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Abstract

The posterior cingulate cortex (PCC) and precuneus are hubs in the default mode network and play a role in processing external
salient stimuli. Accordingly, activation in these regions has been associated with response to salient stimuli using drug cue-reac-
tivity paradigms in substance using populations. These studies suggest that the PCC and precuneus may underlie deficits in pro-
cessing salient stimuli that contribute toward the development of substance use disorders. The goal of this study was to directly
test this hypothesis using repetitive transcranial magnetic stimulation (rTMS). Using a double-blind, placebo-controlled design, we
used rTMS to target the PCC and precuneus with a double-cone coil at 10 Hz (high frequency) and 1 Hz (low frequency) in 10
adult cannabis users and 10 age- and sex-matched non-using controls. Electroencephalography data were collected before and
after rTMS during a modified oddball paradigm with neutral, oddball, self-relevant, and cannabis-related stimuli. Cannabis users
exhibited increased amplitude in P3 and faster latencies in the P3, N2, and P2 components in response to self-relevant stimuli
compared to controls during baseline that normalized after rTMS. These results suggest that cannabis users exhibited heightened
salience to external self-relevant stimuli that were modulated after rTMS. PCC dysfunction in cannabis users may be related to
abnormalities in processing salient stimuli, such those during cue-reactivity, and provides a potential target for cannabis use disor-
der intervention.

Introduction

The processing of external salient stimuli (i.e., exteroceptive process-
ing) is critical for responding and adapting to the environment. The
posterior cingulate cortex (PCC) and precuneus have been implicated
in exteroceptive processing (Fransson, 2005; Lou et al., 2010; Luber
et al., 2012) and exhibit activation that is correlated with the default
mode network (Fox et al., 2005; Raichle, 2011; Utevsky et al.,
2014). This correlation with the default mode network, a network of
brain regions that exhibits activation during resting state and deacti-
vation when engaged in a task, is thought to be critical for continu-
ously monitoring the environment for self-relevant stimuli. This
constant monitoring is imperative to quickly identify and react to rel-
evant external stimuli (e.g., predators) and thus, is likely a readily
available attentional resource (Gusnard & Raichle, 2001; Raichle
et al., 2001; Corbetta et al., 2008; Uddin, 2015). Determining the
external stimulus’ relevance to the self is also critical in selecting the

appropriate response and has been reported to be driven by the PCC
(Schilbach et al., 2008; Davey et al., 2016).
Exteroception is of particular importance in substance abuse as

increased awareness to drug-related cues may underlie increased
craving and lead to drug-seeking behavior (Siegel, 2005; Littel
et al., 2012; Paulus et al., 2013; Cadet et al., 2014; DeWitt et al.,
2015). In substance abuse, neuroimaging studies indicate greater
activity in the PCC and precuneus with drug-cue exposure in
cocaine (Grant et al., 1996), alcohol (Tapert et al., 2003), nicotine
(McBride et al., 2006; Brody et al., 2007; McClernon et al., 2009;
Claus et al., 2013), and cannabis (Feldstein Ewing et al., 2012;
Filbey & Dunlop, 2014; Filbey et al., 2016) users. Specifically in
cannabis users, greater activation in the PCC and precuneus in
response to cannabis cues indicates a hyper-sensitization to these
cues (Filbey et al., 2016) and has also been associated with
decreased performance on the Iowa Gambling Task that assesses
strategic decision-making (Bolla et al., 2005; Wesley et al., 2011).
Together with studies reporting increased cue-elicited craving in
cannabis users (W€olfling et al., 2008; Filbey et al., 2009; Filbey &
DeWitt, 2012), these findings suggest that cannabis users not only
have increased salience to cannabis cues and cue-elicited craving,
but also compromised decision-making that may lead to subsequent
drug-seeking behavior.
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The link between processing of external self-relevant stimuli
and increased salience to cannabis cues that is purportedly driven
by the PCC and precuneus provides an interesting approach to
potentially modulate craving via manipulation of these regions in
cannabis users. A method for manipulation of these regions is
through repetitive transcranial magnetic stimulation (rTMS). rTMS
induces neuroplastic changes through the application of magnetic
stimuli (produced in a coil of wire called the magnetic coil)
directly to a brain area and can modulate cortical excitability
using either inhibitory low frequency (≤ 1 Hz; LF) or excitatory
high frequency (≥ 5 Hz; HF) stimulation. This non-invasive neu-
romodulation technique has been applied to relieve symptoms for
neurological and psychiatric disorders (McNamara et al., 2001;
Lomarev et al., 2006; Poulet et al., 2010) and to reduce craving
in nicotine (Amiaz et al., 2009; Hayashi et al., 2013; Li et al.,
2013; Pripfl et al., 2014), cocaine (Camprodon et al., 2007; Politi
et al., 2008), and alcohol users (Mishra et al., 2010; De Ridder
et al., 2011; Rapinesi et al., 2013). In cannabis users, the litera-
ture has been limited with only two studies examining the effects
of rTMS. Fitzgerald and colleagues indicated a reduction in corti-
cal inhibition after single and paired rTMS targeting the motor
cortex in cannabis users in comparison to control participants
(Fitzgerald et al., 2009). Sahlem and colleagues reported no
change in craving after a single session of 10 Hz rTMS to the
left dorsolateral prefrontal cortex (Sahlem et al., 2018). While
these studies have largely focused on applying rTMS using a fig-
ure-eight coil to the dorsolateral prefrontal cortex (Bellamoli
et al., 2014; Gorelick et al., 2014; Salling & Martinez, 2016), the
above evidence suggests that the PCC and precuneus may also
be appropriate targets for applying rTMS to modulate response to
self-relevant stimuli and reduce craving. Targeting deeper brain
areas, such as the PCC, have shown to be possible using more
advanced rTMS coil designs than the figure-8 coil (Deng et al.,
2013, 2014); however, only few rTMS studies have investigated
the PCC using this double-cone coil (Hayward et al., 2007; Van-
neste et al., 2012).
Thus, the aim of this study was to modulate response to exter-

