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Abstract

Introduction—The nicotine-metabolite ratio (NMR) predicts treatment response and is related to 

treatment side effect severity. Sleep disturbance may be one important side effect, but 

understanding sleep disturbance effects on smoking cessation is complicated by the fact that 

nicotine withdrawal also produces sleep disturbance.

Aims—To evaluate the effects of withdrawal and treatment side effects on sleep disturbance.

Methods—This is a secondary analysis of data from a clinical trial (Lerman et al., 2015) of 1,136 

smokers randomised to placebo (n = 363), transdermal nicotine (TN; n = 381), or varenicline (n = 

392) and stratified based on NMR (559 slow metabolisers; 577 normal metabolisers). Sleep 
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disturbance was assessed at baseline and at 1-week following the target quit date (TQD). We also 

examined whether sleep disturbance predicted 7-day point-prevalence abstinence at end-of-

treatment (EOT).

Results—The varenicline and TN groups exhibited greater increases in sleep disturbance (vs. 

placebo; treatment × time interaction; p = 0.005), particularly among those who quit smoking at 1-

week post-TQD. There was a main effect of NMR (p = 0.04), but no interactions with treatment. 

TN and varenicline attenuated withdrawal symptoms unrelated to sleep (vs. placebo). Greater 

baseline sleep disturbance predicted relapse at EOT (p = 0.004).

Conclusions—Existing treatments may not mitigate withdrawal-related sleep disturbance and 

adjunctive treatments that target sleep disturbance may improve abstinence rates.

Introduction

Despite the fact that cigarette smoking continues to be the greatest preventable cause of 

morbidity and mortality, there are currently only three FDA-approved medications for 

nicotine dependence: nicotine replacement therapy (NRT; TN, nasal spray, gum, lozenge), 

bupropion, and varenicline. TN and bupropion produce comparable EOT quit rates of ∼30% 

(Hughes, Stead, & Lancaster, 2007), but lower than the more recently approved nicotinic 

receptor partial agonist, varenicline, which produces EOT quit rates of roughly 50% 

(Gonzales et al., 2006; Jorenby et al., 2006). Because of the considerable variability in 

treatment response and side effects across smokers (Lerman et al., 2004; Swan, Jack, Javitz, 

McAfee, & McClure, 2008; Swan & Lessov-Schlaggar, 2009), recent work has focussed on 

identifying strategies to optimise treatments. Lerman and colleagues (2015) demonstrated 

that a genetically informed biomarker of nicotine metabolism, the ratio of 3′-
hydroxycotinine to cotinine and referred to as the NMR, may be a valuable approach to 

improving nicotine dependence treatment. Specifically, smokers who metabolise nicotine 

more quickly (normal metabolisers) were more likely to quit smoking with varenicline than 

TN. Among slow metabolisers, these two treatments were equally efficacious. However, 

slow metabolisers reported more severe side effects on varenicline than normal metabolisers, 

which may undermine the potential benefits of this medication in this sub-group of smokers.

Evidence suggests that sleep disturbance may be one important side effect to consider when 

providing treatment recommendations to smokers. First, sleep disturbance reported prior to a 

cessation attempt predicts smoking relapse in clinical trials and laboratory models of relapse 

(Augustson et al., 2008; Boutou et al., 2008; Peters, Fucito, Novosad, Toll, & O’Malley, 

2011). Although it is not clear whether these sleep problems predated the onset of smoking 

behaviour or occurred as a consequence of smoking, these findings indicate that sleep 

disturbance may be important to address prior to a quit attempt. Second, existing nicotine 

dependence treatments may not mitigate sleep disturbance during a quit attempt. Smokers 

using NRT (Gourlay, Forbes, Marriner, Pethica, & McNeil, 1995; Hurt et al., 1994; Jaehne, 

Loessl, Barkai, Riemann, & Hornyak, 2009; Schnoll et al., 2010) or varenicline (Foulds et 

al., 2013) commonly report problems falling and staying asleep. Using TN at night may also 

result in abnormal dreams or nightmares (Fredrickson et al., 1995; Jorenby et al., 1996). 

