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Introduction

Tobacco use is an important public health concern. Cigarette 
smoking is the leading preventable cause of morbidity and 
mortality in the United States, with about 443 000 smoking-
related deaths each year.1 The majority of smokers want to 
quit, and about half have tried to quit in the previous year; 
however, only about 6% are able to stop smoking for at least 
6 months.2 Even with combined medication and cognitive be-
havioural therapies, the most common outcome at 1 year fol-
lowing a quit attempt is relapse.3 There is a clear need for 
new and improved treatments for smoking cessation.

Exposure to smoking-related cues elicits robust craving and 
measurable physiologic reactivity among smokers.4,5 Previous 
research has found an association between craving and relapse 
to smoking during a quit attempt;6,7 however, the precise role 
of craving remains a focus of debate.8 Naturalistic studies in 
which smokers used hand-held computers to monitor (in real 
time) their smoking behaviour in their own environments 
have demonstrated that a 1-point increase on a 10-point meas-
ure of craving was associated with a 33% increase in the odds 

of smoking.9 These findings support a causal relationship be-
tween craving, cue-reactivity, continued smoking and re-
lapse. Thus, modifying or reducing craving and the physiologic 
response to smoking cues has the potential to improve smoking 
cessation outcomes.

In the past century, modern medicine has developed in-
creasingly sophisticated tools for feedback of biological sig-
nals. The initial signals chosen as targets for biofeedback, 
such as heart rate (HR) and skin conductance (SC), have 
yielded some positive results for conditions such as mi-
graine headaches10 and anxiety disorders.11 However, these 
peripheral biological signals may not be robust enough to 
modulate complex neural processes such as drug craving. 
The first studies to provide neurofeedback to patients with 
addictive disorders used electroencephalography (EEG), an 
indirect measure of distributed neural activity.12 Several 
small studies suggested that moderation of EEG α–θ brain-
wave activity via neurofeedback was associated with de-
creased alcohol craving, improved stress tolerance and sus-
tained abstinence/remission.13,14 Recent developments in 
real-time fMRI (rtfMRI) feedback now allow for feedback 
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Background: Cue-induced craving plays an important role in relapse, and the neural correlates of cue-induced craving have been eluci-
dated using fMRI. This study examined the utility of real-time fMRI (rtfMRI) neurofeedback to strengthen self-regulation of craving-related 
neural activation and cue-reactivity in cigarette smokers. Methods: Nicotine-dependent smokers were randomized to rtfMRI neurofeed-
back or to a no-feedback control group. Participants completed 3 neuroimaging visits. Within each visit, an initial run during which 
 smoking-related cues were used to provoke craving, an individualized craving-related region of interest (ROI) in the prefrontal cortex or 
anterior cingulate cortex was identified. In the rtfMRI group, activity from the ROI was fed back via a visual display during 3 subsequent 
runs while participants were instructed to reduce craving during cue exposure. The control group had an identical experience with no 
feedback provided. Results: Forty-four nicotine-dependent smokers were recruited to participate in our study; data from the 33 partici-
pants who completed a 1-week follow-up visit were included in the analysis. Subjective craving ratings and cue-induced brain activation 
were lower in the rtfMRI group than in the control group. Limitations: As participants were not seeking treatment, clinical outcomes are 
lacking. Conclusion: Nicotine-dependent smokers receiving rtfMRI feedback from an individualized ROI attenuated smoking cue– 
elicited neural activation and craving, relative to a control group. Further  studies are needed in treatment-seeking smokers to determine 
if this  intervention can translate into a clinically meaningful treatment  modality.
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from discretely defined cortical or subcortical brain re-
gions.15,16 In recent years, preliminary studies with mixed re-
sults have demonstrated successful rtfMRI feedback modu-
lation of brain activation associated with pain,17 depression18 
and affect regulation.19

