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Abstract

An evolving reciprocal model posits that pain and tobacco smoking behavior interact in the 

manner of a positive feedback loop, resulting in greater pain and the maintenance of nicotine 

dependence. There is also reason to believe that abstaining from smoking may increase pain 

during the early stages of smoking cessation. The goal of this study was to test the effects of 

nicotine deprivation on experimental pain reactivity. Daily tobacco cigarette smokers (N = 165; 

43% female; M CPD = 22) were randomized to either extended nicotine deprivation (12–24 hours 

smoking abstinence), minimal deprivation (2 hours smoking abstinence), or continued smoking 

conditions, prior to undergoing pain induction via topical capsaicin. As hypothesized, results 

indicated that extended deprivation (relative to continued smoking) increased capsaicin-induced 

pain intensity ratings, neurogenic inflammation, and mechanical hyperalgesia, thus implicating 

both central and peripheral mechanisms of action in the effects of smoking abstinence on pain 

reactivity. Pain intensity ratings were also positively correlated with nicotine withdrawal 

symptoms, and exploratory analyses suggest that pain sensitivity may increase with duration of 

smoking abstinence. Collectively, these findings indicate that smokers may experience a variety of 

negative pain-related sequelae during the early stages of a quit attempt. Future research should 

examine pain as a consequence or correlate of the nicotine withdrawal syndrome, and determine 

whether smokers may benefit from tailored cessation interventions that account for nicotine 

deprivation-induced amplification of pain.
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Pain and tobacco dependence are both highly prevalent and co-occurring conditions, with a 

combined annual economic burden in excess of $800 billion in the United States alone 

(Gaskin & Richard, 2012; US Department of Health & Human Services, 2014; Xu, Bishop, 

Kennedy, Simpson, & Pechacek, 2015). The prevalence of smoking among persons with 

pain (~42–68%; e.g., Hooten, Shi, Gazelka, & Warner, 2011; Jamison, Stetson, & Parris, 

1991; Michna et al., 2004; Zvolensky, McMillan, Gonzalez, & Asmundson, 2009) appears to 

be substantially higher than rates observed in the general population (15%; Jamal et al., 

2016), and an evolving reciprocal model of pain and smoking posits that these conditions 

interact in the manner of a positive feedback loop, resulting in greater pain and the 

maintenance of tobacco dependence (Ditre, Brandon, Zale, & Meagher, 2011; Zale, Maisto, 

& Ditre, 2015). Consistent with this perspective, cigarette smoking has been identified as a 

unique risk factor in the onset and progression of several painful conditions (e.g., Aho & 

Heliovaara, 2004; Shiri, Karppinen, Leino-Arjas, Solovieva, & Viikari-Juntura, 2010), 

situational pain has been shown to motivate smoking urge and behavior (e.g., Ditre & 

Brandon, 2008), and pain patients have reliably endorsed smoking to cope with pain (e.g., 

Jamison et al., 1991; Patterson et al., 2012).

Although accumulating research indicates that sustained smoking abstinence may decrease 

pain (e.g., Bastian et al., 2015; Behrend et al., 2012; Kaye, Prabhakar, Fitzmaurice, & Kaye, 

2012), there is also reason to believe that pain reactivity may be exacerbated during the early 

stages of a quit attempt. For example, animal models have consistently demonstrated that 

nicotine deprivation increases reactivity to a variety of experimental pain assays, including 

hot plate, tail flick, and plantar stimulation (e.g., Grabus et al., 2005; Jackson, McIntosh, 

Brunzell, Sanjakdar, & Damaj, 2009). Among humans, nicotinic acetylcholine receptor 

availability during smoking abstinence has been positively correlated with experimental pain 

ratings (Cosgrove et al., 2010), and nicotine-deprived smokers have evinced greater 

sensitivity to laboratory pain induction than non-smokers (Baiamonte, Stickley, & Ford, 

2016; Nakajima & Al’Absi, 2014; Perkins et al., 1994). However, no previous research has 

systematically-manipulated nicotine deprivation among current smokers to test the effects of 

early smoking abstinence on human experimental pain reactivity.

The primary goal of the current study was to test the effects of nicotine deprivation on 

experimental pain reactivity using an established capsaicin pain induction procedure. 

Specifically, we hypothesized that daily tobacco smokers randomized to extended nicotine 

deprivation (vs. continued ad lib smoking) would evince greater capsaicin-induced pain 

intensity, neurogenic inflammation, and mechanical hyperalgesia. A secondary goal was to 

examine associations between pain intensity ratings and nicotine withdrawal symptoms.

Method

Participant Recruitment

Participants were recruited from the local community via newspaper and internet 

advertisements for a two-session experimental study. Respondents were screened by phone 

for the following inclusion criteria: between 18–65 years of age; currently smoking ≥ 15 

cigarettes per day; and ability to speak and read English. Respondents were excluded if they 

endorsed: a current attempt to reduce or quit smoking; self-reported chronic pain; current 
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use of prescription medications for the treatment of pain; or a pepper allergy 

(contraindicated for capsaicin pain induction). Eligible respondents were scheduled for a 

baseline assessment session, and were instructed not to use any pain medication (e.g., 

acetaminophen or NSAIDs such as aspirin/ibuprofen) for 24 hours prior to the experimental 

session.