However, assessment of sleep disturbance in clinical trials is complicated by the fact that 

sleep disturbance, including difficulty falling asleep and increased number of awakenings, is 
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also a symptom of nicotine withdrawal (Hughes et al., 2007; Soldatos, Kales, Scharf, Bixler, 

& Kales, 1980; Wetter, Fiore, Baker, & Young, 1995). Thus, among those who quit smoking, 

the use of a placebo arm could help ascertain whether sleep disturbance is due to withdrawal 

from nicotine or a side effect of treatment. In contrast, among those who relapse (or never 

quit), increased sleep disturbance is more likely a side effect of treatment. These 

observations suggest that it may be important to identify circumstances under which sleep 

disturbance occurs (e.g., withdrawal vs. treatment) and identify individuals more likely to 

experience sleep disturbance (e.g., slow vs. normal metabolisers) if we are to consider the 

use of adjunctive treatments that target sleep disturbance to augment the therapeutic benefits 

of treatments for smoking cessation.

Thus, in this secondary analysis of data from a large biomarker-stratified placebo-controlled 

trial (Lerman et al., 2015), we evaluated the effects of tobacco withdrawal and treatment side 

effects among 1,136 adult smokers who were randomised to receive placebo, TN, or 

varenicline and stratified based on their NMR status (normal vs. slow metabolisers). We 

focussed on the 1-week post-TQD time point because withdrawal symptoms typically peak 

in the first week (Hughes, Keely, &Naud, 2004; Shiffman et al., 2006) and this is a 

vulnerable time during which most smokers relapse (Ashare, Wileyto, Perkins, & Schnoll, 

2013; Garvey, Bliss, Hitchcock, Heinold, & Rosner, 1992). We predicted that sleep 

disturbance would increase following a quit attempt and that this increase would be larger 

for active treatment (TN, varenicline) vs. placebo, consistent with a lack of treatment-

mitigation of this side effect. We also predicted that NMR group would moderate treatment 

effects on sleep disturbance (i.e., slow metabolisers on varenicline would report more sleep 

disturbance than normal metabolisers). If increases in sleep disturbance are due to 

withdrawal, we predicted that sleep disturbance would be attenuated among those who 

relapsed (or never quit smoking). Last, we evaluated whether sleep disturbance predicted 

relapse to smoking at EOT in order to further assess the importance of this issue in clinical 

smoking cessation trials.

Materials and Methods

Participants

This is a secondary analysis; study participants and procedures are described in detail 

elsewhere (Lerman et al., 2015). Briefly, treatment-seeking smokers were screened for 

eligibility from November 2010 to September 2013 at four academic medical centres. 

Smokers ages 18–65 who reported smoking at least 10 cigarettes per day for the past 6 

months were included. Exclusion criteria included use of non-cigarette tobacco products, e-

cigarettes, or current smoking treatment; history of substance abuse treatment, current use of 

cocaine or methamphetamine, or >25 alcoholic drinks per week; medical contraindications 

(e.g., pregnancy, uncontrolled hypertension); history of DSM-IV Axis 1 psychiatric disorder 

or suicide risk score > 1 on the MINI International Neuropsychiatric Interview (Sheehan et 

al., 1997), or current major depression; current use of antipsychotics, stimulants, or 

medications altering CYP2A6 activity (e.g., MAO inhibitors, tricyclic antidepressants). All 

participants provided written informed consent.
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Procedures

Participants at all sites received identical assessments of demographics, smoking rate, and 

nicotine dependence (FTND) (Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991) and 

provided a blood sample for the NMR assay. Participants were randomly assigned to one of 

three treatment groups: placebo (placebo pill plus placebo patch); nicotine patch (placebo 

pill plus active patch); or varenicline (active pill plus placebo patch) in a 1:1:1 ratio. 