The application of rtfMRI feedback in the treatment of nico-
tine dependence is in the early phase of development and 
testing. Using an imagined movement task, initial studies de-
termined that intermittent rtfMRI feedback was superior to 
continuous feedback. Additionally, providing no feedback 
was a better control than false feedback, which was frustrat-
ing and produced negative emotions.20 Subsequent studies in 
nicotine-dependent adults demonstrated that, compared with 
baseline, smokers were able to significantly reduce both sub-
jective craving and activation in the anterior cingulate cortex 
(ACC) during rtfMRI neurofeedback. Of note, the reduction 
in neural activation was significantly correlated with reduc-
tion in subjective measures of craving.21 Subsequent studies 
found that feedback from the ACC was more effective than 
 simultaneous feedback from the medial prefrontal cortex 
(mPFC) and that smokers could reduce craving- related brain 
activation and subjective craving with feedback from the ACC 
across visits.12,23

The present study was designed to replicate and extend 
these pilot findings through a randomized, controlled study 
of rtfMRI neurofeedback on craving response to smoking 
cues in nicotine-dependent smokers.

Methods

Participants

We recruited non–treatment seeking, nicotine-dependent 
smokers (≥ 10 cigarettes/d) between the ages of 18 and 
60 years through flyers, newspaper and Internet advertise-
ments. All study procedures were approved by the Medical 
University of South Carolina Institutional Review Board and 
were in accordance with Good Clinical Practice Guidelines 
and the Declaration of Helsinki. Participants provided in-
formed consent and completed an initial assessment. Recent 
smoking was confirmed with an exhaled carbon monoxide 
(CO) level (≥ 10 ppm) measured using a Micro-Smokelyzer 
(Bedfont Scientific Ltd.). We obtained a detailed tobacco use 
history and administered the Fagerström Test for Nicotine 
Dependence (FTND)24,25 and the Questionnaire of Smoking 
Urges-Brief (QSU-B; Factor 1 subscale reflects anticipation of 
the pleasurable outcomes of smoking and Factor 2, the relief 
of nicotine withdrawal).26 The Minnesota International Neuro-
psychiatric Interview was used to assess current psychiatric 
and substance use disorders.27 A physical examination as-
sessed current physical health, and participants provided a 
urine sample, which we screened for illicit drug use. Exclu-
sion criteria were answering “no” when asked if they had any 
motivation to quit; use of other tobacco products; current use 
of nicotine replacement therapy, bupropion or varenicline; 
medical conditions or medications that could affect brain 
function; current or past DSM-IV Axis I disorders; pregnancy; 
and non-nicotine substance dependence or abuse. Following 

enrollment in the study, participants were randomized into 
the feedback or control group with a 1:1 allocation ratio to 
stratify the groups by sex and low/high FTND (≥ 5).

Scanning procedures

Scanning was performed using a 3 T MRI Trio (Siemens Med-
ical). Images were acquired using a standard multislice single-
shot gradient echo-planar imaging sequence (repetition time 
2.2 s, echo time 35 ms, 64 × 64 matrix, parallel imaging factor 
of 2, 3 mm3 voxels, 271 volumes, 36 slices). Participants com-
pleted 3 rtfMRI feedback visits within a 3-week period. Prior 
to each scan, participants completed the FTND, craving ana-
logue scale (CAS), and QSU-B. The QSU-B and CAS were ad-
ministered again after each scanning session. Participants were 
instructed to not smoke for the 2 hours prior to the scanning 
session, which would allow for a degree of craving and respon-
siveness to cues without creating the confound of a ceiling 
effect from longer periods of abstinence.