nal self-relevant stimuli using double-cone coil rTMS by targeting
the PCC and precuneus and to investigate the role of these regions
in processing salient stimuli in cannabis users and non-using con-
trols. To assess neural response to external self-relevant stimuli,
we modified the oddball paradigm to include self-relevant and can-
nabis-related stimuli that occurred infrequently and were expected
to elicit the P3 response (Gray et al., 2004) as well as the preced-
ing P2 and N2 responses measured through electroencephalography
(EEG). We hypothesized a greater P2, N2, and P3 response to
self-relevant stimuli during baseline compared to after HF rTMS
(i.e., 10 Hz) in both cannabis users and non-using controls and no
change after LF rTMS (i.e., 1 Hz) as this condition was used as a
comparison measure. We also predicted a greater response to can-
nabis-related stimuli during baseline compared to after HF rTMS
in cannabis users due to the high salience of these cues to users,
but not in controls.

Materials and methods

Participants

Twenty adult participants were recruited from the general commu-
nity to take part in this study. Of these, 10 reported having ≥ 7 days
of cannabis use in the preceding 30 days (mean age = 27.1 � 4.5;
five females) and 10 participants reported having < 5 separate

occasions of cannabis use in their lifetime (mean
age = 33.9 � 14.1; five females; see Table 1 for demographic infor-
mation). Cannabis use was verified by quantification of delta-9-tetra-
hydrocannabinol (THC) metabolites in urine via gas
chromatography/mass spectrometry (GC/MS) from Quest Diagnos-
tics (https://www.questdiagnostics.com). The inclusion criteria for all
participants included English proficiency and right-handedness. All
participants provided written informed in accordance with World
Medical Association Declaration of Helsinki and the research proto-
col was approved by the Institutional Review Board (IRB) of the
University of Texas at Dallas. The exclusion criteria included any
history of brain injury, neurological of psychiatric diagnoses, or any
EEG or rTMS contraindications, regular tobacco use and current
alcohol dependence as assessed by the Structured Clinical Interview
for DSM-IV (SCID; First et al., 2002).
The participants were instructed to abstain from cannabis use

24 h prior to their sessions to ensure no acute intoxication dur-
ing data collection. Abstinence was verified via the Time Line
Follow Back (Sobell & Sobell, 1992), self-reported date and
time of last use, and absence of behavioral signs of cannabis
intoxication.

