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Dear Editor, 

 

We hereby submit the article entitled “Use of real-time fMRI neurofeedback to 

down-regulate insular cortex in nicotine-addicted smokers” by M. Rana, S. Ruiz, 

A. Muehleck, S. Eck, C. Salinas, F. Zamorano, C. Silva, M. Rea, A. Batra, N. 

Birbaumer, R. Sitaram for publication as a methods article. 

 

The neurofeedback protocol presented in this paper represent an experimental 

paradigm to study the role of the insular cortex in processing craving behavior in 

cigarette smokers and to explore the possibility of using real-time functional magnetic 

resonance imaging (rtfMRI) as a therapeutic intervention in smokers. 

 

Scientific Interest 

Addiction to nicotine is one of the most common addictions in the world. The 

recognized basic factors leading to nicotine addictions are social, environmental, 

psychological and genetic susceptibility. Several neuroimaging studies have shown 

activation in the anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), ventral 

tegmental area (VTA), ventral striatum, amygdala, hippocampus, prefrontal cortex 

(PFC), and insular cortex during the presentation of drug-associated cues in contrast to 

neutral control cues. In addition, it has been reported that smokers with a lesion in the 

insular cortex were more likely to quit smoking than smokers with brain damage not 

involving the insula. In the rtfMRI approach, brain activity constitutes the independent 

variable while cognition and behavior serve as the dependent variables. Thus, the 

novel tool of rtfMRI allows direct testing of the proposed structural and functional 

explanations of addiction. Sample data presented from our group suggest that it is 

possible for nicotine addicted individuals to volitionally control a circumscribed brain 

area and that neurofeedback training of insular cortex is associated with a reduction in 

craving behavior, supporting the feasibility and behavioral benefits of this technique in 

use with this clinical population. 

 

Public Interest 

Nicoitne addiction is of increasing societal, political, and economic concern, and 

dramatically affects individual lives. There is a need for an effective therapeutic 

intervention as more than 80% of patients who attempt to quit smoking relapse within 

1 year of abstinence. Professional group therapy or counseling achieves an initial 

cessation rate of 60-100% and a 1-year cessation rate of approximately 20%. Our 

protocol targets the possibility of using neurofeedback technique as a therapeutic 

intervention in nicotine addiction supported by sample data. We hope that this protocol 

will spur research in unexplored areas of addiction, towards the development of 

effective intervention programs for addiction.  

 

We thank you for consideration of this manuscript for publication in your journal 

  

Sincerely, 

 

Mohit Rana 

 

On behalf of S. Ruiz, A. Muehleck, S. Eck, C. Salinas, F. Zamorano, C. Silva, M. Rea, 

A. Batra, N. Birbaumer, R. Sitaram. 

 

Cover Letter



  

 



TITLE:  1 

Use of Real-Time Functional Magnetic Resonance Imaging-Based Neurofeedback to 2 

Downregulate Insular Cortex in Nicotine-Addicted Smokers 3 

 4 

AUTHORS & AFFILIATIONS: 5 

Mohit Rana1,2,3, Sergio Ruiz1,2, Andrea Sánchez Corzo1,2, Axel Muehleck4, Sandra Eck4, Cesar 6 

Salinas4, Francisco Zamorano4,5, Claudio Silva4, Massimiliano Rea4, Anil Batra4, Niels 7 

Birbaumer1,7,8, Ranganatha Sitaram1,2,9 8 

 9 
1Departamento de Psiquiatría, Escuela de Medicina, Centro Interdisciplinario de Neurociencias, 10 

Pontificia Universidad Católica de Chile, Santiago, Chile  11 
2Laboratory for Brain-Machine Interfaces and Neuromodulation, Pontificia Universidad Católica 12 

de Chile, Santiago, Chile 13 
3Institute of Medical Psychology and Behavioral Neurobiology, Univ. of Tübingen, Tübingen, 14 

Germany 15 
4Department of Psychiatry and Psychotherapy, University of Tübingen, Tübingen, Germany. 16 
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SUMMARY:  51 

In real-time functional magnetic resonance imaging (rtfMRI), brain activity is experimentally 52 

manipulated as an independent variable, and behavior is measured as a dependent variable. The 53 

protocol presented here focuses on the practical use of rtfMRI as a therapeutic tool for 54 

psychiatric disorders such as nicotine addiction.  55 

 56 

ABSTRACT: 57 

It has been more than a decade since the first functional magnetic resonance imaging (fMRI)-58 

based neurofeedback approach was successfully implemented. Since then, various studies have 59 

demonstrated that participants can learn to voluntarily control a circumscribed brain region. 60 

Consequently, real-time fMRI (rtfMRI) provided a novel opportunity to study modifications of 61 

behavior due to manipulation of brain activity. Hence, reports of rtfMRI applications to train self-62 

regulation of brain activity and the concomitant modifications in behavioral and clinical 63 

conditions such as neurological and psychiatric disorders [e.g., schizophrenia, obsessive 64 

compulsive Disorder (OCD), stroke] have rapidly increased. 65 

 66 

Neuroimaging studies in addiction research have shown that the anterior cingulate cortex, 67 

orbitofrontal cortex, and insular cortex are activated during the presentation of drug-associated 68 

cues. Also, activity in both left and right insular cortices have been shown to be highly correlated 69 

with drug urges when participants are exposed to craving-eliciting cues. Hence, the bilateral 70 

insula is of particular importance in researching drug urges and addiction due to its role in the 71 

representation of bodily (interoceptive) states. This study explores the use of rtfMRI 72 

neurofeedback for the reduction in blood oxygen-level dependent (BOLD) activity in bilateral 73 

insular cortices of nicotine-addicted participants. The study also tests if there are neurofeedback 74 

training-associated modifications in the implicit attitudes of participants towards nicotine-75 

craving cues and explicit-craving behavior. 76 

 77 

INTRODUCTION: 78 

Neurofeedback is an operant conditioning procedure through which humans or animals can learn 79 

to modulate neural activity in one or more brain regions. Training typically leads to behavioral 80 

modifications1. In principle, brain signals from one or more circumscribed brain regions are 81 

transformed into sensory feedback (e.g., visual, auditory, or tactile feedback), which is provided 82 

to the participant for control of brain activity by operant conditioning or other forms of learning. 83 