Each rtfMRI scanning visit consisted of 4 10-minute 
 smoking cue exposure runs: an initial craving region of inter-
est (ROI) identification run (run 1) followed by 3 neurofeed-
back runs (runs 2–4). Images were presented with E-Prime 
2.0 software (Psychology Software Tools) and viewed via a 
mirror attached to the head coil. A handpad was used to re-
cord periodic craving measures. Prior to each run, partici-
pants handled and smelled a preferred brand cigarette. A 
verbal craving rating (1 = low, 10 = high) was acquired before 
and after each run. Each run was composed of a smoking 
cue exposure task used in previous studies21,28–30 with 3 types 
of blocks: smoking-related pictures (smoke), non–smoking re-
lated pictures (neutral) and a crosshair (rest). Each block con-
sisted of 5 pictures displayed for 4.4 s each. The smoking pic-
tures included packages of cigarettes, lit cigarettes and 
environments where cigarettes are commonly smoked. Differ-
ent cigarette brands were used according to participants’ pref-
erences. A matched set of non–smoking related pictures con-
sisted of neutral objects (e.g., pencils, small bowls, individual 
holding pen in the mount), including images from the Interna-
tional Affective Picture System.31

Runs began with a rest baseline period (132 s) followed by 
5 neurofeedback epochs (92.4 s) consisting of smoke, neutral 
and rest blocks (22 s each). Each block was followed by a 
(4.4 s) 5-point self-rating of craving and a (4.4 s) neurofeed-
back thermometer display. During run 1, individuals were 
instructed to allow themselves to crave during smoke blocks 
to allow for isolation of the individualized craving-related 
ROI within the PFC for feedback during that visit. During 
neurofeedback runs (runs 2–4), participants were instructed to 
reduce the urge to smoke and decrease the thermometer bar 
value during smoke blocks (Fig. 1). During the rest and neu-
tral blocks, participants were told that they would see a blank 
thermometer with the word “INACTIVE” at the bottom, 
which meant the thermometer was turned off. For partici-
pants in the neurofeedback group, the brain activity level from 
the ROI was translated into a thermometer-shaped visual 
feedback signal; those in the control group were shown a 
blank thermometer bar. Participants were given several 
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general suggestions to help reduce their cravings; for exam-
ple, we instructed them to “try thinking about other things 
(dinner, what you will be doing later), the benefits of quit-
ting, the negative effects of smoking, or any thoughts you use 
to reduce your craving normally.” Participants were encour-
aged to try different methods and to use the feedback to fig-
ure out what strategies worked best for them.

Real-time feedback data processing

The rtfMRI processing was based on the Siemens research 
mode and is similar to that used in previously published 
studies.21,23 Data exported in real time were analyzed using 
Turbo-BrainVoyager (TBV) software (Brain Innovation), 
which used a fast connection between the MRI scanner and 
the computer running TBV that incrementally computes sta-
tistical maps and conducts real-time preprocessing, including 
3-dimensional motion correction, spatial smoothing using an 
8  mm3 Gaussian kernel and temporal filtering or drift re-
moval.32 During run 1 on each scanning day, we examined 
the real-time difference image in the smoke > rest condition 
and selected an ROI (t = 3.0, a default setting in TBV). The 
ROIs were targeted in a region approximate to the ACC (in-
cluding the mPFC and orbitofrontal cortex [OFC]), and were 
individualized based on the participant’s activation that day. 
The following settings were used to generate neurofeedback: 
an intermittent signal from the target area (average values to 
calculate feedback value = 6 time points) was displayed 
 using a thermometer reflecting the difference between re-
sponse in the ROI to smoke images relative to the preceding 
rest block (feedback – rest ÷ rest × 100). Consistent with pre-
vious research,20 the mean of the last 6 time points was 
 selected to avoid incorporation of the delayed hemodynamic 

response, producing a more accurate reflection of changes in 
blood flow. The scaling of the thermometer was in steps of 
0.03%, with a maximum percent signal change (PSC) of 1.5% 
(feedback bar ± 5). The dynamic ROI option on TBV was 
used to create an optimized sub-ROI for the feedback signal 
by selecting the top 33% (defined by the t value for the con-
trast between the regulation predictor and baseline) of the 
voxels from the target region. The first thermometer display 
in each run was inactive to allow for sufficient data for 
 feedback.

