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A large number of studies have reported the association between pathological neural diseases (e.g., 

addicted disorders) and abnormal interactions in a large-scale brain network which is called the 

triple network. Cannabis users have shown dysfunctional interactions in the triple network during 

resting state (RS), which has been related to problematic symptoms of cannabis use. Among 

diverse tools, non-invasive repetitive transcranial magnetic stimulation (rTMS) has been 

introduced as an effective tool to moderate aberrant activity in the triple network. The posterior 

cingulate cortex (PCC) and precuneus are important hubs in the default mode network (DMN) and 

have cannabinoid receptors targeted by delta 9 tetrahydrocannabinol (THC) which is the main 

component of cannabis. This led us to test whether neuromodulation of these regions may 

moderate dysfunctional interactions between the areas of the triple network at rest. To that end, 

we collected electroencephalographic (EEG) recordings during RS after 10 Hz (high frequency, 

HF) and 1 Hz rTMS (low frequency, LF) in 12 cannabis users and 11 non-cannabis users. Using 

the exact Low-Resolution Electromagnetic Tomography (eLORETA) software, we examined 

connectivity strength in the triple network with resting-state EEG recordings. The results showed 
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that HF rTMS to the PCC and precuneus has increased the delta connectivity following the LF 

rTMS between DMN and central executive network (CEN) in cannabis users, specifically between 

the PCC and left dorsolateral prefrontal cortex (dlPFC). In contrast, no effects of HF rTMS were 

observed in non-cannabis users. To sum up, our results present that HF rTMS to the PCC and 

precuneus can effectively modulate a partial connectivity (DMN-CEN) of large-scale network in 

cannabis users. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cannabis Use 

Cannabis is the most commonly used illegal psychoactive substance in the United States [1]. 

From 2002 to 2017, the portion of people that had cannabis in the preceding month increased by 

98% and the percentage of cannabis used every day or almost daily increased by 40% [1]. Along 

with the growing interest in cannabis over the past 20 years, various studies have been reported 

on diseases such as cannabis-related mental and social activities [5,7,13-17]. However, the 

awareness of risks associated with marijuana use is decreasing [3,4]. These phenomena have led 

to concentration on health issues caused by cannabis use, and also focused on corresponding 

structural and functional abnormalities in the brain. [9-12,18]. 

 

1.2 Resting-State EEG 

Resting states (RS) of the brain, a condition of non-task-involved states, have been an increase in 

the interest in studying the cannabis effects [8-11]. The RS in the brain is used as the reference 

functional state of brain activity since it remains active to respond quickly to changing external 

stimuli [19-21]. Electroencephalography (EEG) is widely used as a measure of electrical activity 

in the brain because it provides different frequency bands: the delta (1–4Hz), theta (4–7 Hz), 

alpha (8–12 Hz), beta (13–30 Hz), and gamma (31–50 Hz) frequency bands. In contrast to 

measurement of secondary changes such as glucose metabolism or blood flow in functional 

magnetic resonance imaging, positron emission tomography (PET) and single photon emission 
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computed tomography, EEG directly measures electrical potentials with interaction between 

those frequency and dynamic neural system in high temporal resolution (1-2 milliseconds) [19, 

74,90,97]. EEG is indexed as a more efficient tool to identify cerebral cortex connections [22-

26]. Furthermore, resting-state EEG has assessed intrinsic activity from cannabis users’ brains 

when they are during awake and non-involved in a task [90,91,125]. Struve and colleagues have 

consistently reported that long-term cannabis users showed an increase in alpha and theta power 

and a decrease in delta and beta power when their eyes were closed at rest [104,142,145]. 

Globally decreased theta band in resting-state EEG in cannabis users, which was consistent with 

the result of increased automatic arousal, was also presented [39]. Prashad et al. showed increase 

in theta, beta and gamma power bands and a decrease in delta band in cannabis users contrary to 

non-cannabis users when subjects were at rest [8].  

 

1.3 The Brain’s Triple Network 

The triple network comprising of default mode network (DMN), salience network (SN) and 

central executive network (CEN) has been conceptualized to play a critical role in the 

dysfunction of the brain in addiction [9,10,31,35-38]. Studies in recent decades have shown that 

reward-associated behaviors and addictive disorders are more related to abnormally functional 

interactions between regions in the large neural networks than isolated operations of single brain 

regions [6,9,40,44,89,121]. The medial prefrontal cortex (mPFC) and the posterior cingulate 

cortex (PCC) in the DMN are more active during internally focused states (e.g., self-referential 

processing and resting state) [27,28,92,94,154]. Contrary to the DMN, CEN is located in 

dorsolateral prefrontal cortex (dIPFC) and posterior parietal cortex (PPC), which are active when 
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participants are involved in an external task [29,30]. The SN consists of the dorsal anterior 

cingulate cortex (dACC) and bilateral anterior insula (AI) [31]. This network is important as a 

main hub in the triple network since it supports human behavior by segregating the most relevant 

among external (e.g., emotional) stimuli managed by CEN and internal (e.g., physiological 

signals) stimuli managed by DMN [9,30,32,33]. The declined strength of SN-DMN network has 

been reported in nicotine users [111] and cocaine-dependent participants [38,112]. Moreover, 

increased connectivity between SN and DMN and decreased connectivity between CEN and left 

DMN were seen in heroin-dependent groups compared to controls [113]. 