In the reversal of the traditional neuroimaging paradigm, neurofeedback studies modulate brain 84 

activity as an independent variable and measure behavior as a dependent variable. Thus, 85 

neurofeedback provides a novel approach to investigating the involvement of brain regions in 86 

different cognitive functions and how hyper- or hypoactivation of those brain regions can lead to 87 

abnormal behavior.  88 



 89 

Neurofeedback has been used with different neuroimaging modalities like functional magnetic 90 

resonance imaging (fMRI), electroencephalography (EEG), and functional near-infrared 91 

spectroscopy (fNIRS). EEG- and fNIRS-based neurofeedback paradigms have the advantages of 92 

higher temporal resolution, affordability, and portability2,3. However, they are characterized by 93 

low spatial resolution and an inability to access deeper brain regions. In addition, EEG has the 94 

computational complexity of the inverse problem for determining a source of neural activations 95 

from surface EEG signals4. However, with recent developments in real-time fMRI (rtfMRI), it is 96 

possible to access hemodynamic signals from all parts of the brain, with good spatial resolution 97 

(e.g., 2 mm3) and a temporal resolution of 720 ms5. Thus, fMRI overcomes the above-mentioned 98 

limitations possessed by fNIRS and EEG techniques. 99 

 100 

Addiction to nicotine is one of the major causes of death across the world due to a number of 101 

diseases associated with smoking6. Recognized factors leading to nicotine addiction are social, 102 

environmental, psychological7, and genetic susceptibility8. On a neurobiological level, studies 103 

have shown activation in the anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), ventral 104 

tegmental area (VTA), ventral striatum, amygdala, hippocampus, prefrontal cortex (PFC), and 105 

insular cortex during the presentation of drug-associated cues in contrast to neutral control 106 

cues9-14. Activity in both left and right insulas are highly correlated with smoking urges when 107 

smokers viewed drug-associated cues15,16. The insula plays an important role in eliciting craving 108 

behavior17-21, as it is responsible for perception of the bodily state. It has been reported that 109 

smokers with lesions in their insular cortices were more likely to quit smoking than smokers with 110 

brain damage not involving the insula18.  111 

 112 

One of the biggest challenges in existing smoking cessation methods is the high relapse rate22. 113 

More than 80% of smokers relapse within the first few months after quitting smoking23. Exposure 114 

to cues previously associated with drug use is a major reason for the high relapse rate in nicotine 115 

addiction24. This mechanism is called the incubation effect. The current protocol is developed to 116 

target the incubation effect assessed by an affective priming task. Previous studies have 117 

demonstrated that abstaining smokers have negative implicit attitudes toward smoking-related 118 

cues25-28. In the typical affective priming task, emotional priming stimuli modify the processing of 119 

an affective target so that the reaction time and accuracy of responses are changed29. In other 120 

words, if the prime and target stimuli are of the same valence, the reaction time in response to 121 

the target stimuli will be faster, and vice versa.  122 

 123 

In the current study, it is hypothesized that downregulation of the bilateral anterior insular cortex 124 

will reduce craving, and hence, the valence of craving-inducing cues will change from negative to 125 

neutral, as attentional and associative biasing will move away from smoking-related cues30. The 126 

implicit behavior task is an affective priming task originally adapted from Czyzewska and 127 

Graham31. Based on the aforementioned hypothesis, it is anticipated to observe a decrease in 128 

reaction time in response to a combination of prime (craving eliciting picture or its neutral 129 

counterpart picture) and target words with positive valence after downregulation block as 130 

compared to baseline block. The priming task (Figure 2B) consists of a prime (i.e., a craving 131 

eliciting picture or its neutral counterpart picture32) and target word with positive or negative 132 



valence. The prime picture is presented for 200 ms, followed by a target word presented for 1 133 

second. Stimulus onset asynchrony (SOA) is 250 ms. Participants are then instructed to judge the 134 

valence of the target word (positive or negative) and respond by pressing a button as quickly and 135 

accurately as possible. 136 

 137 

The rtfMRI system (Figure 1) consists of the following subsystems: (1) participant, (2) signal 138 

acquisition, (3) online signal analysis, and (4) signal feedback. Signal acquisition is carried out with 139 

a 3.0T Siemens Trio whole-body scanner using an echo planar imaging (EPI) sequence33. 140 

Procedures such as image reconstruction, distortion correction, and averaging of the signal are 141 

performed on the scanner computer. Once the images are reconstructed and preprocessed, they 142 

are exported to the signal analysis subsystem. The signal analysis subsystem is implemented 143 

using the Turbo Brain Voyager (TBV)34. TBV retrieves the reconstructed images and performs data 144 

processing that includes 3D motion correction and real-time statistical analysis using the general 145 

linear model35. TBV allows the user to draw regions of interest (ROIs) over multiple voxels on the 146 

functional images and extract average BOLD values of the ROI after each repetition time (TR). 147 

The time series of the selected ROIs are then exported to the MATLAB script that calculates and 148 

presents feedback to the participant.  149 

 150 

Visual feedback of brain activity is provided to participants in the form of a graphically animated 151 

thermometer, with its bars changing in proportion to the percent BOLD changes in the ROIs. 152 

Several studies have used intermittent feedback (feedback provided to a participant after a 153 

number of TRs of the EPI sequence) for training participants36,37. However, in the current study, 154 

it was anticipated that participants would have greater difficulty in downregulating the BOLD 155 

signal in the anterior insula with continuous feedback due to insula’s role in sensory integration 156 

and involvement in processing visual feedback information38. Hence, it was presumed that 157 

continuous feedback would result in a conflict between two processes in the insular cortex, one 158 

process that increases the signal due to external feedback, and another that decreases the signal 159 

due to neurofeedback training. Hence, in this study, we provide feedback only at the end of each 160 

downregulation block (delayed feedback). Participants are shown a text (e.g., Euro 0.87) as visual 161 

feedback (Figure 2A,C) that indicates the amount of money they earned (monetary reward). This 162 

reward is proportional to the percentage downregulation achieved in the regulation block. 163 