Data analysis

Offline rtfMRI data analysis
Off-line fMRI data were analyzed using Statistical Parametric 
Mapping 8 (Wellcome Department of Cognitive Neurology) in 
MATLAB version 7.3 (MathWorks). Standard preproces sing 
steps included realignment, normalization to Montreal 
Neurological Institute (MNI) space and smoothing with an 
isotropic 8 mm3 Gaussian kernel. Time series of each 
individual’s neurofeedback ROI were extracted from the 
spatially smoothed data using MarsBaR.33 Data were averaged 
across blocks within the run. The PSC during exposure to 
smoke blocks was calculated for the crave run (run 1) and the 
neurofeedback runs (runs 2–4) [(smoke – rest) ÷ rest × 100]. To 
assess the effect of the neurofeedback condition on attenuation 
of craving-related activation in the ROI, the activation during 
the crave run was subtracted from the feedback runs (PSC 
neurofeedback – PSC crave). The resulting difference scores 
(3 scores per visit) were entered into a multilevel model analysis 
with fixed effects and repeated measurements (diagonal 
residual covariance structure) that included the neurofeedback 
condition (feedback v. control), feedback run number,3 visit 

Fig. 1: Neurofeedback task design. Participants completed 3 scanning visits, each containing a crave region of interest (ROI) run 
followed by 3 neurofeedback runs. Smoke and neutral blocks contained 5 images displayed for 4.4 s each. Feedback (FB) was 
active only after smoke blocks for the FB group and was displayed as a thermometer bar. The control group was shown a blank 
thermometer. Each thermometer block indicates a percent signal change within the ROI of 0.3%.
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number,3 and their interactions. Participants were included as a 
repeating factor with random intercepts. A follow-up test 
examined whether PSC during the crave run differed by 
condition by entering only PSC from run 1 in the model.

Questionnaire of smoking urges (QSU-B)/subjective data 
analysis
We analyzed subjective craving data using a multilevel mod-
elling framework with maximum likelihood estimation. All 
models included a diagonal residual covariance structure and 
random intercepts; however, random intercepts were removed 
for models in which intercept variance was nonsignificant. 
Pre–post scan QSU data (i.e., total, Factor 1, Factor 2) were 
available at each rtfMRI visit. Post-scan QSU was modelled as 
the dependent variable, with pre-scan QSU included as a time- 
varying covariate and condition (neurofeedback v. control), 
visit1–3 and their interaction included as additional fixed effects.

Results

Baseline characteristics

Forty-four nicotine-dependent smokers were randomized 
to 1 of 2 conditions: the rtfMRI feedback or the no-feedback 
control condition. The groups did not differ significantly on 
any baseline smoking characteristics or demographic vari-
ables (Table 1). Both groups smoked approximately 1 pack 
per day for a similar length of time and were moderately 
nicotine- dependent, as measured using the FTND. Mean re-
sponses to the statement “I want to quit smoking” (1 = not 
at all, 5 = extremely true) did not differ between the feed-
back and control groups (3.76 v. 4.05). One participant in 
the control group was unable to complete the study owing 
to claustrophobia. Two participants (1 in each group) were 
excluded following the first scanning visit owing to excess 
head movement (> 3 mm). Three participants in the control 
group were lost to follow-up after completing at least 

1 scanning visit. An additional 4 participants from the rtfMRI 
feedback group and 1  participant from the control group 
were lost to follow-up after the third scanning visit and be-
fore the 1-week follow-up visit. There were no significant 
group differences in demographics or smoking characteris-
tics among participants who completed the 1-week follow-up 
visit (16 [76%] in the neurofeedback group v. 17 [74%] in the 
control group). The length of time to complete the 3 scans did 
not differ significantly between the groups (p = 0.83), with 
the neurofeedback group completing the 3 scans on aver-
age in 11.19 ± 4.04 days and the control group completing 
on average in 10.88 ± 4.16 days.

Region of interests location and response

The individualized regions that were isolated for feedback dur-
ing run 1 were localized in the PFC and are shown in Figure 2; 
panel A demonstrates the overall group mean, while panels B, 
C and D show centres of the individual participant ROIs.