Procedure

At the baseline assessment session (Session 1), smoking status was verified via exhaled 

carbon monoxide (CO ≥ 8ppm) and self-report questionnaires were administered. 

Participants were then randomized to one of three conditions (extended deprivation [12–

24hrs smoking abstinence], minimal deprivation [2-hours smoking abstinence], or continued 

[ad libitum] smoking), and scheduled to attend an experimental study session (Session 2). 

All participants were provided with appointment reminder cards and a reminder call (24 

hours prior to the appointment) with detailed smoking instructions corresponding to the 

assigned condition. Although time of day for attending Session 2 was not standardized, 

mean start times were similar across conditions (extended deprivation [10:57 AM; SD = 117 

min], minimal deprivation [11:46 AM; SD = 129 min], continued smoking [12:01 PM; SD = 

135 min]). Upon arrival to Session 2, compliance with smoking instructions was determined 

via self-report and exhaled CO. Specifically, participants were required to self-report 

compliance with the smoking instructions, and provide an exhaled CO reading that fit within 

pre-determined parameters for their condition assignment (described below). Nicotine 

withdrawal and urge to smoke were assessed prior to pain induction. Pain intensity was 

assessed throughout the capsaicin application, and neurogenic inflammation and mechanical 

hyperalgesia were assessed upon removal of the stimulus. Participants were compensated 

$20 for attending Session 1, and $80 for attending Session 2.

Nicotine Deprivation Manipulation

The primary goal of this study was to compare smokers randomized to continued smoking 

(ad libitum smoking; biochemically verified via expired CO ≥ 8ppm; Benowitz et al., 2002) 

and those randomized to extended nicotine deprivation (12–24hrs smoking abstinence, to 

ensure sufficient differentiation from the continued smoking group; compliance was 

biochemically verified via CO < 8ppm or a 50% reduction from baseline; Benowitz et al., 

2002; Evans, Sutton, Oliver, & Drobes, 2015; Piper & Curtin, 2006). Participants 

randomized to the extended nicotine deprivation group were instructed not to smoke or use 

any nicotine products in the 12–24 hours leading up to their experimental appointment. 

Exhaled CO requirements for this condition (e.g., at least a 50% reduction from baseline) 

were designed to reflect the half-life of exhaled CO, which can last up to 8 hours during 

sleep (Benowitz et al., 2002). Given that nicotine self-administration can produce acute 

analgesic effects (Ditre, Heckman, Zale, Kosiba, & Maisto, 2016), and that difficulty 

distinguishing withdrawal effects from effects of ongoing nicotine administration (i.e., via ad 
libitum smoking) is a known limitation of nicotine deprivation studies (Hughes, 1991), we 

also recruited a smaller group of participants who were randomized to minimal deprivation 

(2-hours smoking abstinence; biochemically verified via expired CO ≥ 8ppm; Benowitz et 

al., 2002; Kassel & Shiffman, 1997). The minimal deprivation duration was informed by the 

half-life of nicotine (i.e., 2-hours; Benowitz, Hukkanen, & Jacob, 2009; Benowitz et al., 
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2002; Benowitz & Jacob, 1994; Benowitz, Jacob, Denaro, & Jenkins, 1991), and the 

minimal deprivation and continued smoking groups were compared to assess whether 

continued smokers may be experiencing acute analgesic effects of nicotine.

Experimental Pain Induction

Capsaicin is a vanilloid receptor agonist derived from chili peppers that induces prolonged 

activation of cutaneous nociceptors and mimics the spontaneous burning pain associated 

with neuropathic and inflammatory clinical pain states (Arendt-Nielsen & Andersen, 2005; 

Benarroch & Low, 1991; Hsieh & Lin, 1999; Parkhouse & Le Quesne, 1988). The capsaicin 

model permits tests of several pain-related outcomes (e.g., neurogenic inflammation, 

mechanical hyperalgesia; described in further detail below) that reflect different neural 

mechanisms of action (e.g., LaMotte, Lundberg, & Torebjork, 1992; Simone & Ochoa, 

1991; Torebjork, Lundberg, & LaMotte, 1992). A 10% capsaicin solution was applied to the 

non-dominant volar forearm via a 1.5cm × 1.5cm gauze pad (Baron et al., 1999), which was 

covered to prevent movement or evaporation during the procedure. Capsaicin pain typically 

peaks in approximately 15–20 minutes (Geber et al., 2007; Petersen, Jones, Segredo, Dahl, 

& Rowbotham, 2001), and the stimulus was removed after 30 minutes.

Outcome Measures

Pain intensity—Capsaicin-induced pain intensity was assessed using a numerical rating 

scale (NRS) ranging from 0 (no pain) to 10 (pain as bad as you can imagine). Ratings were 

made at five-minute intervals. Total ratings were obtained by calculating the area under the 

response curves (AUC) for each participant using the trapezoidal method (Matthews, 

Altman, Campbell, & Royston, 1990).

Neurogenic inflammation—Neurogenic inflammation was quantified as the area of 

visible skin flare (i.e., redness that extends beyond the capsaicin application area; Helme & 

McKernan, 1985). The flare boundary was traced onto transparent acetate and scanned to 

generate an area value in pixels (Helme & McKernan, 1985) that was subsequently 

converted into squared centimeters.