 

1.4 Repetitive Transcranial Magnetic Stimulation (rTMS) 

In recent years, repetitive transcranial magnetic stimulation (rTMS) has been broadly used as a 

promising new avenue of treatment in neurobiological mechanisms shown to be deficient in 

addicted patients [12,42,105,107,143]. This neuromodulation tool induces neural plasticity in the 

brain by using magnetic coils as a current. [12,41,42]. By delivering electromagnetic induction, 

rTMS can induce modulatory effects on human cortical excitability in the target sites of the 

stimulation and even distal areas [106]. A solenoid (i.e., coil) elicits a transient electric current at 

cortical surface by delivering a strong and ephemeral magnetic pulse [150]. The current affects 

cell membranes by depolarizing it when it is over their thresholds, which leads to 

depolarized/hyperpolarized networks interacting neurons. Its mechanism facilitates action 

potentials in neurons, which results in plasticity of synaptic connectivity [75,150]. It has been 

reported that rTMS is frequency dependent: Lower frequency (≤ 1 Hz; LF) gives rise to a 
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decrease in cortical activity while high frequency (≥ 5 Hz; HF) enhances cortical responses due 

to a reduced motor-evoked potential threshold [148,149,152,153].  

 Sahlem et al. examined the effects of rTMS with figure of eight coil over left dlPFC in 

heavy cannabis users through cue-elicited Marijuana Craving Scale (MCQ) total scores [43]. The 

users did not show significant decrease in the total MCQ when subjects had active HF rTMS (vs. 

sham rTMS) [43]. However, Parshad et al. showed that HF rTMS has significantly mediated the 

increased response to self-relevant stimuli in cannabis users [12]. This study has demonstrated 

that rTMS can stimulate deeper brain regions (PCC and precuneus) using double-cone coil 

(DCC) [12]. With the comparatively large winding loop size and the tight coupling to the head, it 

has been demonstrated DCC is the most focal among coil types that can stimulate deep regions in 

the range of TMS energy [118]. It has been also proved that rTMS using DCC showed 

significant modulatory effects in targeting deeper brain regions [49,50].   

 

1.5 The PCC and Precuneus 

The PCC and precuneus are hubs in the DMN, are active in processing internal information (e.g., 

self-referential processing) [108,109] and underlie motivational and affective components of the 

DMN [27,28]. Specifically, the PCC is enriched with cannabinoid receptors targeted by delta 9 

tetrahydrocannabinol (THC), the main component of cannabis intoxication [117]. The precuneus 

was also shown to have decreased volume in gray matter following cannabis use [110].  

Prashad et al. presented a modulated response to internal stimuli in cannabis users when 

the PCC and precuneus were targeted with 10Hz of HF rTMS [12]. In accordance with the result, 

the present study is examining how HF rTMS affects the brains of cannabis users during RS, 
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especially the triple network that includes the PCC (one of the targeted cites), when HF rTMS is 

given to precuneus and PCC.   

 

1.6 Overview of the Study 

Cannabis related research over the past decade have witnessed the potency of the large-scale 

network analyses in understanding psychopathological disturbances in the cannabis disorders 

[9,10]. Wall et al. exhibited decreased functional networking interaction in cannabis users during 

RS. [10]. THC prominently showed its disruption on the DMN where the PCC is a key role 

related to subjective experience of THC intoxication [10]. Furthermore, Imperatori et al. showed 

an increased density of cortical connectivity in delta band between SN (dACC) and CEN (right 

PPC) [9]. This study also showed the positive relationship between problematic patterns arising 

from the use of cannabis and the increased connectivity of dACC and the right PPC [9].  

        In this study, we will examine the notion that neuromodulation via the repeated 

stimulation to the PCC and precuneus acts to relieve dysfunctional RS connectivity in the triple 

network in cannabis users, at least partially, by normalized trends of connectivity within the 

large-scale networks.  
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CHAPTER 2 

METHODS 

2.1 Participants  

We recruited twelve participants with cannabis use almost daily (mean cannabis use days: 

73.4±17.9 in the previous 90 days; 8 males and 4 females; mean age: 29.6±6.4) and eleven non-

cannabis users (6 males and 5 females; mean age: 33.8±13.0) defined as having cannabis <5 

times in their lifetime.  

Following the methods described by Prashad et al in 2019, the use of cannabis was 

identified by Quest Diagnostics (https://www.questdiagnostics.com) by utilizing urine to 

quantify delta-9-THC metabolites in it through gas chromatography/mass spectrometry (GC/MS) 

[12]. All participants’ inclusion criteria consisted of English proficiency and the right-

handedness [12]. The exclusion criteria were evaluated by the Structured Clinical Interview for 

DSM-IV [45] for any record of brain damage, neural-related problems in health such as 

psychiatric diagnoses, or any EEG or rTMS conflicts, regular tobacco use and current reliance on 

alcohol [12].  