 164 

RtfMRI is a novel neurotechnology that may be able to overcome problems in therapeutic 165 

approaches to addiction treatment and may provide more reliable and effective interventions for 166 

reducing relapse. The long-term objectives of the current study are three-fold: 1) to test whether 167 

nicotine addicts can learn to downregulate BOLD signals in the anterior insula during the 168 

presence of stimuli eliciting craving behavior; 2) to examine whether neurofeedback training 169 

leads to modifications in craving behavior; and 3) to explore whether changes in craving levels 170 

during neurofeedback training of downregulation of the insula persists after six months of 171 

training without any other intervention. This article provides a detailed description of the rtfMRI 172 

experimental protocol and its different components. Also presented are sample data from the 173 

study and a discussion of this method’s future challenges and potential in addition research. The 174 

protocol presented is designed to investigate whether fMRI-based neurofeedback training can 175 

be used to study reductions in brain activity in the insular cortex of cigarette smokers. In addition, 176 



the protocol is intended to study relationships between activation of the insular cortex and the 177 

craving behaviors of cigarette smokers.  178 

 179 

PROTOCOL: 180 

The Ethics Committee of the Medical Faculty of the University of Tübingen and Pontificia 181 

Universidad Católica de Chile approved the following rtfMRI protocol. 182 

 183 

1. Hardware set-up 184 

 185 

1.1. The hardware represented in Figure 1 is prepared only once to set up the real-time export 186 

of the MRI data. 187 

 188 

1.2. Preparation of the MRI room is the same as the traditional fMRI measurement. Prepare the 189 

MRI room before arrival of the participant.  190 

 191 

1.3. Attach the 32 or 20 channels head coil to the scanner.  192 

 193 

1.4. Connect the projector’s VGA/HDMI cable and MR compatible response device (button box) 194 

to the stimulus computer. 195 

 196 

NOTE: In most of the MR set-up, the response device delivers the TR-trigger to the stimulus 197 

computer. This trigger helps to synchronize stimulus presentation and data acquisition.  198 

 199 

2. Participant preparation outside of the scanner 200 

 201 

2.1. Prepare the consent form and questionnaires that participants need to fill out before their 202 

arrival. 203 

 204 

2.2. Once the participant arrives, explain the experiment and fMRI technique. Also, instruct the 205 

participant on how to perform the task (e.g., during the experiment, participants must keep their 206 

eyes open and always look at the pictures on display screen, and they should try not to move 207 

their heads inside the scanner). 208 

 209 

2.3. Ask the participant to sign the consent form and fill in the questionnaires required to assess 210 

craving levels.  211 

 212 

2.4. Ask participants to fill out the following questionnaires: 1) VAS-C: Visual Analogue Scale, 213 

Craving39, 2) QSU-b: Questionnaire of Smoking Urges–Brief Version40, and 3) cigarettes per day. 214 

 215 

2.5. Ask the participant to exhale through the carbon monoxide (CO) measuring device. 216 

 217 

NOTE: CO measurement41 indicates whether or not the participant refrains from smoking at least 218 

3 h before arrival for the neurofeedback session. CO is measured in ppm (parts per million). Low 219 

CO values indicate that the participant did not smoke for at least a couple of hours prior to arrival. 220 



Participants should be asked to refrain from smoking so that the craving cues elicit high craving 221 

during the experiment. Participants with high CO values will be cautioned prior to the future 222 

neurofeedback session to ensure that they refrain from smoking before the rtfMRI session. 223 

Participants who do not refrain from smoking twice should be excluded from the study.  224 

 225 

3. Participant positioning 226 

 227 

NOTE: The procedure of participant positioning on the scanner table is similar to the traditional 228 

fMRI experiment.   229 

 230 

3.1. Ask the participant to remove all metallic objects from his or her pockets before entering the 231 

MRI room.  232 

 233 

3.2. Ask the participant to insert ear plugs before he or she lies down on the scanner table in a 234 

supine position.  235 

 236 

3.3. Use pads to fix the head position of the participant inside the head coil. This step helps to 237 

reduce head movement during the measurement. 238 

 239 

3.4. Lock the upper part of the head coil and fix the mirror to the head coil. 240 

 241 

3.5. Give the response device to the participant and place the response device according to the 242 

comfort of the participant.  243 

 244 

3.6. Ask the participant to close his or her eyes and mark the reference head position of the 245 

participant in between the eyebrows using laser light.  246 

 247 

3.7. Move the scanner table to place the marked position to the center of the MRI bore.  248 

 249 

3.8. Confirm with the participant that he or she is in comfortable position and that he or she can 250 

see the visual stimuli projected on the screen behind the scanner using the mirror. Adjust the 251 

mirror, if required.  252 

 253 

4. Data acquisition  254 

 255 

4.1. During the initial scans, ask the participant to close his or her eyes and try not to move the 256 

head.  257 

 258 

4.2. Start the measurement with a localizer pulse sequence. This sequence is typically used to 259 

determine the slice position of the subsequently run anatomical scan and functional (EPI 260 

sequence) scans.  261 

 262 

4.3. Select the field of view (FOV) for the anatomical scan with the following parameters: TR = 263 

11.5 ms, TE = 5 ms, 176 slices without slice gap, FOV = 240 x 240mm2, matrix = 256 x 256, flip 264 



angle = 18°, providing 1 mm3 isotropic voxels. The FOV of the sequence will cover the whole head 265 

of the participant.  266 

 267 

4.4. The field of view for the functional (EPI sequence) scan is aligned to the anterior 268 

commissure/posterior commissure line (AC-PC line). Adjust the position of the slices to cover the 269 

target region of interest. The parameters of the sequence are the following: TR = 1.5, FOV = 192 270 

mm, 25 slices, voxel = 3 mm x 3 mm x 3 mm, flip angle = 70°. 271 

 272 

5. FMRI neurofeedback  273 

 274 

5.1. Alert the participant that the neurofeedback run is starting and repeat the instructions 275 

provided earlier (e.g., that during the baseline, a block is represented by a “+” sign).  276 