Mechanical hyperalgesia—Mechanical hyperalgesia (i.e., increased sensitivity to 

mechanical stimulation) was assessed using a 6.65 von Frey hair (Bell-Krotoski, Fess, 

Figarola, & Hiltz, 1995). A standardized 300 grams of force was applied at points 1 

centimeter apart along 8 linear paths radiating from the center of the application site, 

forming 8 concentric von Frey rings (Modir & Wallace, 2010). Participants rated pain 

intensity at each point using a numerical scale ranging from 0 (no pain) to 10 (pain as bad as 

you can imagine). Two measures of mechanical hyperalgesia were quantified, including 

sensitivity (by calculating AUC for each ring), and area of mechanical hyperalgesia (via 

several steps that have been described previously; Gottrup et al., 2004).

Other Measures

Biochemical verification of smoking status—Expired carbon monoxide (CO) was 

measured at both baseline and experimental sessions using a CoVita ToxCO™ CO monitor.
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Tobacco dependence—The Fagerström Test for Nicotine Dependence (FTND; 

Heatherton, Kozlowski, Frecker, Rickert, & Robinson, 1989) is a well-established six item 

scale that has been positively associated with biological markers of smoking dependence 

(e.g., salivary cotinine; Heatherton et al., 1989; Payne, Smith, McCracken, McSherry, & 

Antony, 1994).

Nicotine withdrawal—The Minnesota Nicotine Withdrawal Scale (MNWS; Hughes & 

Hatsukami, 1986) was used to assess the severity of nine prototypical nicotine withdrawal 

symptoms at both sessions. Participants rated each item on a Likert scale from 0 (none) to 6 

(severe) based on their experience over the past 24 hours. Responses were averaged to 

generate a total score. Internal consistency in the current sample was good (α = .88).

Urge to smoke tobacco—The Brief Questionnaire of Smoking Urges (QSU-Brief; Cox, 

Tiffany, & Christen, 2001) is a ten item measure that assesses current urge to smoke using a 

seven-point Likert scale ranging from 1 (strongly disagree) to 7 (strongly agree). The QSU-

Brief demonstrated excellent internal consistency in the current sample (α = .95).

Past four-week pain severity—The Short Form Health Survey-12 (SFHS; Ware, 

Kosinski, & Keller, 1996) includes a single item that was used to assess the presence of past-

four-week bodily pain (i.e., “How much bodily pain have you had during the past four 

weeks?”; Ware et al., 1996). Response options consisted of none, very mild, mild, moderate, 

severe, and very severe.

Anxiety symptoms—The Generalized Anxiety Disorder-7 (GAD-7; Spitzer, Kroenke, 

Williams, & Lowe, 2006) is a seven item measure that was selected for its utility as a broad-

based index of anxiety and worry. Each item is rated on a four-point Likert scale ranging 

from 0 (not at all) to 3 (nearly every day), and a total score is generated by summing all 

items. Internal consistency in the current sample was excellent (α = .91).

Depression symptoms—The Center for Epidemiological Studies-Depression scale 

(CES-D; Radloff, 1977) is a twenty item measure that uses a four-point Likert scale ranging 

from 0 (rarely or none of the time) to 3 (most or all of the time) to assess the presence of 

psychological and physiological symptoms of depression over the past week. Total scores 

are calculated by summing all items, and internal consistency in the current sample was 

excellent (α = .90).

Data Analysis

Analyses were conducted using SPSS Statistics 21 (IBM SPSS Statistics, 2012). First, a 

manipulation check was performed by testing group differences in time since last cigarette, 

exhaled CO, MNWS total scores, and QSU-B total scores upon arrival to Session 2 using t-
tests. We then tested for potential analgesic effects of ad libitum smoking by comparing the 

continued smoking and minimal deprivation conditions on AUC pain intensity scores, area 

of neurogenic inflammation, and area of mechanical hyperalgesia.

For the primary outcomes, we first tested the unadjusted effects of extended deprivation (vs. 

continued smoking) on capsaicin-induced pain intensity, neurogenic inflammation, and 
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mechanical hyperalgesia using Analysis of Variance (ANOVA). We then adjusted for 

statistical covariates using Analysis of Covariance (ANCOVA). Past four-week pain 

intensity differed as a function of deprivation manipulation condition (p < .05; see Table 1), 

and was retained as a covariate in all analyses. Age, race, depression, and anxiety were also 

retained as covariates, due to observed associations with the primary outcome variables (i.e., 

AUC pain intensity, area of visible flare, or area of mechanical hyperalgesia). For the 

secondary outcome, we tested bivariate associations between AUC pain intensity ratings and 

individual MNWS nicotine withdrawal scores among the extended deprivation and 

continued smoking groups. Finally, we conducted exploratory analyses of unadjusted pain 

reactivity outcomes across all three experimental conditions.