Every subject submitted their written information according to World Medical 

Association Declaration of Helsinki, and the research protocol was approved by the Institutional 

Review Board (IRB) of the University of Texas at Dallas [12].  

 

https://www.questdiagnostics.com)a/
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2.2 Demographical data  

All subjects were instructed to refrain from using cannabis 24 hours before the session to prevent 

acute intoxication during data collection. They were also instructed to report 1) Timeline Follow 

Back (TLFB) [46] and 2) records of the date and time of the last cannabis use and 3) absence of 

behavioral indication of cannabis intoxication [12,48]. The aim of this process was to confirm 

achieving cannabis abstinence in individuals enrolled in the sessions.  

Differences between groups are presented in Table 2.1. No significant differences were 

seen in the variables except for gender (p = 0.015, Table 2.1).  

 

Table 2.1. Demographical Data.  

*: P<0.05; MCQ: Marijuana Craving Questionnaire; M/F: Male/Female 

 



 

8 

2.3 rTMS Administration 

Repetitive transcranial magnetic stimulation was administered with a Magstim Rapid2 stimulator 

(Magstim Co. Ltd.) with a DCC (P/N 9902-00; Magstim Co. Ltd.) according to the methods 

introduced in Prashad et al in 2019 [12]. When determining individual motion thresholds, the 

parietal cortex, located 4 cm behind the motor strip [49,50], was stimulated by rTMS [12]. 

The rTMS using a DCC of two-angled windings can efficiently stimulate deeper areas of the 

brain by improving coupling to the head and raising the effect of stimulation power to 

comparatively deep regions in the brain [12,49,50]. The rTMS consisting of DCC with two 

angled windings reached the stimulation site of 3-4 cm depth, PCC and precuneus, over the 

medial parietal cortex [12,51,52]. The coil was placed roughly halfway between the inion and the 

zenith of the vertex and secured with a mechanical arm according to the directions of Vanneste 

and colleagues [12,50].  

Before rTMS sessions, individual motor threshold was indexed by passing single-pulsed 

TMS having a figure eight coil (Double 70 mm Air cooled Coil; Magstim Co. Ltd.) to the motor 

cortex [12]. The threshold value was determined by the lowest stimulation strength criterion that 

stimulated finger regions of the primary motor cortex and then triggered a movement that 

allowed the left thumb of the participant to be perceived visually for 50% of the given time 

[12,53].  

The short-pulse trains of rTMS were given to subjects with the strength of 80% of every 

subject’s resting motor threshold (RMT) or at 45% of maximum stimulator output (MSO) when 

80% of each participant’s RMT went over 45% MSO [12]. This process was conducted since it 
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was reported that participants with TMS using high-intensity DCC may feel much more 

uncomfortable than those with the figure-eight-coil TMS [54]. 

All participants were randomized to receive two rTMS sessions (i.e., 1 Hz and 10 Hz). 

Each subject was given one-week inter-session gap to remove carry-over effects that may affect 

the follow-up session (Figure 2.1) [12,55]. Four of the participants in controls were randomly 

selected to receive 10 Hz rTMS at the first session and the other subjects followed the reverse 

schedule of the session (1 Hz rTMS before 10 HF rTMS) [12]. For cannabis-using group, eight 

participants who randomly selected were stimulated with high frequency TMS in the first session 

while the others in the group were given HF rTMS in the following session. Individual rTMS 

session was composed of 2000 pulses. The HF rTMS sessions had 40 trains of 50 pulses in 5 s 

with an inter-train interval of 50 s. For the LF (1 Hz) rTMS, subjects were given 400 trains of 5 

pulses in 5 s with an inter-train interval of 5 s. To reach more matching stimulation times, the 

latency between trains of pulses was dependent on HF rTMS or LF rTMS [12]. The cooling time 

was applied to prevent possible overheating effect of the coil because the DCC did not have a 

cooling system [12]. The subjects were required to wear earplugs to block the noise derived from 

the rTMS session [12].       
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Figure 2.1. rTMS sessions randomized in the study. The high and low frequencies of rTMS were 

given to participants in both cannabis users and non-cannabis users at intervals of one week to 

avoid the effect of the first session. LF: low frequency (1 Hz) and HF: high frequency (10 Hz) 

 

2.4 EEG Data Acquisition 

Resting-state EEG data collection was administered before and after both LF and HF rTMS 

sessions for each participant. EEG procedure requires the placement of 64 electrodes on the scalp 

using Neuroscan Synamps 2 amplifier with a Neuroscan Quickcap and NeuroScan system (Scan 

4.3.2 software). The EEG recordings of brain electrical activity were conducted while the 

participants sat quietly in chairs and closed their eyes at resting state. With reference to the 

nasion and inion, the electrodes were placed in accordance with the international 10–20 system. 
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The reference electrode was located on the left mastoid. The sampling frequency was 1000 Hz, 

and the impedance of every electrode was held below 7 kO.  