 277 

NOTE: The participant must observe the image on the display screen. On the other hand, during 278 

the regulation block, represented by an arrow in a downward direction, participants should try 279 

to detach themselves from craving urges using some cognitive strategies. The amount of money 280 

shown at the end of each regulation block represents their performance. A higher amount of 281 

money represents better performance. 282 

 283 

5.2. Perform the neurofeedback run in which the baseline and regulation blocks are alternating 284 

(30 s each; Figure 2).  285 

 286 

5.3. On the stimulus computer, run the stimulus code written presentation software and press 287 

the Enter button after Ready appears on the screen. Presentation code is now waiting for the 288 

trigger to start the neurofeedback run.  289 

 290 

NOTE: The code is in sync with the TR triggers coming from the scanner. Therefore, it is the first 291 

step in preparation of running the neurofeedback run. 292 

 293 

5.4. On the analysis computer, run the in-house MATLAB toolbox and turbo brain voyager (TBV).  294 

 295 

5.5. In the MATLAB toolbox, enter the information specific to the participant, such as patient ID 296 

and neurofeedback run number.  297 

 298 

5.6. Press Generate protocol files to prepare the protocol file using the information inserted in 299 

step 5.5.  300 

 301 

NOTE: The protocol file contains information related to the condition timing (e.g., the time at 302 

which TR a specific condition should start and which stimulus to be presented). It will be used by 303 

both the MATLAB toolbox and TBV.  304 

 305 

5.7. Press the button execute on the GUI of the MATLAB toolbox. The code is now waiting to 306 

receive data from the TBV. 307 

 308 



5.8. In the TBV, select the protocol file generated in step 5.6. In addition, select the .roi file 309 

generated from the previous neurofeedback sessions.  310 

 311 

NOTE: Selecting an ROI file is important, as it will avoid crashing of the TBV software during the 312 

initial (10 TRs) period of the neurofeedback run. 313 

 314 

5.9. Prepare the EPI sequence to be implemented in the MR host computer. Press the start 315 

button in the TBV. 316 

 317 

5.10. Redraw the target ROIs in the TBV software according to the anatomical landmarks. The 318 

shape and size of the ventricles in the brain are used as landmarks to select the anterior insula. 319 

In addition, the wavy shape of the insular cortex is used precisely select the voxels related to 320 

bilateral anterior insula.  321 

 322 

5.11. Draw an ROI on the primary motor area (M1) using the central sulcus as an anatomical 323 

landmark. The primary motor area acts as a reference ROI to remove the effect of global BOLD 324 

increases and BOLD fluctuations due to head movement. 325 

 326 

5.12. At the end of each neurofeedback session, ask the participant, “What cognitive strategy 327 

were you using during the regulation block?”. In addition, ask the participant about his or her 328 

comfort level and whether or not she or she wishes to continue with the experiment.  329 

 330 

5.13. After four neurofeedback runs, select the radio button Yes for the transfer run. 331 

 332 

NOTE: A transfer run is similar to the neurofeedback run. However, participants perform self-333 

regulation in absence of feedback. This helps to determine whether the learned self-regulation 334 

is transferred to the situation in which the participant will not receive neurofeedback (e.g., 335 

outside the scanner).  336 

 337 

6. Control group 338 

 339 

6.1. Instruct the participants in the control group in the same manner as those in the 340 

experimental group. However, provide yoked feedback to the participants.  341 

 342 

NOTE: In yoked feedback, the average amount of reinforcement (money) in both the 343 

experimental and control groups remains the same. The only difference between the two groups 344 

is contingency of the feedback provided to participants. For participants in the control group, the 345 

total amount of reinforcement (money) is distributed among the randomly assigned 40% of the 346 

downregulation trials. However, in the other 60% of trials, participants receive negative feedback 347 

(zero Euros). Thus, the participants in the control group do not get contingent feedback.  348 

 349 

7. Offline analysis   350 

 351 

7.1. Preprocessing of fMRI data 352 



 353 

7.1.1. Use a statistical parametric mapping (SPM) toolbox to preprocess the fMRI data 354 

(https://www.fil.ion.ucl.ac.uk/spm/ext/). 355 

 356 

7.1.2. Convert the fMRI data in DICOM format to NIFTI format using format conversion utility of 357 

the SPM batch function.  358 

 359 

7.1.3. Remove the initial 10 scans from each neurofeedback run data to avoid gradient 360 

equilibration effects42.  361 

 362 

7.1.4. Perform the realignment process to remove motion artifacts and align all the volumes to 363 

the first volume of the session. In addition, perform time slice correction to compensate for the 364 

slice acquisition delay43. 365 

 366 

7.1.5. Conduct segmentation of the anatomical scan, coregistration of the EPI sequence data and 367 

the anatomical data, and normalization to map the subject space data to the Montreal 368 

Neurological Institute (MNI) standard brain template44. 369 

 370 

7.1.6. Using our in-house MATLAB code, extract the BOLD signals from cube-shaped ROIs created 371 

around the MNI coordinates corresponding to the bilateral anterior insula and primary motor 372 

cortex. 373 

 374 

7.2. Calculation of percentage change in the BOLD signal 375 

 376 

7.2.1. Calculate the percentage change in the BOLD signal based on the average change in BOLD 377 

signal for each ROI during the regulation block compared to the previous baseline block. The 378 

equation for percentage change in the BOLD signal is the following: 379 

 380 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝑚𝑒𝑎𝑛 (𝐵𝑂𝐿𝐷𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛) –  𝑚𝑒𝑎𝑛 (𝐵𝑂𝐿𝐷𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

mean (BOLDbaseline)
 𝑋 100 381 

 382 

7.3. Analysis of explicit smoking behavior of participants 383 

 384 

7.3.1. Import the participant responses to questionnaires (i.e., QSU-b, VAS-C, CO measure, and 385 

cigarettes per day) to MATLAB. 386 

 387 

7.3.2. Test normality of the data using a one-sample Kolmogorov-Smirnov test from MATLAB. 388 

 389 

7.3.3. A one-sample t-test should be used to compare responses of different questionnaires for 390 

each participant, and a paired sample t-test to compare scores between the experimental and 391 

control groups.  392 

 393 

7.4. Analysis of the implicit attitude towards craving-eliciting cues 394 

 395 

https://www.fil.ion.ucl.ac.uk/spm/ext/


7.4.1. Extract the reaction time (RT) of affective priming trials for each participant from the log 396 

files generated by presentation software.  397 

 398 

7.4.2. Remove the outliers based on the RT (i.e., do not include trials with a RT longer than the 399 

2x the standard deviation of the mean RT of the participant). 400 

 401 

7.4.3. Test normality of the data using a one-sample Kolmogorov-Smirnov test from MATLAB. 402 

 403 

7.4.4. Compare downregulation effects on the median reaction times of unique combinations of 404 

primes (craving-inducing and neutral images) and targets (positive and negative words) for each 405 

participant, and compare between the experimental and control groups using a paired wise t-406 

test.  407 

 408 

REPRESENTATIVE RESULTS: 409 

 410 

Four patients were recruited based on their scores on the Fagerström Test for Nicotine 411 