Randomisation was stratified by study site and baseline NMR status and a cut-off of 0.31 

was used to differentiate between slow metabolisers (NMR < 0.31) and normal metabolisers 

(NMR ≥ 0.31). All participants completed a pre-quit group counselling session 1 week 

before the TQD (week 0). As recommended, varenicline (or matching placebo) titration 

began 1 week before the TQD and nicotine patch (or matching placebo) was initiated on the 

morning of the TQD. Varenicline was delivered for 12 weeks as in previous trials (Gonzales 

et al., 2006): days 1–3 (0.5 mg once daily); days 4–7 (0.5 mg twice daily); and days 8–84 

(1.0 mg twice daily). Varenicline typically reaches steady state in 4 instructions on the use of 

medication at weeks 0 [TQD], 1, 4, and 8. Selfreported smoking status was assessed using a 

standard timeline follow-back procedure (Brown et al., 1998) and biochemically verified. 

The institutional review boards at all sites approved the protocol.

Measures

Sleep scale—A self-report checklist (SEC) measured the severity of common side-effects 

(none [0] to severe [3]) (Schnoll et al., 2009). Both measures were collected at pre-quit (1 

week prior to the TQD), weeks 0 (TQD), 1, and 4. The time frame for all assessments was 

‘past week’. The current analyses are restricted to the pre-quit and week 1 assessments to 

enable assessment of all participants at baseline (before initiation of any treatment) and after 

both active treatment groups were on medication for at least one week. Thus, the week 1 

assessment occurred 2 weeks after the pre-quit visit. Three items from the SEC (sleep 

problems, insomnia, abnormal dreams) were used to assess self-reported sleep disturbance. 

The three items were averaged to compute a summary score for each visit. Internal 

consistency of the sleep scale, assessed via Cronbach’s alpha, was 0.63 and 0.66 at the pre-

quit and 1-week post-TQD visits, respectively. These values indicate acceptable scale 

reliability at both time points.

Withdrawal symptoms (non-sleep related)—Self-reported withdrawal symptoms 

were measured with the Minnesota Nicotine Withdrawal Scale (MNWS; none [0] to severe 

[4]) (Hughes et al., 1984). To determine whether changes in sleep were independent of 

changes in overall withdrawal symptoms, the MNWS (minus two items ‘insomnia/sleep 

problems’ and ‘dreaming/nightmares’) was used as a secondary outcome variable. To 

compare the magnitude of the effects on overall withdrawal to sleep disturbance, z-scores 

were created for the modified MNWS using similar procedures to those described for the 

sleep scale.

Quit status at week 1—Because we were interested in isolating the effects of withdrawal 

from the effects of treatment on sleep disturbance, we determined quit status at week 1. 

Participants were coded as abstinent if they reported no smoking (not even a puff) since the 

TQD and if they provided biochemical verification (i.e., CO < 8 ppm) (Hughes et al., 2003).
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Smoking cessation outcomes—Based on guidelines for smoking cessation trials, the 

primary endpoint was 7-day point prevalence abstinence at EOT (week 11) (Hughes et al., 

2003). Abstinence was defined as no self-reported smoking (not even a puff) for at least 7 

days immediately before the follow-up time-point and biochemically verified (i.e., CO < 8 

ppm) (Hughes et al., 2003). Participants lost to follow-up or who failed to provide a sample 

for biochemical verification were coded as non-abstinent (Hughes et al., 2003).

Data Analysis

Modelling of self-reported sleep disturbance was conducted using random effects maximum 

likelihood regression (Stata xtreg; Stata Corp., College Station, TX). Models included terms 

for the main effects of NMR group (slow vs. normal), treatment arm (placebo, TN, and 

varenicline), quit status at week 1, and visit (pre-quit vs. week 1). Covariates included sex, 

age, and race, since these variables were associated with sleep disturbance (see below). First, 

the NMR group × time, treatment × time, and the three-way NMR group × treatment × time 

interactions were examined. Second, we conducted separate regression models similar to 

those described above for those who were abstinent at week 1 and those who relapsed. Next, 

identical parallel models were conducted using the modified MNWS as the outcome 

variable. Last, we used logistic regression models to examine whether sleep disturbance 

predicted abstinence status at EOT. First, pre-quit sleep disturbance was entered as a 

predictor. In a subsequent model, we included the change in sleep disturbance from pre-quit 

to week 1 as a predictor. Models also included terms for NMR group, treatment arm, quit 

status at week 1, sex, age, and race.