EEG data were preprocessed in EEGLAB toolbox in MATLAB (MathWorks, Natick, MA) 

[56]. The signals were filtered with the “Basic FIR filter” with 0.2 Hz for high-frequency filter and 

100 Hz for low-frequency filter [9]. Artifacts were rejected by visual inspections and independent 

component analysis. At least 2 minutes of cleaned EEG data were used in every participant. The 

artifact-removed signals are segmented into 2-second epochs for the further analysis [2,9,57,58,59-

63]. 

 

2.5 Functional Connectivity Analysis 

EEG analyses were performed by the exact Low-Resolution electromagnetic Tomography 

software (eLORETA) to represent neural interaction [64]. The eLORETA was established and 

evolved at the KEY Institute for Brain-Mind Research at the University of Zurich [79] to 

calculate the intracerebral variance of sources acquired from recordings of electrical activities 

[79]. The recently emergent eLORETA compensating the limitations of the previous versions 

(e.g., LORETA and s LORETA) does not require standardization for correct localization [113]. 

The eLORETA minimizes the localization error using an inverse solution that presents exact 

localization with zero errors in both measurement and biological noise [59,64,73,82]. The 

weights between two adjacent neural sources will be increased and the exact weights describes 

the tomography with the accurate localization attribute in spite of low spatial resolution of this 

software [59,62]. This software has high temporal resolution in milliseconds with EEG 

recordings, which is three times better than that of fMRI with a suitable localization agreement, 
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similar spatial resolution of approximate 7 mm to that of fMRI [54,65,66,96-101]. Dynamically 

changed functional connectivity between two areas in the brain is measured with time-varying 

signals recorded at the two areas [27,71,103]. The three-dimensional realistic head model of 

Montreal Neurological Institute (MNI)-152 brain template was used as eLORETA coordinates 

[9,68,69] and its space was confined to gray matter in the cortex, including a total of 6239 voxels 

of 5 cubic mm spatial resolution [72]. In the eLORETA, only voxels clearly identified as cortical 

gray matter belong to brain compartment.  

 

Table 2.2. eLORETA Coordinates of the Triple Network 

                              

In this study, following the methods described by Imperatori et al in 2020 [9], the 

connectivity was analyzed by calculating the lagged phase synchronization (LPS) method 

[64,72]. This is a widely used method for electrophysiological connectivity since LPS method 

disintegrate the interaction network into instantaneous and lagged components [9,59,64]. LPS 
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method estimates the similarity of two time series between signals in the frequency domain by 

normalized Fourier transforms [60]. LPS approach is associated with nonlinear functional 

connectivity [64], which ranges of 0 to 1 meaning from asynchronization to the maximal 

synchronization [9]. The lagged phase component is almost pure physiological information 

affected minimally by low spatial resolution [60,64] in contrast to the zero-lag component arising 

from several non-physiological effects or several artifacts (e.g., volume conduction) 

[9,60,71,72]. Accordingly, this approach allows us to have accurately nonlinear functional 

connectivity [59-62,73-78]. 

We designated and assessed nine regions of interest (ROI; Figure 2.3, Table 2.2) located 

in the triple network in the brain based on the study conducted by Imperatori et al. in 2020, 

which presented the dysfunctional connectivity of the triple network in cannabis users [9]. The 

81 connections across all pair in ROIs were calculated and source reconstruction was conducted 

by eLORETA [79,80]. The single nearest voxel corresponding to closest to each ROI was chosen 

[9,64,73].  

 

2.6 Statistical Analyses 

EEG connectivity analyses were implemented between groups (cannabis users and non-cannabis 

users) and within groups (with rTMS and without rTMS) for five frequency bands, which were 

delta, theta, alpha, beta and gamma bands. The comparisons of LPS were tested using statistical 

nonparametric mapping (SnPM) supplied by the eLORETA based on Fisher’s permutation [82]. 

SnPM demonstrated its application in the analysis of biomechanical time-series data [151]. This 
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methodology allows hypothesis testing over the entire waves rather than calculation of specific 

data points, which leads to correcting for regional focus bias [76]. It is possible to account for the 

covariance between all ROIs in every frequency band by using vector field analysis, thereby 

limiting inter-component bias [67,95,114]. For the correction, a total of 5000 permutations were 

used for each nonparametric randomization test in the eLORETA program package [61,82,84]. 

This procedure provides critical probability threshold of T-values by comparison of multiple 

ROIs in all of frequency bands which correspond to threshold of statistical significance 

[9,82,70,85] (p < 0.05 and p < 0.01; [86,87]). The validity of the computations is not dependent 

on Gaussianity because of the nonparametric nature of the method [34,83]. Furthermore, EEG 

power values were transformed and normalized by square root transformation [67,95].  

For the within-subject comparison in the cannabis users, the threshold for the significance 

corrected for multiple comparison was T = ± 2.95, which corresponded to p < 0.05. Moreover, 

the eLORETA software presents effect size thresholds for t-statistics corresponding to Cohen’s d 

values [88]: small = 0.2, medium = 0.5, large = 0.8. The effect sizes for T-threshold were T = 

0.632, T = 1.581, and T = 2.530, which corresponds to small, medium and large effect sizes, 

respectively.  