Behavioral measures

The TLFB was also used to determine the number of cannabis use
days in the 90 days preceding the session. The Marijuana Craving
Questionnaire (MCQ; Heishman et al., 2009) was used to assess
cannabis craving and the Marijuana Problem Scale (MPS; Stephens
et al., 2002) was used to assess impact of cannabis use on daily life
functioning.

Table 1. Participant demographics (mean � SD)

Cannabis
users

Non-using
controls P-value

N 10 10 –
Age (years) 27.1 � 4.5 33.9 � 14.1 0.16
Gender (M/F) 5/5 5/5 1.0
Years of education 13.7 � 3.1 16.5 � 1.9 0.024*
Ethnicity
Hispanic/Latino 2 1
Non-Hispanic/Latino 8 9 0.56

Race
Caucasian 5 5
African American 3 1
Asian 0 3
Other 2 1 1.0

Number of alcohol drinking
days in preceding 90 days

12.3 � 12.8 5.7 � 8.5 0.077

Number of smoking days
in preceding 90 days

17.9 � 37.7 0 0.15

Number of cannabis use
days in preceding 90 days

76.7 � 18.1 0 < 0.001*

Number of participants
meeting criteria for
cannabis abuse
(current/lifetime)

2/5 0/0 0.12/0.006*

Number of participants
meeting criteria for
cannabis dependence
(current/lifetime)

1/3 0/0 0.28/0.047*

MPS 3.8 � 4.4 – –
MCQ 301.0 � 184.2 12.5 � 31.4 < 0.001*

*P < 0.050. MCQ, Marijuana Craving Questionnaire; M/F, male/female;
MPS, Marijuana Problem Scale.
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Modified oddball paradigm

Similar to Gray et al. (2004), we modified the traditional visual odd-
ball paradigm to include self-relevant stimuli as well as cannabis-
related stimuli. On each trial, a neutral, oddball, self-relevant, or
cannabis-related word was displayed on the screen. For all cate-
gories of stimuli, half of the stimuli appeared in solid text and half
appeared in striped text. Participants were instructed to press the left
button if the stimulus appeared in solid text and the right button if
the stimulus appeared in striped text.
As described by Gray et al. (2004), self-relevant words for each

participant were extracted prior to the experiment. Specifically, all
participants completed a questionnaire in order to obtain personal
information (i.e., self-relevant) such as “mother’s first name,” “high
school,” “pet’s name,” and “hometown zip code” (Gray et al.,
2004) prior to the task. Neutral stimuli were similar information, but
irrelevant or unrelated to the participant. This was verified by asking
participants to rate whether each neutral stimuli was relevant to
them from a scale of 0 (“not at all relevant”) to 4 (“extremely rele-
vant”). Oddball stimuli were neutral stimuli (irrelevant) but appeared
in an oddball color, i.e., blue (all other stimuli appeared in black).
Cannabis-related words included “marijuana,” “joint,” “high,”
“weed,” and “420.” There were 280 neutral trials (70%), 40 oddball
trials (10%), 40 self-relevant trials (10%), and 40 cannabis-related
trials (10%) for a total of 400 trials.

Study design

A randomized crossover study design was implemented with two
data collection sessions 1 week apart (Fig. 1). In the first session,
participants underwent EEG data collection during the task at a
baseline session followed by rTMS administration in either the low
frequency (LF; 1 Hz) or high frequency (HF; 10 Hz) condition. Par-
ticipants repeated the EEG data collection during the modified odd-
ball task after rTMS. In the second session, the participant
underwent the LF or HF rTMS administration and the EEG data
collection during the task. The LF and HF rTMS sessions were
counter-balanced between the participants. This study design
resulted in EEG data under three rTMS conditions: baseline, after
LF-rTMS, and after HF-rTMS.

rTMS administration

Repetitive transcranial magnetic stimulation was performed using a
Magstim Rapid2 stimulator (Magstim Co. Ltd.) attached to a dou-
ble-cone coil (DCC; P/N 9902-00; Magstim Co. Ltd.) placed over
the parietal cortex, 4 cm behind the motor strip (Hayward et al.,
2007; Vanneste et al., 2012), as localized by rTMS when determin-
ing the individual motor threshold. We opted to use a DCC with
two angled windings over the medial parietal cortex to target the
precuneus/PCC as the DCC has shown to be able to reach stimula-
tion targets at depth of 3–4 cm (Kakuda et al., 2013; Lu & Ueno,
2017) and has previously been shown to target the PCC through this
location (Hayward et al., 2007; Vanneste et al., 2012). The coil was
positioned approximately halfway between the inion and the zenith
of the vertex and fixed with a mechanical arm following the proce-
dure of Vanneste and colleagues (Vanneste et al., 2012).
Before each rTMS session, the individual motor threshold was