Dependence (FTND)45 questionnaire for medium-level nicotine dependence (FTND score >4) and 412 

the number of cigarettes smoked every day (>15). In addition, it was ensured that the participants 413 

did not have any tattoo or metallic implants as per MRI safety measures of the institution. Five 414 

rtfMRI sessions were performed for each participant, in which the first four sessions were 415 

conducted over 2 weeks (2 sessions per week), and the fifth session was conducted 6 months 416 

after the fourth session. Participants were asked to abstain from smoking at least 3 h before each 417 

session.  418 

 419 

On day 1, participants underwent pre-training (before the neurofeedback training) sessions in 420 

order to obtain baseline implicit behavioral responses to the pictures that elicit craving behavior. 421 

On sessions 2 and 3, neurofeedback training (Figure 2C) was performed to train downregulation 422 

of the BOLD signal in the left (ROI1) and right (ROI2) anterior insular cortices as ROIs. A post-423 

training (after the neurofeedback training; session 4) session that was identical to the pre-424 

training session was then performed. In order to evaluate the long-term effects of neurofeedback 425 

training on implicit behavior, a follow-up session similar to the post-training session was 426 

conducted 6 months after the post-training session. During the pre-training session (Figure 2A), 427 

participants were not performing any tasks during the regulation block, and feedback was not 428 

provided to them. However, during the post-training and follow-up sessions, participants used 429 

self-regulation strategies learned during the training period. Participants were provided with 430 

contingent feedback (monetary reward) at the end of each regulation block. The figures (Figure 431 

4, Figure 5, Figure 6) show sample data from four participants in the experimental group. The 432 

data presented is related to participants’ neurofeedback performances and changes in craving 433 

behaviors, assessed by the questionnaires and affective priming task across the neurofeedback 434 

fMRI sessions.  435 

 436 

Participants learned to significantly downregulate BOLD signals (tdf = 3.14, p < 0.05, two-tailed 437 

paired sample t-test) in the bilateral insular cortex with neurofeedback training. The success of 438 

the participants was estimated by computing the percentage change in the BOLD signal equation 439 



as explained below.  440 

 441 

𝑅𝑒𝑤𝑎𝑟𝑑 =  (𝑚𝑒𝑎𝑛 (𝐵𝑂𝐿𝐷𝑏𝑎𝑠𝑒 –  𝐵𝑂𝐿𝐷𝑟𝑒𝑔)𝑟𝑜𝑖1 + (𝐵𝑂𝐿𝐷𝑏𝑎𝑠𝑒 − 𝐵𝑂𝐿𝐷𝑟𝑒𝑔)𝑟𝑜𝑖2)442 

−  (𝐵𝑂𝐿𝐷𝑏𝑎𝑠𝑒 − 𝐵𝑂𝐿𝐷𝑟𝑒𝑔)𝑟𝑜𝑖3) ∗ 0.1 𝐸𝑢𝑟𝑜 443 

 444 

Where: the left anterior insula (ROI1) and right anterior insula (ROI2) were selected based on 445 

anatomical landmarks. The primary motor area (M1) was selected as a reference ROI, namely 446 

ROI3, to remove the effect of global BOLD increase and BOLD fluctuation due to head movement. 447 

 448 

The lower the value of percentage change in the BOLD signal, the higher the success rate of 449 

participants in downregulating the bilateral insular cortex (Figure 4). However, the participants 450 

did not manage to maintain the learned downregulation during the follow-up session. In addition, 451 

we observed a significant overall reduction (tdf = 2.78, p < 0.05, two-tailed one sample t-test) in 452 

the explicit smoking behavior as measured by the CPD (Figure 5A) during the third and the fourth 453 

rtfMRI sessions, which further decreases during the follow-up session.  454 

 455 

Similarly, we observed a significant reduction in scores for the smoking behavior questionnaires 456 

such as the QSU-b (pre-training scores: tdf = 11.1; post-training scores: tdf = 6.5, p < 0.05, one 457 

sample t-test; Figure 5B) and VAS-C (pre-training scores: tdf = 13.7; post-training scores: tdf = 458 

16.07, p < 0.05, two-tailed paired sample t-test; Figure 5C). However, in the case of implicit 459 

craving behavior (Figure 6), it was observed that the reaction times (ms) were significantly lower 460 

in the tasks presented after the downregulation block compared to the tasks presented after the 461 

baseline block. In the affective priming task, there are four combinations of the prime cue 462 

(craving eliciting-cue and its neutral counterpart) and target word (positive and negative 463 

valence). Out of the abovementioned four combinations, two combinations of priming cue and 464 

target cue [i.e., prime: neutral & target: positive (tdf = 2.97) and prime: craving & target: positive 465 

(tdf = 2.78)] showed significantly (p < 0.05) faster reaction times in the task after the 466 

downregulation blocks. The overall reduction in reaction time for the tasks after the baseline and 467 

regulation blocks may be attributed to the practice effect. However, the reduction in reaction 468 

times for the combinations of prime (craving & neutral) and positive target words (Figure 6B) 469 

indicates a change in the participant’s perceived valence of the craving-inducing cues.   470 

 471 

FIGURE AND TABLE LEGENDS: 472 

 473 

Figure 1: Real-time fMRI set-up. Real-time fMRI-based neurofeedback system is comprised of 474 

the following subsystems: (A) participant in the scanner, (B) signal acquisition using an echo 475 

planar imaging (EPI) pulse sequence, (C) online preprocessing of the data acquired, (D) 476 

computation of the feedback according to the hypothesis, and (E) signal feedback via the scanner 477 

projection system.  478 

 479 

Figure 2: Experimental paradigm. (A) Schematic illustration of the experimental paradigm for 480 

pre-training, post-training, and follow-up sessions. The protocol consists of six alternating blocks 481 

of baseline and regulation. Each block was followed by an affective priming task. (B) The affective 482 

priming task used here evaluates the effect of downregulation on implicit attitude towards 483 



craving cues. It consists of a prime (craving eliciting picture or neutral counterpart picture), which 484 

is then followed by a target word (positive or negative valence). The word “Sieg” has positive 485 

valence, and it is a German word meaning “victory”. (C) Each rtfMRI training run consists of 486 

baseline, downregulation, and feedback blocks in that order repeated six times.  487 