IBM SPSS Statistics for Windows, version 26 (Chicago, USA), was utilized for group 

level-statistical analyses. Specifically, 1) within-group t-tests were conducted to assess the 

effects of HF vs. LF rTMS in each group of cannabis users and controls using repeated measure 

analysis of variance (RM-ANOVA), 2) between-group t-tests were implemented to examine 

differences between the groups (after controlling for gender as it showed a significant difference 

between the groups, Table 2.1) using one-way analysis of variance (ANOVA) and, 3) Linear 
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regression (r) analyses were used to determine the relationship between rTMS-mediated change 

in connectivity with change of craving. For effect size of each analysis in this software, partial 

eta squared (η2) indicated the effect size of within-group comparison. η2 = 0.01, η2 = 0.06 and 

η2 = 0.14 described small, medium and large effects within the group, respectively [147]. The 

Cohen’s d was calculated to represent the effect sizes of between-group comparisons [88]. 

 

2.7 Associations between rTMS-related changes in connectivity and behavior 

We assessed cannabis craving using the Marijuana Craving Questionnaire (MCQ) [47]. The 

MCQ has been applied and proved to be useful in previous substance use studies [43,93]. Each 

subject was required to take MCQ assessment before and after having both LF and HF rTMS 

sessions as designed in the Figure 2.2. The association between the MCQ total scores and the 

delta of the PCC- left dlPFC connectivity in cannabis users was examined. It was investigated 

since the network interacting in delta band only showed significant difference following HF 

rTMS when it compared with having LF rTMS.  

The change of MCQ total scores (∆MCQ) was defined as subtracting the MCQ total 

score receiving LF rTMS from the MCQ total score receiving HF rTMS. The change of delta 

connectivity between the PCC and left dlPFC indicated the value subtracting the strength of the 

connectivity following LF rTMS from the strength of the connectivity following HF rTMS.  
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Figure 2.2. Description of each session. Each subject was required to take MCQ assessments pre 

and post the randomized HF and LF rTMS sessions. Before taking the post MCQ assessment, 

EEG recording was measured. 
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Figure 2.3. Images and MNI coordinates of ROIs in the triple network in eLORETA. Default 

mode network (DMN): medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC); 

Saline network (SN): dorsal anterior cingulate cortex (dACC) and anterior insula (AI); Central 

executive network (CEN): dorsolateral prefrontal Cortex (dlPFC) and posterior parietal cortex 

(PPC); eLORETA: exact Low-Resolution Electromagnetic Tomography software; MNI: 

Montreal Neurological Institute [9] 
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CHAPTER 3 

RESULTS  

3.1 Effects of rTMS in cannabis users 

HF rTMS, compared with LF rTMS, in cannabis users showed a significant difference between 

the PCC and left dlPFC in the RS condition. HF rTMS significantly increased a connectivity 

intensity of cannabis users between the PCC and left dlPFC compared to LF rTMS in delta band 

(Figure 3.1; p = 0.016, η2 = 0.42). In Figure 3.1, the red line provided by the eLROETA software 

presented a statistically significant increase of the lagged linear connectivity in delta band of the 

brain between the PPC and left dlPFC after following HF rTMS compared to having LF rTMS. It 

was when the threshold was set at ± 2.95 corresponding to p < 0.05 (p = 0.016, η2 = 0.42). No 

significant effects in other frequency bands were shown in cannabis users. 

 

3.2 Effects of rTMS in Non-cannabis Users 

No different significant difference was observed in all ROIs during HF vs.LF rTMS in non-

cannabis users (Figure 3.2). The difference between HF rTMS vs. LF rTMS in non-cannabis 

users did not reach a level of significance in any of the frequency bands.  

 

3.3 Difference between Users and Non-users on rTMS Effects 

Figure 3.3 illustrated the difference between groups on rTMS effects. Interestingly, there seems 

to be an inverse effect of HF rTMS in users relative to non-cannabis users whereby HF rTMS 
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(vs. LF rTMS) increased PCC-left dlPFC of deltas band connectivity in users and the effect 

decreased the connectivity in the non-users (Figure 3.3). However, this effect did not reach a 

level of statistical significance (see Figure 3.3) by suggesting no significant interaction effects of 

rTMS in the two groups.  

Measuring the change in the strength of the connectivity in response to each repeated 

stimulation (either HF or LF) compared to the baseline, LF rTMS showed inverse effects in both 

groups, which did not reach significant levels (Figure 3.4 Panel A). HF rTMS increased the 

connectivity at baseline in both groups. Particularly, the connectivity in cannabis users 

significantly increased after having HF rTMS (Figure 3.4 Panel B).  

 

3.4 Relationship between Cannabis Craving and Connectivity in Delta Band  

No behavioral correlates of change in craving, ∆MCQ, were observed with change of strength in 

the delta of PCC-left dlPFC connectivity after having HF rTMS compared to having LF rTMS. 

In contrast to the significantly increased change in the PCC – left dlPFC connectivity of delta 

band, the ∆MCQ was not significantly changed with the HF repeated stimulation. In figure 3.5, 

the scatter plot of ∆MCQ did not show any significant correlation with the change of strength in 

the connectivity between PCC and left dlPFC in delta band in cannabis users (r = 0.043, p = 

0.893), which suggests that there is no effects of HF rTMS in craving in cannabis users following 

LF rTMS.  