As shown in Figure 3, the PSC analysis of the attenuation 
of craving-related ROI activation revealed a significant main 
effect of condition, such that the neurofeedback group had a 
greater mean reduction in craving-related activation than the 
control group (–0.62 v. –0.18, F1,248.94 = 10.80, p = 0.001). There 
were no other significant effects or interactions. Follow-up 
analysis revealed that the neurofeedback group and the con-
trol group did not significantly differ in their response during 
the crave run across visits (0.83 v. 0.52, p = 0.11).

Subjective ratings

During the scanning visits, we found a group effect (neuro-
feedback < control), adjusted for prescan repeated baselines, 
at the trend level for postscan QSU total scores (F1,32.94 = 4.08, 
p = 0.05). As shown in Figure 4, we found a significant group 
effect (neurofeedback < control, adjusted for prescan repeated 
baselines) for postscan QSU Factor 1 scores, a measure of a 
strong desire to smoke with the anticipation of positive out-
comes from smoking (F1,34.52 = 4.52, p = 0.041). In contrast, we 
found no group difference for postscan QSU Factor 2 scores, a 
measure of an urgent need to smoke and the expectation of re-
lief of negative affect (F1,33.35 = 2.13, p = 0.15). Across QSU scales, 
there were no effects of visit or group × visit interactions.

Discussion

The present study tested the utility of rtfMRI neurofeedback 
to reduce craving and activation in an individualized 
craving-related ROI during exposure to smoking-related cues 
in nicotine-dependent smokers receiving neurofeedback 
versus a no-feedback control. The neurofeedback and control 
groups were well matched, with relatively small dropout 
rates that did not differ significantly between groups. 
Compared with the control group, the smokers receiving 
neurofeedback reduced craving-related activation in the 
brain across 3 visits. No significant attenuation of craving-
related activation across the 3 visits was observed in the no-
feedback control group; however, a nonsignificant decrease 

Table 1: Baseline demographic and clinical characteristics of study 
participants

Group; mean ± SD*

Characteristic
Feedback 
(n = 21)

Control 
(n = 23) p value

Age 34.1 ± 11.3 36.2 ± 10.6 0.52

Sex, male:female 13:8 15:8 0.82

Race, white:nonwhite 18:3 21:2 0.56

Education, yr 13.75 ± 1.9 14.1 ± 1.8 0.55

No. of cigarettes/d 19.1 ± 4.5 18.5 ± 7.0 0.73

Baseline FTND 5.3 ± 1.4 5.1 ± 1.7 0.69

Duration of smoking, yr 17.1 ± 10.4 17.9 ± 10.5 0.79

Baseline CO 17.8 ± 8.0 21.1 ± 10.9 0.25

Baseline QSU-B 46.1 ± 13.2 46.5 ± 11.8 0.93

QSU-B Factor 1 27.8 ± 6.9 28.7 ± 5.4 0.62

QSU-B Factor 2 18.4 ± 7.7 17.8 ± 7.7 0.80

CO = carbon monoxide; FTND = Fagerström Test for Nicotine Dependence; QSU-B = 
Questionnaire of Smoking Urges-Brief; SD = standard deviation.
*Unless indicated otherwise.
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was noted, suggesting the control group also demonstrated 
some degree of the ability to downregulate activation in the 
second and third visit (Fig. 3).

We selected a region approximate to the ACC/mPFC as 
the ROI based on several prior studies showing that these 
areas are commonly activated during cue-elicited craving.34–36 
However, as described in the Methods section, the individ-
ualized craving ROI that was identified for feedback encom-
passed areas of the mPFC and other PFC regions as well as 
the ACC. Janes and colleagues36 found increased regional ac-
tivation in multiple regions, including the ACC and PFC, 
during pre–quit date exposure to smoking-related cues com-
pared with neutral cues in smokers who slipped compared 
with abstainers during a quit attempt. In both preclinical37 