Given that outliers can influence results and lead to false positives (e.g., Rousseeuw & 

Hubert, 2011; Simmons, Nelson, & Simonsohn, 2011), we identified and excluded outliers 

using a conservative method (i.e., ± 2.5 median absolute deviations from each respective 

outcome) that is recommended by statisticians and researchers (e.g., Leys, Ley, Klein, 

Bernard, & Licata, 2013). There is also reason to suspect that such data points may be 

invalid in the context of the capsaicin pain model, which requires a high degree of 

experimenter precision and proper maintenance throughout the experimental period (e.g., 

accidental oversaturation or participant shifting can each expand the area of stimulation and 

influence pain reporting). Four outliers were excluded from the pain intensity analyses 

(extended deprivation: n = 1; continued smoking: n = 3), 12 were excluded from the 

inflammation analyses (extended deprivation: n = 7; continued smoking: n = 5), and eight 

were excluded from the mechanical hyperalgesia analyses (extended deprivation: n = 0; 

continued smoking: n = 8). Sensitivity analyses were conducted to determine whether results 

differed as a function of outlier exclusion.

Results

Participant Retention

A total of 229 participants completed the baseline visit and were randomized to one of three 

experimental conditions (see Figure 1). Participants in the extended deprivation group were 

purposefully oversampled given known concerns regarding retention/compliance in studies 

that ask daily smokers to refrain from smoking for 12–24 hours (e.g., Perkins, Karelitz, Jao, 

Gur, & Lerman, 2013). As expected, participants randomized to extended deprivation were 

less likely to return for the experimental session or comply with smoking instructions than 

participants randomized to continued smoking or minimal deprivation (ps < .01). 

Specifically, 41% of participants randomized to extended deprivation either did not return 

for the experimental session (n = 14) or were determined to have not complied with the 

smoking instructions (n = 39). In the current study, those who did not return for Session 2 or 

comply with the smoking instructions reported lower urge to smoke at baseline (F [1, 227] = 

4.575; p = .034) and greater nicotine withdrawal (F [1, 227] = 4.401; p = .037; see 

supplemental Table 1). No differences in any other sociodemographic, pain, and smoking 

characteristics were observed. The following analyses utilized the final sample (N = 165) 

who completed the experimental visit and were compliant with smoking instructions (n = 63 
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continued smoking; n = 74 extended deprivation; n = 28 minimal deprivation). All members 

of each group met the exhaled CO criteria required for their condition assignment.

Participant Characteristics

Participants were 165 current daily tobacco smokers (43% female; Mage = 41.12, SD = 

12.66) who reported smoking an average of 22 cigarettes per day (M = 22.02, SD = 12.99) 

for 24 years (M = 24.08, SD = 12.52). As seen in Table 1, the mean FTND score was 6.04 

(SD = 2.14), indicating a moderate level of nicotine dependence. Although participants 

denied having chronic pain, over one-third of the sample reported having experienced 

moderate-to-severe pain at some point over the past four-weeks. Approximately 40% of the 

sample identified as black or African American, more than half reported their highest level 

of education as high school graduate or less, and 40% reported an annual income of less than 

$10,000. Across all participants, significant positive correlations were observed between 

pain intensity ratings and areas of flare (r = .34, p < .001) and mechanical hyperalgesia (r = .

47, p < .001). There was no significant correlation between the areas of flare and mechanical 

hyperalgesia (r = .09, p > .05).

Manipulation Checks

Continued smoking vs. Extended Deprivation—As expected, participants 

randomized to extended nicotine deprivation reported a longer duration of time since 

smoking their last cigarette (M = 17 hours, 31 minutes; SD = 6 hours, 7 minutes), relative to 

those randomized to continued smoking (M = 16 minutes; SD = 15 minutes; p < .001). 

Extended deprivation participants also evinced substantially lower exhaled CO readings (M 
= 5.93 [SE = .61] vs. M = 18.96 [SE = .66]; p < .001), and endorsed greater urge to smoke 

(QSU-B total M = 47.89 [SE = 1.72] vs. M = 34.77 [SD = 1.85]; p < .001), after controlling 

for baseline levels. We observed no differences with regard to past 24 hour MNWS nicotine 

withdrawal scores (p > .05).

Continued smoking vs. Minimal Deprivation—Participants randomized to minimal 

nicotine deprivation reported a longer duration of time since smoking their last cigarette (M 
= 2 hours, 5 minutes; SD = 21 minutes), relative to those randomized to continued smoking 

(M = 16 minutes; SD = 15 minutes; p < .001). After controlling for baseline levels, minimal 

deprivation participants also evinced lower exhaled CO (M = 15.41 [SE = 1.18] vs. M = 

18.95 [SE = .79]; p = .014), and scored higher on a measure of urge to smoke (M = 46.81 

[SE = 2.41] vs. M = 32.20 [SE = 1.59], p < .001). No differences were observed with regard 

to past 24 hour nicotine withdrawal (p > .05). We also observed no differences with regard to 

AUC pain intensity ratings, area of neurogenic inflammation, or area of mechanical 

hyperalgesia (all ps > .46), suggesting that continued smokers were not experiencing acute 

analgesic effects of nicotine.

Pain Intensity

Smokers in the extended deprivation group reported greater pain over the course of the 30-

minute capsaicin application period (M = 111.507, SD = 85.412), relative to those in the 

continued smoking group (M = 77.125, SD = 61.320) in both unadjusted (F [1, 131] = 6.826, 

p = .010, ηp
2 = .050) and adjusted (F [1, 120] = 6.033, p = .015, ηp

2 = .048; see Figure 2) 
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analyses. Similarly, both unadjusted and adjusted analyses revealed that deprived smokers 

reported greater pain intensity at 5, 10, 15, 20, 25, and 30 minutes post-capsaicin application 

(all ps < .05; see Figure 3). Consistent with the typical ramp-up period for topical capsaicin 

(Geber et al., 2007; Petersen et al., 2001), no differences were observed at the 0 minute 

time-point (p > .05).