 We also checked both rTMS (i.e., HF and LF) effects on craving compared to baseline, 

respectively. No correlates of MCQ total scores were observed with the change of connectivity 

intensity (Figure 3.6).  
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Figure 3.1. Results of HF rTMS vs. LF rTMS in delta frequency band in cannabis users. 

Cannabis users showed increased delta connectivity between the PCC and left dlPFC following 

high rTMS compared to having low rTMS (red line). Panel A. An increase of delta connectivity 

was provided by eLORETA (red line). Panel B. In within-group t-tests, increased connectivity 
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between the PCC and left dlPFC in delta frequency band significantly increased with high rTMS 

compared low rTMS (p = 0.016, η2 = 0.42). Mean values are presented in cannabis users with LF 

and HF rTMS, respectively; dlPFC: dorsolateral prefrontal cortex, PCC: posterior cingulate 

cortex 

 

 

Figure 3.2. Results of HF rTMS vs. LF rTMS in delta frequency band in non-cannabis users. 

Mean values are presented in non-cannabis users with LF and HF rTMS, respectively. 
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Figure 3.3. Results of the connectivity difference between PCC and dlPFC in delta frequency 

band in controls and cannabis users. Counterproductive effects of rTMS were observed on the 

connectivity difference between the PCC and left dlPFC in cannabis users and non-cannabis 

users in delta band. *: P<.05. ns: No significant difference. 
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Figure 3.4. Results of rTMS vs. Baseline in delta frequency band in cannabis users and non-

cannabis users. Panel A. Connectivity strength changed from baseline in response to LF rTMS. 

Panel B. Connectivity strength changed from baseline in response to HF rTMS.  

*: P<.05. ns: No significant difference. 

Panel A 

Panel B 
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Figure 3.5. HF vs. LF rTMS: Scatterplot of correlation between change of total MCQ scores and 

change of the connectivity between the PCC and left dlPFC in delta frequency. Change of MCQ 

total score = (MCQ Total Score following HF rTMS) – (MCQ Total Score following LF rTMS); 

Change of the PCC-left dlPFC connectivity in delta band = (Strength of the PCC-left dlPFC 

connectivity following HF rTMS) – (Strength of the PCC-left dlPFC connectivity following LF 

rTMS) 

 

 

r = 0.043, p = 0.893 
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Figure 3.6. rTMS vs. Baseline (without stimulation): Scatterplot of correlation between change 

of total MCQ scores and change of the connectivity between the PCC and left dlPFC in delta 

frequency. Change of MCQ total score = (MCQ Total Score following either HF rTMS or LF 

rTMS) – (MCQ Total Score at baseline); Change of the PCC-left dlPFC connectivity in delta 

band = (Strength of the PCC-left dlPFC connectivity following either HF rTMS or LF rTMS) – 

Panel A 

Panel B 

r = 0.171, p = 0.596 

r = 0.032, p = 0.922 
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(Strength of the PCC-left dlPFC connectivity at baseline). Panel A. Changes in MCQ by changes 

in connectivity strength following LF rTMS (vs. baseline).  Panel B. Changes in MCQ by 

changes in connectivity strength following HF rTMS (vs. baseline). 
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CHAPTER 4 

DISCUSSIONS 

4.1 Effects of HF rTMS in Cannabis Users 

The ultimate goal of this research was to examine how PCC and precuneus-targeted rTMS 

modulates the functional connectivity in the brain’s triple network. By using LF rTMS as a 

comparison measure, we found that HF rTMS had modulatory effects on the functional 

connectivity between DMN and CEN in cannabis users. Although there was an inverse effect of 

HF rTMS in users and controls, there were no significant group differences in response to rTMS. 

As the change of the connectivity in cannabis users might be due to either increasing effects of 

HF rTMS or inhibiting effects of LF rTMS. So, we compared the connectivity following each of 

the repeated stimulations with baseline. HF rTMS (vs. baseline) showed a significant increase in 

the connectivity in cannabis users while LF did not make significant changes in the connectivity 

intensity when it was compared with baseline. Therefore, this result can back up that HF rTMS 

made a significantly increased effect in the PCC-left dlPFC connectivity intensity of delta band 

in cannabis users. Finally, in cannabis-using subjects, no significant association between the 

change of craving scores and the change of functional connectivity was observed in response to 

HF rTMS over the PCC and precuneus. We also did not see effects of rTMS in craving in 

cannabis users compared to baseline.  
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4.2 Roles of the PCC and dlPFC and their Connectivity in Cannabis Use 

Recent studies have stated that activities in both the PCC and dlPFC are abnormal in cannabis 

use [117,120]. The PCC has cannabinoid receptors targeted by delta 9 THC which is the main 

component of cannabis [117]. Bangalore et al. revealed that by structural MRI scanning cannabis 

significantly and negatively affected the PCC by decreasing gray matter of the PCC compared to 

healthy controls [120]. The dlPFC in CEN has been implicated in the modulation of craving in 

cannabis use disorders as well as nicotine use and cocaine use since dlPFC has been associated 

with craving [81,102,115,116]. For instances, craving was positively correlated with 

hyperactivity of the right dlPFC in cigarette users [81,102]. In another study of cigarette 

smokers, inactivation of dlPFC led to attenuation of sensitivity of other brain regions such as 

medial orbitofrontal cortex, anterior cingulate cortex (ACC) and ventral striatum to cigarette 

cues [115]. In cannabis addiction, a negative relationship between craving and activity in the 

putamen and right dlPFC was reported [116].  