and human imaging studies,38 the ACC has been reported to 
be involved in executive functioning, such as decision 
 making, choosing between alternatives and evaluating possi-
ble outcomes to optimize results. Additionally, the choice of 
the ACC in the study design is consistent with previous 
 rtfMRI neurofeedback studies demonstrating that individ-
uals can learn to control both dorsal ACC (dACC)39 and ven-

tral ACC (vACC) activity.40 Though some anatomic specifi-
city is lost, selecting a personalized ROI in the vicinity of the 
mPFC or ACC maximized the opportunity to provide mean-
ingful feedback, as the selection was based on each individ-
ual’s unique pattern of activation (Fig. 2). The group map of 
all of the individual ROIs encompassed the dACC, vACC 
and mPFC. Recent advances in neuroimaging have chal-
lenged the historical dichotomy between the dACC serving 
cognitively demanding tasks and the vACC involving emo-
tional processing41 and suggests that both divisions make key 
contributions to emotional processing42 and decision mak-
ing.43 The PFC likewise contributes to a network subserving 
executive functioning, such as general problem-solving, at-
tention, and working memory.44 The mPFC is involved in de-
cision making and memory, and recent evidence suggests 
that the mPFC is also involved in the emotional response or 
action evoked by a specific situation or event.45 The challenge 
of not smoking following exposure to smoking-related cues 
presents both a cognitive and emotional task for nicotine- 
dependent smokers, and individual variation in involvement 
of the ACC and PFC is expected. These findings are in line 

Fig. 2: The individual locations of regions of interest (ROIs; n = 111). Group map from (A) all individual ROIs, (B) sagittal, 
(C) transverse and (D) coronal. The centre of individual ROIs is displayed in grey for the neurofeedback group and white 
for the control group. The averaged centre of all ROIs is shown as a large white circle (Montreal Neurological Institute co-
ordinates: x, y, z = –2, 26, 1).
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with the sensitization–homeostasis (SH) model of nicotine 
dependence,46 which proposes that nicotine’s inhibitory 
properties are related to its addictive properties. The SH 
 theory suggests that the administration of nicotine inhibits 
craving, including cue-elicited craving, and the associated 
neural activation. Homeostatic neuroplastic adaptations op-
pose nicotine’s action, resulting in a rebound of craving when 
the nicotine effects wane. As tolerance and withdrawal de-
velop, the duration of the relief from smoking shortens, lead-

ing to progressive escalation in cigarette smoking. The utility 
of rtfMRI neurofeedback may lie in aiding smokers to en-
hance inhibitory input to reduce craving and decrease the as-
sociated activation in the underlying neural circuits. Of note, 
the mean centre of all the ROIs was located in the pregenual 
ACC, a subregion found to be preferentially activated by the 
desire and intention to smoke, with smoking perceived as re-
warding.43,47 This finding is consistent with the QSU-B find-
ings that participants in this study smoked more in response 
to anticipation of the rewarding properties of smoking than 
from the anticipation of the relief of negative affect.

The neurofeedback group had significantly reduced acti-
vation in the individualized ROI compared with the control 
group during exposure to smoking-related cues while at-
tempting to reduce craving and decrease thermometer bar 
ratings. Moreover, the groups did not differ in their responses 
when instructed to crave during the first run, indicating that 
the reduction in craving-related activation was not driven by 
differences during the crave runs. While we found a signifi-
cant main effect of group, we did not find a significant 
group × visit effect. However, the small, consistent nonsig-
nificant group differences across visits contributed to the 
overall significant group effect, suggesting that multiple 
training sessions are needed. Additional paradigm develop-
ment is needed to determine the optimal timing of the 
neuro feedback training during a quit attempt as well as the 
number of visits and number of runs within sessions needed 
to train smokers to reduce reactivity.