Neurogenic Inflammation

Extended nicotine deprivation also resulted in greater neurogenic inflammation. Specifically, 

smokers randomized to the extended deprivation condition exhibited a larger area of visible 

flare (M = 38.520 cm2, SD = 22.722 cm2) than participants randomized to continued 

smoking (M = 30.236 cm2, SD = 21.156 cm2) in both unadjusted (F[1, 123] = 4.404, p = .

038, ηp
2 = .035) and adjusted (F[1, 112] = 4.818, p = .030, ηp

2 = .041; see Figure 2) 

analyses.

Mechanical Hyperalgesia

In both adjusted and unadjusted models, smokers in the extended deprivation condition (vs. 

continued smoking) evinced greater sensitivity to mechanical stimulation at each von Frey 

ring surrounding the application site (all ps < .05; see Table 2). Additionally, smokers 

randomized to extended deprivation demonstrated a larger area of mechanical hyperalgesia 

(M = 71.982, SD = 55.171), compared to participants in the continued smoking condition 

(M = 45.068, SD = 37.139) in both unadjusted (F[1, 127] = 9.783, p = .002, ηp
2 = .072) and 

adjusted (F[1, 116] = 8.070, p = .005, ηp
2 = .065) analyses. Thus, smokers randomized to 

extended deprivation evinced both greater mechanical pain sensitivity and hyperalgesia 

across a larger surface area.

Associations between Pain Intensity and Nicotine Withdrawal Symptoms

AUC pain intensity ratings were positively associated with MNWS nicotine withdrawal 

severity scores (r = .34, p < .001; see Table 3). Additionally, all individual withdrawal 

symptoms assessed by the MNWS were positively correlated with capsaicin-induced pain 

intensity ratings, including anger (r = .171, p = .049), anxiety (r = .260, p = .003), depressed 

mood (r = .207, p = .017), craving (r = .182, p = .036), difficulty concentrating (r = .212, p 
= .014), increased appetite (r = .274, p = .001), sleep problems (r = .277, p = .001), 

restlessness (r = .271; p = .002), and impatience (r = .296; p = .001).

Exploratory Analyses

Although primary analyses focused on comparisons between continued smoking and 

extended deprivation groups, exploratory examination of the unadjusted means across all 

three experimental conditions revealed that AUC pain ratings, area of flare, and area of 

mechanical hyperalgesia were each lowest for the continued smoking group, somewhat 

higher for the minimal deprivation group, and highest for the extended deprivation group 

(see Table 4). However, the only statistically-significant differences (in addition to the 

primary outcomes reported above) were observed between extended and minimally-deprived 

smokers for area of flare (p < .05), and between minimally-deprived and continued smokers 

for pain ratings on the three outermost von Frey rings (ps < .05).
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Sensitivity Analyses

As shown in Table 5, sensitivity analyses revealed that, when all outliers were included, 

extended deprivation vs. continued smoking comparisons were reduced to trend-level (p < .

10) for AUC pain intensity outcomes, and were no longer statistically-significant for mean 

area of flare and mechanical hyperalgesia (ps > .10). Significant group differences were still 

observed for the three innermost von Frey pain intensity ratings (ps < .05).

Discussion

The current study represents the first systematic laboratory investigation into the effects of 

nicotine deprivation on multiple indices of human pain reactivity. As hypothesized, 

participants randomized to extended 12–24 hour nicotine deprivation evinced greater 

capsaicin-induced pain intensity, neurogenic inflammation, and mechanical hyperalgesia 

than participants randomized to continued ad lib smoking. Pain intensity ratings were also 

positively correlated with individual nicotine withdrawal symptoms assessed using the 

MNWS. Collectively, these findings indicate that smokers may experience hyperalgesia or 

increased sensitivity to pain during the early stages of smoking abstinence.

These data also provide insight into potential mechanisms by which nicotine deprivation 

may exacerbate pain. For example, neurogenic inflammation reflects vasodilation caused by 

neuropeptide release from peripheral C-Fiber activation (Geber et al., 2007; Holzer, 1998), 

whereas mechanical hyperalgesia reflects an enhanced excitability of spinal dorsal horn 

neurons (Treede, Handwerker, Baumgärtner, Meyer, & Magerl, 2004) and the release of 

several pain-related neurotransmitters (i.e., glutamate, substance P, CGRP, somatostatin, and 

nitric oxide) at the central level (Sandkühler, 2009; Serra, Campero, & Ochoa, 1998; Ziegler, 

Magerl, Meyer, & Treede, 1999). Taken together, these results indicate that nicotine 

deprivation may influence both central and peripheral pain processes. This is consistent with 

previous findings that both central and peripheral nAChRs mediate the effects of nicotine 

deprivation on somatic symptoms of nicotine withdrawal (e.g., Cosgrove et al., 2009). 

Future research should clarify the role of nAChRs in pain-nicotine deprivation associations.