Our finding of HF rTMS modulation in the connectivity between DMN and left CEN 

may arise because HF rTMS enhances the weak connectivity between these regions associated 

with reduced control of cannabis users. This is similar to heroin use where it was reported that 

the weak DMN – left CEN functional connectivity in heroin-dependent patients was related with 

relapse behavior [113]. Li et al. indicated that the weak DMN – left CEN connectivity may affect 

difficulties associated with inhibitory regulation on self-focused thoughts related to drug cues, 

withdrawal symptoms or stress-induced urges [113].   
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4.3 Cannabis Use and Delta Frequency in EEG 

Our findings found that the rTMS-modulated effect was observable in the delta frequency. The 

delta band in EEG has been consistently shown in substance-related disorders, specifically 

craving states [122,123]. A number of studies have shown that craving is positively correlated 

with the increased connectivity of delta frequency in the triple network [9,124,126]. Imperatori et 

al. showed an increased connectivity between SN and CEN in delta band in cannabis users, 

which was positively associated with craving in cannabis users [9]. Lamprodon et al. presented 

that increased coherence in delta band between frontal and posterior areas of the brain was 

related to cigarette cravings [126]. The increase of delta and theta power was shown in cocaine 

users as well [124]. However, Prashad et al. presented that significantly decreased mean degree 

of posterior regions in delta band in cannabis-using subjects (vs. non-cannabis users) showed 

decreased network density in posterior regions [12]. 

Therefore, we speculate that HF rTMS affects the connectivity between the PCC, which 

is located in the posterior regions, and left dlPFC. The increased PCC- left dlPFC connectivity in 

delta frequency after having HF rTMS may be due to the effects of the stimulation on the 

decrease in delta connectivity that was dominated by low delta band in the PCC of posterior 

regions in cannabis users. In contrast to a significant difference in response to HF rTMS within 

the group of cannabis users, no distinct difference was observed within the group of controls. 
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4.4 Possible Interpretation of the Result in the Present Study based on the Results of Other 

Previous Works 

The interpretation of the result in this study is that HF rTMS increases delta connectivity 

between DMN (PCC) and left CEN (left dlPFC) that was lowered due to decreased delta power 

in DMN (PCC) dominating this connectivity in cannabis users. The underlying mechanisms 

behind HF rTMS interacting the network between the PCC and left dlPFC in cannabis users are 

unclear. However, the first possible mechanism that can back up this interpretation is that 

changed connectivity between the target areas and remote cortical regions following rTMS have 

been shown in EEG [130-134] and neuroimaging studies [129]. Previous studies have 

represented that HF rTMS strengthens cortical excitability at target sites and can regulate 

synaptic power via long-term potentiation-like mechanisms [127,128]. It has been established by 

PET, that rTMS also adjusts activity in distal cortical areas [129].  Accordingly, rTMS to the 

PCC and precuneus may have neuroanatomically distributed effects on the triple network, which 

affects projections to the left dlPFC. The second possible mechanism is that HF rTMS may 

modulate connectivity in the regions of the DMN by delivering effects on the direct projections 

from the stimulated sites. Studies using non-human primates have suggested dense and 

reciprocal connections in dlPFC with multiple nodes of DMN that includes the PCC and 

precuneus [135-139]. The third assumption is that projections from the PCC may end at either 

excitatory pyramidal cells or inhibitory interneurons [140], which can lead to increase in the 

original synaptic strength from PCC to left dlPFC.  
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Hence, the PCC and precuneus in the DMN may pass the effects of HF rTMS to the distal 

regions of dlPFC in the delta band which is related to craving during RS by leading the 

stimulation to excitatory pyramidal cells in the dlPFC.  

 

4.5 Limitations 

Interpretation of these findings should take into account the small sample sizes in both groups, 

which reduces the interpretability of findings. The comparison of the connectivity in the triple 

network between groups has not been observed without rTMS, which leads us to a need for 

sham-controlled rTMS. The traditional sham-control may not have fully controlled the effects of 

the rTMS and participants may not have been completely blocked to the existence of active or 

sham rTMS [119,146]. Thus, LF rTMS was used as a comparison measure for HF rTMS. 

However, it is likely that LF rTMS may have affected the connectivity intensity [141]. One study 

has proposed that LF rTMS to a partial region of the triple network has significantly worked in 

moderating symptoms of addiction [141]. Sauvaget et al. has shown LF rTMS to right dlPFC 

decreased the gambling urge without regard to whether the session was active or sham [141]. 