 488 

Figure 3: Real-time fMRI hardware set-up. The real-time fMRI set up consists of following three 489 

subsystems: (1) image reconstruction and MR host computer (black), (2) real-time MRI analysis 490 

computer (green), and (3) stimulus presentation computer and projector (blue). The LAN 491 

connections presented in purple color are added to the existing standard fMRI set-up. The optical 492 

trigger (dark green) is connected to the stimulus presentation computer through an MR-493 

compatible response device (orange). 494 

 495 

Figure 4: Percentage change in BOLD signal. The figure represents the percentage change in 496 

BOLD signal in the left (blue) and right (orange) insular cortices during the pre-training (T1), 497 

neurofeedback training (T2, T3), post-training (T4), and follow-up (6 months after post-training 498 

session; T5). The participant showed a significant (paired sample t-test; *p < 0.05) reduction in 499 

BOLD activity during the downregulation block compared to the baseline block (mentioned 500 

above). A negative value of percentage change in BOLD signal represents downregulation. Error 501 

bars represent the standard deviation in the percentage change values of downregulation trials.  502 

 503 

Figure 5: Explicit craving behavior. The figure represents explicit craving behavior of the 504 

participant, namely Visual Analog Scale for Craving (VAS-C), Questionnaire of Smoking Urges-505 

Brief (QSU-b) and number of cigarettes per day (CPD) during the during the pre-training (T1), 506 

neurofeedback training (T2, T3), post-training (T5), and follow-up (6 months after post-training 507 

session; T5). Higher scores indicate higher craving levels. These results show that there is a 508 

significant (one sample t-test; *p < 0.05) overall reduction in scores of all the scales, indicating a 509 

reduction in explicit craving behavioral of the participant. 510 

 511 

Figure 6: Implicit craving behavior. The figure represents implicit behavior of the participant 512 

towards the craving-eliciting picture cues and its counterpart neutral pictures, assessed by an 513 

affective priming task across fMRI sessions (pre-training, post-training, and follow-up). The 514 

reaction time (ms) is presented for the baseline (blue) and downregulation (orange) blocks. 515 

Reaction times (ms) between the baseline and regulation blocks for a neutral (C) and craving (D)-516 

inducing prime picture were significantly different (paired sample t-test; *p < 0.05) in the follow-517 

up session.  518 

 519 

Table 1: Experimental paradigm for the five sessions consisting of questionnaires and real-time 520 

fMRI training sessions. 521 

 522 

DISCUSSION: 523 

Results from four participants demonstrate the possibility for cigarette smokers to learn to 524 

downregulate activation in the bilateral anterior insula in the presence of a craving-eliciting cues. 525 

Changes in the implicit and explicit smoking behaviors after neurofeedback training in the sample 526 

participant may be related to learned downregulation, as the participant did not go through any 527 



other clinical or experimental interventions during the course of the experiment. Change in the 528 

participant’s implicit behavior may indicate a change in the attentional bias towards the craving 529 

eliciting pictures. The changes in reaction time for positive target words indicate that the 530 

participant’s attentional bias may have shifted towards the neutral valence cues after 531 

downregulation training. This may indicate the possibility that participants were less affected by 532 

the craving-inducing images after downregulation of the insula than during the baseline 533 

condition, indicating potential reduction of craving due to downregulation.  534 

 535 

This result is in line with the explicit behavior scores, as participants reported less craving and a 536 

reduced average number of cigarettes per day (to 10 per day) after 6 months into the study, 537 

compared to 20 per day before enrollment. This result is particularly notable because no clinical 538 

or experimental interventions were involved during the 6 month period between the post-539 

training and follow-up sessions. While the above reduction in craving and number of cigarettes 540 

smoked per day cannot be related with certainty to the neurofeedback training alone, these 541 

results have encouraging implications in treating relapses. We are mindful of the need for a lager 542 

sample size and more robust statistics for a more reliable conclusion. 543 

 544 

Several neuroimaging studies have demonstrated a role of the insula in urges for drugs like 545 

alcohol46,47, cocaine15,48, and heroin49. Another application of the current protocol may be in 546 

obese patients. It is known that anterior and mid-dorsal insula become highly activated when 547 

hungry obese patients are presented with images of high caloric food compared to lean 548 

subjects50. The current protocol may be generalized to other addictions as a therapeutical 549 

intervention by using different drug-associated cues.  550 

 551 

These preliminary results suggest that with further progress in this approach, fMRI-based 552 

neurofeedback may lead to therapeutic intervention, in line with observations made in other 553 

studies51-54. Neurofeedback as a clinical intervention is still in an early stage; although, many 554 

randomized clinical trials (RCTs) have been conducted in patients with certain clinical conditions 555 

such as attention deficit hyperactivity disorder (ADHD). In the ADHD clinical trials, patients were 556 

trained to lower the amplitude in low-frequency EEG oscillations (e.g., delta and theta EEG 557 

bands), which are known to be high in patients with ADHD. These RCTs demonstrated that 558 

patients learned to lower amplitudes using neurofeedback training with improvement in ADHD 559 

symptoms55-58.  560 

 561 

In addition, the clinical effect-size due to neurofeedback training may be higher than traditional 562 

computerized attention training. Similarly, RCTs have validated improvement in motor functions 563 

of stroke patients by combining EEG-based neurofeedback training with existing therapeutic 564 

approaches59 (physiotherapy) or modern stimulation approaches [e.g., functional electric 565 

stimulator60 (FES), transcranial magnetic stimulation61 (TMS), and robotic assistive therapy62,63)]. 566 