Results

Participant Characteristics

Demographic and smoking history by NMR group and treatment arm are depicted in (Table 

1). Of the 1,246 participants in the full sample, 1,136 had complete data at the pre-quit and 

week 1 visits. Overall, 46% (n = 514) of the sample was female and 55% (n = 630) was 

Caucasian. On average, participants were 45.6 years old (SD = 11), smoked 18 cigarettes per 

day (SD = 7), were moderately nicotine dependent (FTND M = 5.2, SD = 2), and 45% (n = 

509) met criteria for abstinence at week 1. There were no baseline differences across 

treatment arm. Fewer people in the placebo group (31%) were abstinent compared to the TN 

(48%) and varenicline (54%) groups at week 1 (p < 0.001). Similar to prior analyses 

(Chenoweth et al., 2014), normal metabolisers were older (p = 0.01), more likely to be white 

(p < 0.001), more likely to be female (p = 0.001), and smoked more cigarettes per day (p = 

0.0002), compared to slow metabolisers. Last, age was positively associated with sleep 

disturbance (p = 0.01), African-Americans reported less sleep disturbance (p = 0.04), and 

women reported more sleep disturbance than men at pre-quit (p = 0.02). These variables 

were included as covariates.

NMR and Treatment Effects on Sleep

There were no baseline differences in sleep disturbance between normal and slow 

metabolisers or between treatment arms (ps > 0.6). There was a significant increase in sleep 

disturbance from pre-quit to 1-week post-TQD (p < 0.001) and slow metabolisers reported 
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significantly more sleep disturbance (p = 0.04). In addition, the TN group (p = 0.04), 

reported more sleep disturbance (vs. placebo), but the varenicline group did not (p = 0.14). 

The three-way NMR group by treatment by visit interaction was not significant (p = 0.55) 

and was dropped from subsequent models. As shown in (Figure 1), there was a significant 

treatment × visit interaction (β = 0.4, p = 0.005), indicating that, although all groups 

exhibited an increase in sleep disturbance, the increase in the varenicline and TN groups 

(mean difference = 0.47 and 0.40, respectively; ps < 0.001) was more than double the 

increase in the placebo group (mean difference = 0.18; p < 0.001). These changes did not 

differ by NMR group, sex, or age.

The Role of Treatment vs. Withdrawal on Sleep

Because we were interested in understanding the role of withdrawal vs. treatment side 

effects on sleep disturbance, we evaluated whether quit status at 1-week post-TQD 

moderated the effect of treatment over time. Although the three-way treatment arm × quit 

status × visit interaction was not significant (p = 0.2), we separated individuals who were 

abstinent at 1-week post-TQD from those who either never quit or relapsed1. Among 

individuals who were abstinent, only active treatment groups exhibited an increase in sleep 

disturbance (TN and varenicline groups, βs> 0.54, ps < 0.001), whereas the placebo group 

did not (β = 0.18, p = 0.15; treatment × visit interaction, p = 0.02) (Figure 2). In contrast, 

among those who either never quit smoking or relapsed, there was no treatment × visit 

interaction (p = 0.25). Rather, all groups exhibited an increase in sleep disturbance between 

baseline and 1-week post-TQD (βs = 0.18–0.38, ps < 0.05).

Unique Effects of Treatment on Sleep Disturbance

As expected, there was a significant increase in withdrawal from pre-quit to 1-week post-

TQD (β = 0.32, p < 0.001), but there were no main effects of treatment arm or NMR group 

(ps > 0.1). Likewise, the three-way NMR group by treatment by visit interaction was not 

significant (p = 0.6) and was dropped from subsequent models. Similar to changes in sleep 

disturbance, there was a significant treatment × visit interaction (p = 0.004). However, the 

largest increase in withdrawal was observed in the placebo group (mean difference = 0.47, p 
< 0.001; (Figure 3)) compared to the varenicline and TN groups (mean difference = 0.21 and 

0.28, respectively; ps < 0.001). These changes did not differ by NMR group, sex, or age.