Thus, inhibiting the intensity of connectivity between DMN and CEN with LF rTMS may have 

blurred the differences between the two groups. In addition, a discrepancy of gender between 

cannabis users and non-cannabis users may play a role in showing the results of difference 

between the two groups. Larger sample sizes can compensate for this limitation further.   

No correlation between ∆MCQ and the change of delta strength in DMN-CEN 

connectivity was observed after HF rTMS compared to LF rTMS in cannabis users. Further, 

compared to baseline, correlates of ∆MCQ total scores with the change of the connectivity 
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strength after having either HF or LF rTMS were not observed. Single sessions applied in this 

study might not be enough to induce the change of craving following HF rTMS [144]. According 

to Sahlem et al., the effects of multiple rTMS on craving in cannabis users were observed with 

small sample size (N = 3) [43]. Consecutive rTMS with larger sample size may be a factor in 

showing the modulating effects of HF rTMS in craving in cannabis users as a study using 

cocaine also argues that multiple sessions of rTMS are necessary to moderate gradual craving 

[144]. Nonetheless, this study provides preliminary findings on the association between rTMS 

effects and the triple network EEG functional connectivity in cannabis users using a cutting-edge 

analysis software (eLORETA) in localizing electrophysiological recordings of cortices. 
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CHAPTER 5 

CONCLUSION 

The use of HF rTMS to the PCC and precuneus was explored to see the effects on the triple 

network in cannabis users. In this thesis, we proposed that the single session of HF rTMS has a 

modulatory effect on the partial connectivity of large-scale triple network in those who use 

cannabis, specifically the connectivity between the PCC and left dlPFC.  

The possible mechanisms supporting this result is that 1) connectivity in the triple 

network is likely to be affected from the rTMS as it can be distributed to the adjacent/distal areas 

from stimulation sites [129]. This phenomenon alternates the projections from/to the stimulation 

sites, which leads to changed connectivity intensity in the large-scale brain network. 2) The 

dlPFC has been proved to have densely reciprocal connections with nodes in the DMN [135-139] 

which has the target sites in this study, the PCC and precuneus. Along the connectivity between 

the dlPFC and DMN, rTMS over the PCC and precuneus may modulate the the connectivity. 3) 

It is possible that projections from the PCC and precuneus, after receiving HF rTMS, may head 

to excitatory pyramidal cells, which can strengthen the original strength of connectivity with left 

dlPFC [140]. 

The connectivity between DMN and CEN following LF rTMS had no significant 

difference between the groups. Both the PCC and left dlPFC are known to be highly associated 

with craving in cannabis users. Therefore, significant difference of connectivity intensity 

between the groups were expected to be observed when LF rTMS was applied. Possible reasons 

behind the lack of difference between groups are, first of all, inhibitory effects of LF rTMS that 

might work on the DMN-CEN connectivity [141]. This may lead to overall modulation of 
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inhibiting effects in the connectivity. Additionally, small sample size is also considered as a 

factor in affecting the disruption of generality of the findings in the result. Changes of craving in 

response to rTMS have not been observed. Possible factors behind this can be small sample size 

and single rTMS. Therefore, those factors should be delicately examined for the further research 

in the future.  
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CHAPTER 6 

FUTURE SCOPE 

As a preliminary study, the results might reflect certain aspects of HF rTMS on cannabis users, 

especially in the large network of cannabis users. The present results in the study should be 

evaluated taking into account some limitations listed in the chapter 4.5. First of all, small sample 

size in the research design may affect the validity and the relevance of the findings identified in 

this study. Distribution of the variables from larger sample size can reveal additional aspects in 

the comparison between the groups. Second, we have not assessed the difference in the effects of 

active LF rTMS and sham LF rTMS on the connectivity. There has not been proved that LF 

rTMS can affect connectivity in the triple network. However, there is a research showing that LF 

rTMS over a part of the triple network has significantly mitigated symptoms of a gambling 

addiction [141]. Hence, as LF rTMS has a potency to give modulatory effects to the connectivity 

in the cannabis users, its effects on the connectivity are still open to be examined. 

In within-subject contrast in cannabis users, we failed to show the correlation between craving 

(∆MCQ) and the increased connectivity between DMN and CEN in cannabis users. According to 

the studies conducted by Politi et al. and Sahlem et al., multiple rTMS with large sample size 

seems to be required to see the effects of rTMS in cannabis craving in the future [43,144]. 

Finally, the effects of HF rTMS was assessed via EEG recoding during RS. As possible 

mechanisms behind this modulation might be due to the changed neuroanatomy or 

neuroconnectivity in the paths between the PCC/precuneus and left dlPFC. The duration or 

longitudinal effects of the neuromodulation therapy is still undetermined. Consecutive sessions 

of rTMS are needed to see its long-lasting effects in substance-addicted users.  
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This finding might reflect the aspects of cannabis users having intoxication of cannabis 

from the reduced delta connectivity between DMN and CEN, specifically PCC and left dlPFC, 

which was increased after having HF rTMS. Therefore, future investigations in the relationship 

between the HF rTMS and the triple network in cannabis users can give new therapeutic methods 

with addiction and substance-related disorders.  
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