However, the observed improvements in motor function have also been observed as highly 567 

inconsistent in different patients, possibly due to variability in the locations and sizes of the brain 568 

lesions64.  569 

 570 



Although several fMRI-based neurofeedback studies have demonstrated behavioral 571 

improvements in a psychiatric and neurological disorders, no RCTs have been conducted so far 572 

using this approach. Despite its benefits, rtfMRI-based neurofeedback presents certain 573 

hindrances for its use in a clinical setting, including high running costs and a claustrophobic, noisy 574 

environment inside the scanner. These limitations also apply to the current protocol. Therefore, 575 

it is important to identify an approach that can be used to supplement rtfMRI with a cheaper 576 

modality like EEG- or fNIRS-based neurofeedback approaches. Thus, in future studies, a protocol 577 

could be developed that combines both fMRI-based neurofeedback and EEG- or fNIRS-based 578 

neurofeedback training approaches.  579 

 580 

In the initial stage of the protocol, patients would be trained to downregulate the insular cortex 581 

using fMRI-based neurofeedback training, and simultaneous EEG recording will be conducted to 582 

assess neuroelectric components that correlate with learned downregulation of the insular 583 

cortex. Later, a model of activation patterns of deep brain structures (e.g., insula) from surface 584 

EEG data could be developed. This can be achieved by using existing methods of source 585 

localization algorithms65 that allow for construction of a 3D model of electrical activity in the 586 

brain, based on exact low resolution electromagnetic tomography (eLORETA)66 or the EEG 587 

fingerprint method67. In the second stage of the proposed protocol, patients could be given an 588 

extended neurofeedback training with an EEG-based neurofeedback approach. Thus, this 589 

protocol provides a possibility to train (neurofeedback training) patients for longer periods of 590 

time in a user-friendly environment and at a lower cost. In this way, this may allow for the 591 

translation of scientifically rigorous findings from rtfMRI neurofeedback training to a portable 592 

and affordable clinical system for the treatment of psychiatric and neurological disorders. The 593 

further use of this noninvasive method for recording both neuronal activity and hemodynamic 594 

activity in the brain during neurofeedback experiments raises exciting new possibilities for clinical 595 

treatment and rehabilitation. 596 
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 The Author is NOT a United States government employee. 
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course of his or her duties as a United States government employee. 
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entirety in unmodified form, along with a number of other 
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of the Materials; “JoVE” means MyJove Corporation, a 
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of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
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Article, in order to ensure the dissemination and protection 
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and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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We thank reviewers for their comments. We made the necessary changes in the manuscript to incorporate 

all the comments of the reviewers. 

 

Reviewer #1:  

Major Concerns: 

1) The manuscript needs to be organized better for others trying to understand and use this protocol, 

preferably in a more linear manner. The authors do have the desired Introduction, Protocol and 

Representative Results sections, and the Introduction is appropriate. However, please break the Protocol 

section down into multiple numbered sub-sections with numbered steps, such as: 1) Equipment and Set-Up, 

2) Testing, 3) Statistical Analysis. 

Reply: We made the changes in the protocol description. We sub-divided the protocol in the following 

categories, namely, hardware set-up, participant preparation, participants positioning, data acquisition, fMRI 

neurofeedback, the control group, and offline analysis.  The changes are marked in the red color text.  

i) As it stands, information for the above recommended Protocol sub-sections is distributed throughout the 

protocol section. Here are some specific recommendations for things to move or delete, as examples: 

(1) The two sentences beginning at Line 101 and ending at Line 103 should be deleted. The institutional 

approval can remain in the paragraph at the beginning of the Protocol, and the authors can include a note in 

this paragraph that this particular protocol is intended to best study real-time training in the reduction of 

brain activity in the anterior insula in smokers (or something similar). 

(2) Recommend moving all information that is primarily pertinent to the cohort of participants in the 

authors' specific representative study to the "Representative Results" section. For example: 

(a) Lines 103-106: consider moving information about source of pictures and MATLAB/Presentation software 

to the Protocol Equi1pment and/or Analysis sub-sections, wherever they seem most appropriate, as 

examples when describing those parts of the protocol. 

(b) Lines 111-113 is another example of information to move to Representative Results. 

(c) It also seems that Section 1.5 (Lines 176-186) should be in the Representative Results section, since 

these seem are details of how the protocol was vetted by the authors and not likely (?) details the average 

user would include if using this protocol. 

(d) Same goes for any statistical analyses done simply to validate the protocol - should be moved to Rep. 

Results. 

Reply: We have organized the text as suggested by the reviewer.  

(3) Move the explanation of feedback intervals to the Introduction, where the reasons/pros/cons for use of 

intermittent, continuous and delayed feedback can be described. Only explain what is needed to know to 

perform the experiment in the Protocol. 

Reply: We have organized the text as suggested by the reviewer. 

(4) Order the information in each Protocol section in logical order. 

(a) E.g., it is confusing that information regarding the feedback ("…visual feedback to indicate the amount of 

money they earned…") is given before the experimental timeline or procedure has really been described. 

Reply: We have organized the text as suggested by the reviewer. 

(5) Recommend changing the language of the Protocol to read more like a "how to" rather than a method 

section. 

Reply: We have made the necessary changes in the text as suggested by the reviewer. 

(6) If the authors refer to parts of the protocol like "neurofeedback training," please make sure it is clear to 

the reader which protocol steps comprise that term (i.e., use that term to describe those steps when they 

are introduced earlier in the protocol). 

Reply: We have made the necessary changes in the text as suggested by the reviewer. 

(7) Instead of the current figure 1, it would be more helpful to update it to show a timeline of all fMRI 

sessions and described blocks, and showing where the neurofeedback training, pre-training session, post-

training session, etc. occur (and be consistent using those terms across the protocol). Please include when 

the questionnaires are given, unless these were only used to validate the protocol, in which case, they 

should be mentioned in the Rep. Results section. 
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Reply: We have made a table explaining the timeline of all fMRI session as suggested by the reviewer. 

(8) Introduce/describe the implicit bias task and citations in the Introduction. Also, it's not clear how and 

where the implicit bias test fits into the protocol. It becomes a little more clear in Fig. 2, but Fig. 2 is also 

very confusing. Please add the implicit bias test to the updated Figure 1 timeline, and make sure only the 

"how to" details are described in a logical place in the Protocol. 

Reply: We have made the necessary changes in the text as suggested by the reviewer. 

(9) Figure 2 is confusing. The abbreviations are not defined (e.g. TR, SOA). It may be helpful to the reader 

to label each picture, using the same timeline labels that are consistent throughout the protocol. Please also 

refer to Fig. 2A and 2B at appropriate places in the protocol. 