Role of Sleep Disturbance in Relapse

In the logistic regression model predicting abstinence at EOT, pre-quit sleep disturbance was 

significantly negatively related to abstinence. Individuals who reported more sleep 

disturbance at baseline were less likely to be abstinent, controlling for treatment and NMR 

group (OR = 0.79 95% CI 0.67–0.93, p = 0.004). There were no interactions with treatment 

1The group of smokers who relapsed in the first week included those who never quit and those who were able to quit for a day or 
more, which may have increased the variability within this group. We ran a separate set of analyses comparing those who were 
abstinent at 1-week post-TQD and those who never quit (i.e., were not able to maintain abstinence for 24 h; n = 355). With the 
exception of an NMR group by visit interaction (p = 0.04), all results remained unchanged. The interaction suggested that slow 
metabolisers reported a significant increase in sleep disturbance from pre-quit to 1-weekpost-TQD (p = 0.01), whereas the normal 
metabolisers did not (p = 0.58).
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or NMR group (ps > 0.2). The change in sleep disturbance from pre-quit to 1-week post-

TQD was not related to relapse (p = 0.39).

Discussion

In this secondary analysis of data from a large biomarker-stratified placebo-controlled 

randomised trial (Lerman et al., 2015), we sought to understand the independent and 

interactive effects of treatment and abstinence on self-reported sleep disturbance. Our data 

suggest that individuals who received active smoking cessation treatment experienced 

greater increases in sleep disturbance than those who received placebo. Moreover, increased 

sleep disturbance in both active treatment groups was most pronounced among those who 

successfully quit smoking for the first week following the TQD. These data indicate that 

existing treatments do not attenuate sleep disturbance during tobacco withdrawal. Thus, 

sleep disturbance may be a useful therapeutic target to improve cessation rates.

The fact that treatment altered the effect of quitting smoking on sleep disturbance might 

suggest that the observed increase in self-reported sleep problems is a side effect of 

treatment. Indeed, individuals treated with TN or varenicline reported a greater increase in 

sleep disturbance 1-week following the TQD compared to those receiving placebo. Although 

this finding is consistent with several previous studies (Foulds et al., 2013; Gourlay et al., 

1995; Hurt et al., 1994; Jaehne et al., 2009; Schnoll et al., 2010), it is important to consider 

that at this time point, approximately half the sample reported no smoking at all in the last 7 

days. For instance, among those who were able to quit smoking for the first week, we found 

that those treated with TN or varenicline reported significantly more sleep disturbance than 

the placebo group. In contrast, among those who relapsed during the first week, treatment 

had no effect on the magnitude of change in sleep disturbance. Although the quit status at 1-

week post-TQD did not significantly moderate the interaction between treatment and visit, 

this finding suggests that the observed changes in sleep disturbance may have additively 

increased as a function of both withdrawal and as a side effect of treatment. Specifically, 

those who quit smoking and use either TN or varenicline to aid their quit attempt may 

experience greater increases in sleep disturbance than those who continue smoking or make 

an unaided quit attempt.

Although difficulty falling asleep and increased number of nighttime awakenings are 

commonly reported withdrawal symptoms, other affective, physical, and cognitive 

symptoms are also important (Hughes et al., 2007; Soldatos et al., 1980; Wetter et al., 1995). 

Moreover, suppression of withdrawal symptoms may be one mechanism by which smoking 

cessation treatments exert their efficacy (Ferguson, Shiffman, & Gwaltney, 2006; Lerman et 

al., 2002). Therefore, we sought to evaluate whether the pattern of increased sleep 

disturbance was unique or whether it was simply a part of the broader withdrawal syndrome. 

Our findings indicated that, contrary to our findings for sleep disturbance, TN and 

varenicline attenuated withdrawal symptoms unrelated to sleep disturbance, relative to 

placebo. Thus, to the extent that sleep disturbance may play an important role in relapse, 

addressing these potential side effects with adjunctive treatments may be an effective 

strategy for improving abstinence rates.
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We also examined the association between sleep disturbance and the ability to quit smoking 

and found that greater sleep disturbance at baseline was associated with a higher likelihood 

of relapse at EOT. This effect remained significant after controlling for NMR group and 

treatment arm and is consistent with prior studies (Augustson et al., 2008; Boutou et al., 

2008; Peters et al., 2011). Perhaps, increased sleep disturbance during a quit attempt 

exacerbates other symptoms of withdrawal, such as negative mood and difficulty 

concentrating, and may indirectly contribute to increased risk of relapse (Colrain, Trinder, & 

Swan, 2004; Hughes et al., 2007). Thus, it may be important to address sleep disturbance 

prior to or during a quit attempt.