Although increased pain reactivity is considered to be characteristic of nicotine withdrawal 

across a well-established animal literature (e.g., Grabus et al., 2005; Jackson et al., 2009), 

researchers have just recently begun to examine potentially complex associations between 

the experience of pain and nicotine withdrawal among humans (e.g., Ditre, Kosiba, Zale, 

Zvolensky, & Maisto, 2016). We observed positive correlations between experimental pain 

ratings and individual nicotine withdrawal scores, and exploratory analyses including 

participants randomized to minimal deprivation further suggested a pattern of responses in 

which pain sensitivity appeared to increase with duration of smoking abstinence (see Table 

4). Given that the minimal deprivation group was purposefully under-sampled, their 

performance should be interpreted with caution. However, these data provide initial evidence 

that two hours of nicotine deprivation may be sufficient to produce hyperalgesia, which 

would be consistent with previous work showing that many nicotine withdrawal symptoms 

emerge within the first few hours of smoking abstinence (Hendricks, Ditre, Drobes, & 

Brandon, 2006). Future research with larger samples is needed to adequately test the 
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hypothesis that pain sensitivity may be incrementally related to duration of nicotine 

deprivation.

Several limitations of this study should be noted. First, it remains unclear whether the 

current results reflect a nicotine withdrawal effect (i.e., a biphasic transient change after 

abstinence) or a nicotine offset effect (i.e., a unidirectional change after abstinence; e.g., 

Hughes, 2007), and we did not account for factors that can influence plasma nicotine levels 

(e.g., trough levels, individual differences in clearance/tolerance effects; Benowitz et al., 

2009). Future research should examine pain reactivity as a function of plasma nicotine 

levels, and employ a longer follow-up period to assess the time course of deprivation-

induced hyperalgesia. Second, although participants were excluded if they endorsed taking 

prescription medications for pain, we did not assess all current medication use. Given that 

some medications (e.g., SSRIs) could influence pain reporting (e.g., Jung, Staiger, & 

Sullivan, 1997), future work would benefit from a more thorough assessment of current 

medication use. Third, although extended deprivation participants were asked to abstain 

from smoking for 12–24 hours prior to their appointment, the MNWS assessed withdrawal 

over the previous 24 hours. Thus, compliant participants could have smoked within the 

previous 24 hours, which may help to explain why we did not observe differences in MNWS 

scores as a function of deprivation condition assignment. Fourth, the attrition rate among 

extended deprivation participants (41%) may have introduced selection bias and is at the 

higher end of those observed in studies requiring similar durations of smoking abstinence 

(e.g., 12.3% – 44%; Brandon et al., 2011; Perkins et al., 2013; Robinson et al., 2007; 

Sweitzer et al., 2016), other sources of methodological variation notwithstanding (e.g., 

Perkins and colleagues enrolled smokers willing to engage in short-term practice quit 

attempts). Although baseline differences in past four-week pain severity could have further 

biased statistical tests, this variable was accounted for in adjusted analyses. It was also 

surprising that participants who did not return for the experimental session or comply with 

smoking instructions reported both lower urge to smoke and greater nicotine withdrawal at 

baseline, especially given that measures of urge and withdrawal are typically positively 

correlated (e.g., Tiffany, 1990; Toll, O’Malley, McKee, Salovey, & Krishnan-Sarin, 2007). 

Finally, sensitivity analyses revealed that statistically-significant findings were more 

consistently observed when outliers were excluded. Future research is needed to replicate 

these findings, perhaps using a combination of experimental pain modalities that assess both 

static and dynamic sensory functions (Arendt-Nielsen & Yarnitsky, 2009; Neziri et al., 

2011).

Clinical implications of this work include the possibility that smokers may experience 

increased sensitivity to pain during the early stages of a quit attempt, and this may be 

especially important for the large population of smokers who live with comorbid chronic 

pain (e.g., Orhurhu, Pittelkow, & Hooten, 2015; Zvolensky et al., 2009). Given that previous 

work has shown situational pain to be a potent motivator of smoking behavior (Ditre & 

Brandon, 2008; Ditre, Heckman, Butts, & Brandon, 2010), and that that pain-related factors 

can account for unique variance in smoking lapse and relapse outcomes (LaRowe, Langdon, 

Zvolensky, Zale, & Ditre, 2017), future research should examine whether nicotine 

deprivation-induced hyperalgesia may precipitate relapse to smoking, and whether cessation 

interventions may benefit from tailoring to account for such effects. For example, given that 
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nicotine can produce acute analgesia (Ditre, Heckman, et al., 2016), high dose nicotine 

replacement therapy may help to reduce deprivation-induced amplification of pain (e.g., 

Mills et al., 2012; Shiffman, Ferguson, Gwaltney, Balabanis, & Shadel, 2006). Varenicline, a 

partial agonist of α4β2 nicotinic acetylcholine receptors that has demonstrated efficacy for 

smoking cessation (Jorenby et al., 2006), may also have utility in the mitigation of pain 

during the early stages of a quit attempt. Although this hypothesis has yet to be tested among 

humans, initial evidence derived from rodent models indicates that Varenicline can produce 

pain-inhibitory effects, as mediated by α3β4 nAChRs (AlSharari, Carroll, McIntosh, & 

Damaj, 2012). Finally, psychosocial cessation treatments may benefit from incorporating 

training in the use of more adaptive (i.e., non-smoking related) pain-coping strategies (e.g., 

relaxation, distraction, mindfulness; Davis, Zautra, Wolf, Tennen, & Yeung, 2015; Keefe, 