Reactivity to smoking cues is a potentially malleable risk 
factor for relapse during a quit attempt. Although research on 
the association between cue-reactivity and relapse is mixed,8,48 
cue-induced craving to smoke has been considered one of the 
driving forces in continued smoking49,50 and relapse during a 
quit attempt.51,52 Research suggests that in addition to con-
scious craving induced by smoking-related cues, relapse may 
occur by the induction of an automatic drug-seeking state 
coupled with impaired ability to inhibit the urge the smoke.53 
As current evidence-based pharmacotherapies have limited 
impact on the prevention of cue-induced craving and the as-
sociated return to smoking,54,55 the development of new thera-
pies with a focus on craving is clearly needed. The results of 
our study suggest an innovative approach to modulation of 
smoking cue-induced craving. Future studies are needed to 
investigate the duration of effects and approaches to general-
ize the decreased craving in the laboratory setting to real-life 
exposure to smoking-related cues.

The appropriate control condition for rtfMRI neurofeed-
back is a fundamental issue. Both no-feedback17 and false-
feedback56 control conditions during feedback provided 
from another individual or nonassociated region have been 
used in previous research. Both methods have advantages 
and disadvantages. A false-feedback condition may inadver-
tently produce frustration and unattended efforts to com-
plete the task, while a no-feedback condition may not com-
pletely control for nonessential processes used during the 
task (e.g., the process of feedback evaluation). In a previous 
study, our group explored this issue and found widespread 
activation, including frontal, temporal and parietal areas of 

Fig. 4: Change in postscan QSU-B Factor 1 scores by condition, 
controlling for pre-scan QSU Factor 1 scores. Scores were ad-
justed for pre-scan baseline differences. (A) We found a significant 
effect of feedback condition on Questionnaire of Smoking Urges-
Brief (QSU-B) Factor 1 scores. (B) The QSU-B Factor 1 scores at 
each visit.
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the brain,20 with a false-feedback control group. As a result, 
we elected to use a no-feedback control condition in this 
study; further research is needed to determine the ideal con-
trol condition for rtfMRI neurofeedback research.

The location of the ROI for multiple rtfMRI neurofeedback 
sessions is also a critical issue for future research. The same 
ROI from the first scanning session could be used across 
sessions, or a unique task-driven ROI could be identified for 
each training session. In this preliminary rtfMRI neuro-
feedback study, a unique task-driven ROI was selected for 
each training session. This strategy minimizes the risk of 
providing neurofeedback from a nonactivated area owing to 
natural variation in the ROI and possible alterations as a 
result of previous neurofeedback sessions.

Limitations

Several limitations should be noted in the interpretation and 
application of our study results. While the smokers reported 
being moderately motivated to quit, the neurofeedback was 
not presented as treatment, and they were not required to set 
a quit date. The study did not include postscan training or 
other interventions designed to enhance the durability of 
 rtfMRI procedures. Relapse within the first few days of a quit 
attempt is common, and maintaining abstinence beyond the 
first few days is the critical issue in the development of more 
efficacious treatments. Future research in treatment-seeking 
smokers ready to initiate a cessation attempt is needed, and 
measurements of actual smoking behaviour are necessary to 
further investigate the utility of rtfMRI  neurofeedback.

The optimal number of training visits is an important area 
requiring further research. In this study the use of multiple 
training sessions increased the power and odds of finding a 
significant group difference. In this early clinical application 
of rtfMRI neurofeedback, we found a main effect on subjec-
tive ratings and PSC with the neurofeedback, with a greater 
reduction in brain activation compared with the control con-
dition. Participants did not demonstrate a significant pro-
gressive improvement with each visit, as a group × visit in-
teraction was not found in either the PSC or subjective 
ratings; however, a nonsignificant progressive decrease in 
PSC was noted in the active group. Future studies should 
systematically compare 1 versus multiple sessions.

Conclusion

Compared with a control group, non–treatment seeking 
 nicotine-dependent smokers receiving rtfMRI feedback from 
an individualized ROI were able to decrease their neural ac-
tivity and physiologic and subjective responses to smoking-
related cues. The progressive nonsignificant decreases over 
the 3 scanning visits, suggesting that rtfMRI may be useful in 
decreasing cue-induced craving, is often associated with re-
lapse in smokers. This innovative approach warrants further 
exploration and development.
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