Finally, we were somewhat surprised that although slow metabolisers reported more sleep 

disturbance overall, there were no interactions of NMR group with treatment on sleep 

disturbance. However, previous studies have shown that normal and slow metabolisers do 

not differ in withdrawal symptoms (Lerman et al., 2006; Patterson et al., 2008; Schnoll et al., 

2009). The reported heightened side effects among slow metabolisers treated with 

varenicline may be a function of a broad constellation of side effects, rather than just sleep 

disturbance.

One limitation of this post-hoc analysis is that this study was not specifically designed to 

examine sleep disturbance. For instance, frequent nighttime awakenings may be more 

specific to nicotine withdrawal, whereas difficulty falling asleep may be due to medications 

(Colrain et al., 2004; Hughes et al., 2007). A more sensitive measure, such as the Pittsburgh 

Sleep Quality Index (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989), which includes 

subscales of different sleep problems (e.g., sleep latency, sleep efficiency, daytime 

dysfunction) would have allowed us to distinguish specific patterns of sleep disturbance. We 

did include baseline sleep in our analyses but a more comprehensive measure of sleep could 

better control for pre-existing sleep conditions. Moreover, objective measures (e.g., 

actigraphy) would have allowed us to assess changes in sleep patterns independent of 

participants’ expectancies for sleep disturbance during withdrawal or as a side effect of 

treatment. Another possibility is that the most pronounced withdrawal-related sleep 

disturbance occurred in the first 24–72 hours following the TQD but our assessment did not 

occur until 7 days following the TQD. Future studies should include more thorough 

assessments including self-reported daily sleep diaries and objective measures to capture 

changes in sleep (Buysse, Ancoli-Israel, Edinger, Lichstein, & Morin, 2006; Colrain et al., 

2004).

Conclusions

The current findings have two important implications for smoking cessation treatment. First, 

active treatment with either TN or varenicline does not mitigate withdrawal-related sleep 

disturbance and these effects are similar for slow and normal metabolisers. As the field 

approaches personalised treatment, behavioural or pharmacological treatments that improve 

sleep may be useful adjunctive smoking cessation treatments regardless of NMR status. For 

example, cognitive behavioural treatment for insomnia may increase time to relapse among 

smokers with insomnia (Fucito et al., 2014). In addition, we are currently evaluating whether 

an FDA-approved insomnia medication attenuates withdrawal-related sleep disturbance and 
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improves short-term abstinence rates. Second, pre-quit sleep disturbance predicted relapse at 

EOT. Perhaps, inoculating against potential sleep disturbance before a quit attempt would be 

a useful strategy to improve abstinence rates among these individuals. Thus, sleep 

disturbance may be an important, yet overlooked, therapeutic target for smoking cessation 

and warrants further investigation.
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Figure 1. 
Sleep disturbance score at baseline (Pre-Quit) and 1-week post-TQD by treatment arm 

among all subjects. Data presented are reaw values. Error bars are standard error
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Figure 2. 
Sleep disturbance score at pre-quit and 1-week Post-TQD by treatment arm and abstinence 

status at 1-week Post-TQD (smoking n = 627 vs. abstinent n = 509). Among those who were 

abstinent, all groups exhibited an increase in sleep disturbance, but the effect was 

significantly large in the TN and varenicline groups, compared to the placebo group 

(treatment arm × visit interaction, p = 0.03). In contrast, among those who either never quit 

smoking or relapsed, there was no treatment × visit interaction (p = 0.25). The three-way 

NMR × treatment arm × abstinence status interaction was not significant. Mean +/−standard 

error
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Figure 3. 
Change in sleep disturbance and modified MNWS from baseline (Pre-Quit) to 1-week post-

TQD by treatment arm among all subjects. Error bars are standard error
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