Rumble, Scipio, Giordano, & Perri, 2004) to enhance self-efficacy for quitting, reduce 

expectations that pain may impede smoking cessation (Ditre, Zale, Heckman, & Hendricks, 

2017), and ultimately diminish pain-induced urge to smoke (Ditre et al., 2010).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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General Scientific Summary

Relations between the experience of pain and nicotine withdrawal are of increasing 

scientific interest, and there is reason to suspect that abstaining from smoking may 

increase pain during the early stages of a quit attempt. This study indicates that nicotine 

deprivation can increase pain intensity ratings, neurogenic inflammation, and mechanical 

hyperalgesia among daily tobacco smokers. Results also provide initial evidence that pain 

sensitivity may be incrementally related to duration of smoking abstinence.
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Figure 1. 
Flowchart depicting participant recruitment and retention.
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Figure 2. 
AUC pain intensity ratings and area of neurogenic inflammation (flare) as a function of 

deprivation condition assignment. Note: Means statistically adjusted for age, race, past four-

week pain severity, depression, and anxiety; * p < .05.
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Figure 3. 
Mean pain intensity ratings across the 30 minute capsaicin application period as a function 

of time and deprivation condition. Note: Means statistically adjusted for age, race, past four-

week pain severity, depression, and anxiety; * p < .05, ** p < .01.
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Table 1

Baseline Sociodemographic, Smoking, and Pain Characteristics by Deprivation Condition

Continued Smoking 
(n = 63)

Minimal Deprivation 
(n = 28)

Extended Deprivation 
(n = 74)

Total Sample (N = 
165)

n (%) n (%) n (%) n (%)

Gender

 Male 38 (60.3%) 17 (60.7%) 39 (52.7%) 94 (57.0%)

Ethnicity

 Hispanic/Latino 3 (4.8%) 2 (7.1%) 3 (4.1%) 8 (4.8%)

Race

 White 34 (54.0%) 14 (50.0%) 42 (56.8%) 90 (54.5%)

 Black/African American 27 (42.9%) 13 (46.4%) 28 (37.8%) 68 (41.2%)

 American Indian/Alaska Native 2 (3.2%) 1 (3.6%) 4 (5.4%) 7 (4.2%)

Marital Status

 Single 40 (63.5%) 18 (64.3%) 41 (55.4%) 99 (60.0%)

 Married 9 (14.3%) 3 (10.7%) 14 (18.9%) 26 (15.8%)

 Divorced/Separated/Widowed 14 (22.2%) 7 (25.0%) 19 (25.7%) 40 (24.2%)

Education

 0 – 11 Years 17 (27%) 6 (21.4%) 15 (20.3%) 38 (23.0%)

 12 Years 23 (36.5%) 11 (39.3%) 28 (37.8%) 62 (37.6%)

 12 – 15 Years 17 (26.9%) 10 (35.7%) 16 (32.5%) 51 (30.9%)

 ≥ 16 Years 6 (9.5%) 1 (3.6%) 7 (9.6%) 14 (8.4%)

Household Income

 < 10,000 30 (47.6%) 10 (35.7%) 26 (35.1%) 66 (40.0%)

 10,000 – 29,999 20 (31.7%) 12 (42.9%) 25 (33.8%) 57 (34.6%)

 30,000 – 49,999 7 (11.1%) 2 (7.2%) 10 (13.5%) 19 (11.5%)

 ≥ 50,000 6 (9.5%) 4 (14.4%) 13 (17.7%) 23 (13.9%)

Past Four-Week Pain*

 None 10 (15.9%) 2 (7.1%) 13 (17.6%) 25 (15.2%)

 Very Mild 20 (31.7%) 6 (21.4%) 13 (17.6%) 39 (23.6%)

 Mild 14 (22.2%) 9 (32.1%) 13 (17.6%) 36 (21.8%)

 Moderate 18 (28.6%) 6 (21.4%) 22 (29.7%) 46 (27.9%)

 Severe 1 (1.6%) 5 (17.9%) 13 (17.6%) 19 (11.5%)

M (SD) M (SD) M (SD) M (SD)

Age 40.86 (12.75) 45.39 (13.18) 39.72 (12.19) 41.12 (12.66)

Cigarettes per day 20.24 (9.74) 20.43 (11.43) 24.14 (15.55) 22.02 (12.99)

Years of daily smoking 22.86 (11.71) 28.50 (13.45) 23.45 (12.64) 24.08 (12.52)

Nicotine Dependence1 6.02 (1.86) 5.64 (2.57) 6.22 (2.57) 6.04 (2.14)

Nicotine Withdrawal2 1.59 (0.85) 1.65 (0.85) 1.89 (0.96) 1.73 (0.91)

Note.
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1
Fagerstrom Test of Nicotine Dependence;

2
Minnesota Nicotine Withdrawal Scale;

*
p < .05.

