient to carry a relatively large
monitor and accessories during the day. Compact devices with few accessories would be
preferable. Given the bi-modal distribution in acceptability found in this study, more work
should be done to determine the specific barriers to remote monitoring for the individual in
order to tailor and adapt procedures to maximize compliance and engagement with the
technology.

Overall session compliance rates for the M3 app were 69% in this pilot study, though session
compliance tended to be better for session types that were delivered regardless of user
activity (~76%). These overall rates of compliance are slightly lower than what is reported
in EMA studies, which tends to be around 75-85% (47-49). EMA compliance rates
specifically among youth smokers typically fall anywhere between 70-90% (22, 23, 50-52),
though rates as low as 50% have been reported (53). It should be noted that compliance in
this study included sessions that should have been prompted, but were not prompted due to
the underreporting of cigarettes. Based on breath CO, non-compliance with cigarette entries
could be detected to some degree, rather than assuming abstinence. That contributed to the
low compliance rates found in this study. Relying on user-initiated events to prompt sessions
in EMA studies has been addressed in the literature as cigarette entries tend to
underreported, which affects compliance calculations (23, 47, 53, 54). Results from the
current study also showed lower rates of smoking in the first two days of the study compared
to average CPD reported via TLFB at screening. This suggests that underreporting of
smoking was occurring in this study.

Though it is likely that cigarettes were being underreported, objective and self-reported
measures of smoking were generally concordant. Rates of agreement were consistent across
study days, but missing samples increased steadily throughout the study. Disagreement in
smoking measures did occur, especially on the first day of the quit attempt, but remained low
otherwise. This finding is not surprising given that contingent reinforcement was delivered
based on abstinence from smoking during the quit attempt. Additionally, biochemical
verification of smoking was being collected, so participants may have been more likely to be
honest regarding their smoking. Future studies should consider the use of remote CO
collection, but should demonstrate that its use goes above and beyond self-report of smoking
to justify additional costs of equipment.

This study involved a 2-day reinforced quit attempt and subsequent 7-day follow-up phase to
monitor a return to smoking. A limitation of this study is that it was not a truly naturalistic
study design as participants were told when to begin their quit attempt and were
compensated for abstinence during the quit attempt. This study design may not accurately
reflect the relapse process, and as such, variables associated with lapse and a return to
smoking were not presented here. Even though participants had moderate levels of readiness
to quit smoking, they may have had intentions to return to smoking following the quit
attempt, which may not accurately reflect relapse. However, we felt this design was
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necessary to ensure some period of abstinence among youth smokers who were not
necessarily immediately ready to quit smoking. The main goals of this study were to
demonstrate acceptability, feasibility, and accuracy of the system and variable associated
with lapse and relapse will be explored further in future work.

This study has several additional limitations. First, the study period was brief and the sample
size was small. However, the goal of this study was to evaluate feasibility of the app and
assess ways in which it could be improved for future treatment-focused studies. Second, the
protocol did not allow for flexibility in choosing the quit date and subsequent monitoring
period. This specific timeline may not have been ideal for all participants, who may have
wanted more time leading into their quit attempt or a different target quit date. Finally, the
study sample was largely White and female participants. This limits the generalizability of
these findings and future work in this area would need to recruit a more diverse study
sample.

Younger smokers are ideally suited for technology integration into smoking research and
treatment. The use of remote monitoring among this population may help to circumvent
issues with traditional in-person methods that often result in non-compliance, inaccuracy,
and attrition. Remote monitoring techniques also allow for the prospective, frequent, and
objective collection of data that are contextually and temporally sensitive to outcomes of
interest. This allows for a fine-grained analysis of the relapse process in ways that are not
possible through traditional means of data collection. Systems that automatically detect
behavior, without relying on participant self-report, are a highly desirable alternative to
avoid disengagement or dishonest responding. These methods, paired with the engagement
of younger smokers into treatment and research through remote means (i.e., online forums,
social media, crowd sourcing platforms), could lead to the greatest impact in better
understanding smoking in adolescents and emerging adults and promoting sustained
abstinence. This exploration will identify the causal variables contributing to relapse in order
to tailor maximally effective smoking cessation interventions to be delivered at critical
points and dramatically improve long-term cessation rates.
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Predicted and reported daily cigarettes during the post-quit monitoring period (Days 5-11;
left axis) of the study compared to breath CO daily values (right axis).
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The percentage of daily sessions in which objective and self-reported smoking measures
agreed, disagreed, or were missing (and could not be compared).
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Demographic and smoking characteristics at screening for study participants.

Table 1

Demographics (N=16)
Mean SD
Age (Years) 22.3 2.0
% N
Gender - % Female 75 12
Race
% White 88 14
% African American/Black 12 2
Ethnicity - % Hispanic/Latino 6 1
% Never been married 100 16
% Partner who smokes (n=8 with partner) 100 8
% Lives with other smokers 75 12
Education
%< HS 13 2
% HS/GED 31 5
% Some College 44 7
% College Graduate/Post-Graduate 12 2
Employment
% Employed (Full Time, Part Time, and/or Student) 75 12
% Unemployed/Other 25 4
Household Income - % Less than $25K 75 12
Smoking Characteristics (N=16)
Mean SD
Cigarettes per day (last 30 days) 13.0 6.1
mFTQ Score 41 15
CO values (ppm) at screening 16.3 133
Age started smoking 15.6 25
Age started smoking daily 17.2 25
Current smoking rate (years) 25 16
Lifetime quit attempts (24 hours) 3.9 5.1
Readiness to quit (1-10 scale) 5.8 2.2
Confidence to quit (1-10 scale) 5.9 25
Stage of Change (at screening) % N
Preparation 12.5
Contemplation 62.5 10
Pre-contemplation 25 4

Notes: mFTQ: Modified Fagerstrém Tolerance Questionnaire; CO: Carbon monoxide; Ppm: parts per million.

Am J Drug Alcohol Abuse. Author manuscript; available in PMC 2018 July 25.

Page 15



McClure et al. Page 16

Table 2

Rates of M3 remote session compliance and abstinence success rates during the 2-quit day attempt.
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M3 Session Type % N
Random or Time-based Sessions
EMA + CO sessions 73 256/352
Evening reports 79 138/176
User-initiated Sessions
Following cigarette entry (expected) 55 133/244
Following cigarette entry (prompted) 95 133/139
Lapse entry (expected) 79 38/48
Lapse entry (prompted) 88 38/43
Overall Compliance
M3session compliance (expected) 69 565/820
M3 session compliance (prompted) 80 565/710
% Abstinent CO Samples (outof 4) % Participants N
0% 31.3 5
25% 12.5 2
50% 18.7 3
75% 125 2
100% 25.0 4
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