Reply: We have made the necessary changes in the text as suggested by the reviewer. 

2) The reviewer has concerns regarding the statistical analyses. 1) Please be sure that the statistical 

approaches used for the example patient are correct. There are many t-tests reported but the only mention 

of controlling family-wise error is, "In addition, ANOVA was used to correct for multiple comparisons." 

ANOVA was used for which families of comparisons? Why aren't those ANOVAs reported for the 

representative results? 2) Please include in the Statistical Analysis section those tests that are typically 

appropriate if someone is using the written protocol section, at all relevant steps. It would be useful to state 

in what capacity the statistics are used (e.g., to verify increased activity in insula in each smoker (?), to 

verify success of the training, etc.). Is there a BOLD baseline subtraction applied? Any stats just for 

validating the protocol should appear in the Rep. Results. 

Reply: We have made the necessary changes in the text as suggested by the reviewer. 

3) The Discussion overall need better organization and flow. Lots of speculation ("might") in the beginning 

paragraph of the Discussion—could be improved by simply stating the uses of the protocol and the authors 

general findings and interpretations, followed by some speculation on the meaning, if needed. As for the 

section on use of neurofeedback in clinical settings, maybe that would be better in the Introduction and not 

the Discussion. It also seems strange here to spend a long paragraph in the Discussion on why rtfMRI 

should be replaced by another method -- the authors seem to be discouraging use of this method they have 

just described. Of course it is good to discuss drawbacks and briefly compare and contrast with alternatives 

and suggest that improvements are needed (and possibly how), but then it is important to bring home the 

idea that this form of rtfMRI is a decent option in the meantime and for what potential uses. 

Reply: We wanted to make a realistic assessment of used rtfMRI in the clinical setting. We have made some 

changes in the discussion as suggested by the reviewer. We have proposed a new protocol to use the 

benefits of rtfMRI and use EEG-based fMRI system as a supplement to extend the neurofeedback training 

and lower the total cost.  

Minor Concerns: 

1. It may be of use to the reader to mention how rtfMRI has already been used to detect cognitive function 

in patients in a vegetative state (e.g., deCharms, R. Christopher. "Applications of real-time fMRI." Nature 

Reviews Neuroscience, vol. 9, no. 9, 2008, p. 720.) 

Reply: We wanted to focus on the neurofeedback-based application of rtfMRI in our manuscript. The 

example suggested by the reviewer is more related to fMRI-based Brain computer Interface (BCI). Thus, the 

example suggested by the reviewer might not go in line with the current application. We have included more 

example of this protocol could be extended to other addictions.    

 

2. Report statistical tests in a typical manner (e.g, replace "t stat" with tdf=x.xx, p3. Does the average fMRI 

user understand what is meant by "signal acquisition using an echo planar imaging (EPI) pulse 

sequence?" 

Reply:  We have replaced tstat with tdf in the text. We think most of the fMRI users know about EPI 

pulse sequence.  

 

4. Since the paper is in English, please include the English translation of "Sieg" in the Figure 2 

description. 



Reply: We have included the translation of “Sieg” in the legend of the figure 2.  

5. This statement is confusing: "…they received a variable amount in 40% of their trials." It is clear from 

the details that follow that the feedback was not always contingent and that the total amount was the 

same, but more details are needed. 

Reply: We have tried to explain the statement better. The explanation is presented as a note line 265-

271. 

 

Reviewer #2: 

Major Concerns: 

The manuscript is generally well written with extensive methodology and an explicit description of the 

aims. The discussion ties on the proposed hypotheses and puts the results into a bigger context. 

However, presenting only the results of an individual subject makes the results scientifically meaningless 

and leaves the question of the validity and effectiveness of the applied approach completely 

unanswered to the audience. The study is described as being planned for a bigger sample and there are 

no reasons given for the selected analysis of one single participant. Furthermore, the title and abstract 

lack a hint of this report being a case study. While a single subject can serve as an illustrative example, 

claims about the method need to be supported by results of a larger sample. 

On the positive side, this article gives a nice overview of the latest state of the art in rtfMRI and provides 

a pictorial representation making it easier to comprehend the method. 
Reply: We plan to publish the complete study with 17 subjects as a scientific article. Therefore, we did not 

present all the data in the current article. As per the suggestion from the reviewer, we have added the 

results from four participants. 

 

Minor Concerns: 

Was the goal of the experiment to support participants to stop smoking? Did participants seek 

treatment and how were they recruited? 

Reply: The goal of the experiment was to explore the role of the insula in craving behavior and whether 

the learned self-regulation of insular cortex results in modification of smoking behavior. In the end, 

whether there is a long-term effect of neurofeedback training on the smoking behavior of the 

participants. These participants do not seek treatment. They were recruited by advertisement in the 

newspapers and pamphlet.  

 

The description of the methods could be reordered and structured slightly differently. Sometimes the 

authors refer to methods that have not been mentioned and integrated into the logic of the experiment 

before (e.g. the Implicit behavior task) 

Which anatomical landmarks were used to define the target ROIs? (l.206) 

Reply: The protocol has been re-structured and the changes are indicated by red color.   

 

How do you know that 40% rewarded trials in the sham group is equal to the average reward received in 

the experimental group? Wouldn't it be necessary to sample the whole experimental group first then? 

The study included 5 MRI-sessions, but only 2 apply NFB. Why was NFB not more emphasized? 



We have tried to explain the statement better. The explanation is presented as a note line 265-271. This 

is one of the limitations of the current protocol. In the future protocol, we would like to have a larger 

number of neurofeedback training sessions.  

 

 

The equation for calculation of the feedback signal (l.210f) does not make sense for me. It would 

probably make more sense to use "percentage change" (as in l. 266) in it? 

Reply: Percentage change in the BOLD signal as feedback has some issues. The BOLD fluctuate a lot 

between the fMRI runs.  Thus, while calculating the percentage change, the same absolute change in the  

BOLD signal  would result in different feedback values, e.g., if the baseline BOLD value in one run is 400 

and in another run it is 450, then the absolute BOLD value change of 5 points will result in different 

percentages even though the fluctuation of 50 BOLD points is related to the system noise.  

  

From my understanding ANOVA is not a method to correct for multiple comparisons. (l. 275/l. 285) 

Reply: Yes, we agree with the reviewer. We have removed the statement.  
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