J Abnorm Psychol. Author manuscript; available in PMC 2019 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ditre et al. Page 22

Table 2

Pain Ratings by von Frey Ring and Condition

Continued Smoking
M (SE)

Extended Deprivation
M (SE)

Ring 1 (outermost)* 1.23 (1.15) 3.82 (.96)

Ring 2** 1.37 (1.25) 4.41 (1.04)

Ring 3** 2.19 (1.48) 6.12 (1.24)

Ring 4 ** 2.96 (1.75) 8.21 (1.46)

Ring 5 ** 4.13 (2.05) 10.79 (1.71)

Ring 6 *** 5.24 (2.42) 13.70 (2.02)

Ring 7 *** 7.13 (2.86) 16.51 (2.38)

Ring 8 (innermost) ** 8.50 (3.21) 18.58 (2.67)

Note. Means were statistically adjusted for age, race, past four-week pain severity, depression, and anxiety;

*
p < .05;

**
p < .01,

***
p < .001.
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Table 4

Unadjusted Means and Standard Deviations for Pain Reactivity Outcomes as a Function of Condition 

Assignment

Continued Smoking
M (SD)

Minimal Deprivation
M (SD)

Extended Deprivation
M (SD)

Total Sample
M (SD)

Pain Intensity during Capsaicin Application

 0 Minutes 1.03 (1.62) 1.71 (2.48) 1.48 (2.40) 1.35 (2.14)

 5 Minutesb 1.55 (1.75) 2.14 (2.32) 2.48 (2.60) 2.15 (2.32)

 10 Minutesb 2.25 (2.18) 2.82 (2.75) 3.49 (3.24) 3.01 (2.90)

 15 Minutesb 2.70 (2.39) 3.54 (3.48) 4.03 (3.28) 3.56 (3.14)

 20 Minutesb 3.25 (2.67) 4.00 (3.49) 4.49 (3.37) 4.05 (3.24)

 25 Minutesb 3.47 (2.77) 4.04 (3.79) 4.66 (3.45) 4.21 (3.36)

 30 Minutesb 3.38 (2.82) 3.89 (9.82) 4.82 (3.52) 4.20 (3.39)

 AUC Total b 77.13 (61.32) 96.70 (83.64) 111.51 (85.41) 98.67 (79.59)

Area of Flare b, c 30.24 (21.16) 31.95 (17.06) 38.52 (22.72) 39.04 (27.61)

Area of Mechanical Hyperalgesia b 45.07 (37.14) 60.95 (56.78) 71.98 (55.17) 66.37 (55.95)

Von Frey Pain Ratings

 Ring 1 (outermost)a, b 1.12 (1.81) 2.36 (3.49) 3.96 (7.08) 3.55 (6.82)

 Ring 2a, b 1.42 (2.35) 3.02 (3.85) 4.73 (7.63) 4.14 (7.23)

 Ring 3a, b 2.05 (2.79) 3.96 (5.06) 6.44 (8.98) 5.37 (8.25)

 Ring 4b 3.25 (3.54) 5.27 (6.65) 8.81 (10.43) 7.10 (9.45)

 Ring 5b 4.79 (4.96) 7.11 (8.75) 11.51 (11.73) 9.28 (10.70)

 Ring 6b 6.55 (5.88) 9.91 (12.00) 15.03 (13.79) 12.09 (12.76)

 Ring 7b 9.10 (7.52) 12.18 (14.68) 18.40 (16.14) 14.98 (14.79)

 Ring 8 (innermost)b 10.87 (9.14) 15.52 (17.21) 20.84 (18.12) 17.35 (16.60)

Note.

a
Significant (p < .05) difference between continued smoking and minimal deprivation conditions;

b
Significant (p < .05) difference between continued smoking and extended deprivation conditions. 

c
Significant (p < .05) difference between minimal deprivation and extended deprivation conditions in primary outcome variable.
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Table 5

Sensitivity Analyses of Primary Outcomes Comparing Continued Smoking and Extended Deprivation Groups 

with Outliers Included

ContinuedSmoking
M (SE)

Extended Deprivation
M (SE)

Pain Intensity during Capsaicin Application

 0 Minutes .79 (.38) 1.21 (.34)

 5 Minutes † 1.41 (.43) 2.10 (.38)

 10 Minutes 2.14 (.55) 2.95 (.49)

 15 Minutes † 2.72 (.59) 3.67 (.52)

 20 Minutes 3.35 (.60) 4.29 (.54)

 25 Minutes 3.76 (.61) 4.60 (.54)

 30 Minutes * 3.14 (.60) 4.48 (.53)

 AUC Total † 76.80 (14.82) 102.16 (13.16)

Area of Flare 32.33 (4.79) 39.97 (4.26)

Area of Mechanical Hyperalgesia 65.71 (10.36) 73.84 (9.18)

Von Frey Pain Ratings

 Ring 1 (outermost) 4.61 (1.36) 4.55 (1.20)

 Ring 2 4.79 (1.43) 5.17 (1.27)

 Ring 3 5.76 (1.61) 6.93 (1.43)

 Ring 4 6.73 (1.84) 9.19 (1.63)

 Ring 5 † 8.24 (2.06) 11.89 (1.83)

 Ring 6 * 10.10 (2.42) 15.23 (2.15)

 Ring 7 * 12.44 (2.79) 18.36 (2.47)

 Ring 8 (innermost) * 14.03 (3.08) 20.58 (2.73)

Note. Analysis statistically adjusted for age, race, past four-week pain, anxiety, and depression.

†
p < .10,

*
p < .05.
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