first determined by delivering single pulse TMS placing a figure-
eight coil (Double 70 mm Air cooled Coil; Magstim Co. Ltd.) over
the motor cortex. The threshold was established by using the crite-
rion of the lowest intensity of stimulation that would result in

visually perceptible movements of the participant’s left thumb 50%
of the time, following stimulation of the finger and thumb area of
the primary motor cortex (Kozel et al., 2018).
Repetitive transcranial magnetic stimulation consisted of short

trains of pulses given at an intensity of 80% of each participant’s
resting motor threshold (RMT) or at 45% maximum stimulator out-
put (MSO) when 80% of the individual RMT exceeded 45% MSO.
This is done because TMS with the DCC at high intensities is very
unpleasant for the participants, more so than figure-eight coil stimu-
lation (De Ridder et al., 2011). The participants received repeated
stimulation at 1 and 10 Hz in two randomized sessions with a 1-
week intersession interval. The purpose of the 1-week wash-out per-
iod was to avoid carry over effects (e.g., Schuwerk et al., 2014).
Each rTMS session consisted of 2000 pulses. The 1 Hz session con-
sisted of 400 trains of five pulses in 5 s with an intertrain interval
of 5 s, whereas the 10 Hz session consisted of 40 trains of 50
pulses over 5 s with an intertrain interval of 50 s. The waiting time
between the trains of pulses varied between the 1 and the 10 Hz
session to reach more matching stimulation time and to avoid poten-
tial overheating of the coil, as the DCC does not have a built-in
cooling system. The participants wore earplugs during the rTMS
session.

EEG data acquisition and analysis

Electroencephalography data were recorded from a Neuroscan
Quickcap with 64 electrodes, Neuroscan Synamps2 amplifier, and
Scan 4.3.2 software. The electrodes were preconfigured in the EEG
net according to the international 10–20 system and placed with ref-
erence to the nasion and inion. The reference electrode was placed
on the left mastoid. Data were re-referenced offline with respect to
both left and right mastoids. Electrode impedances were maintained
below 7 kO. The data were recorded at a sampling frequency of
1000 Hz. EEG was recorded during the modified oddball paradigm.
Offline preprocessing of the EEG data was conducted in

EEGLAB (Delorme & Makeig, 2004) and additional analyses were
conducted in MATLAB (MathWorks, Natick, MA) using custom
scripts. EEG signals were band-pass filtered at 0.1–55 Hz and eye
artifacts were removed using independent component analysis.
The EEG data were segmented 200 ms prior to stimulus onset

and 1000 ms after stimulus onset for each trial. Each stimulus con-
dition was averaged individually for nine electrode sites (F3, Fz, F4,
C3, Cz, C4, P3, Pz, and P4) for each participant. The P2 (150–
200 ms after stimulus onset), N2 (250–300 ms after stimulus onset),
and P3 (300–600 ms after stimulus onset) components were ana-
lyzed in response to the stimuli as these are characteristic event-
related potentials (ERPs) elicited in the standard oddball paradigm.

Statistical analyses

A five-way mixed factorial (2 9 2 9 3 9 3 9 3) ANOVA with
Group (cannabis user, non-using control) as the between subjects
variable and rTMS Condition (baseline, LF rTMS), Stimulus (od-
dball, self-relevant, cannabis-related), Region (frontal, central, pari-
etal), and Laterality (left, midline, right) as the within subject
variables was conducted separately for the P3 component amplitude
and latency. A separate five-way mixed factorial ANOVA was con-
ducted to compare baseline and HF rTMS. Greenhouse-Geisser cor-
rected P-values were used when sphericity was violated.
Significance was defined at P < 0.050. Post hoc analyses were con-
ducted on significant effects as well as on pairwise and between-
group differences determined a priori using a Bonferroni correction.
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Similar separate five-way mixed factorial ANOVAs were conducted
for the P2 and N2 components. To assess the effect of rTMS on
craving, a repeated measures ANOVA was conducted on the MCQ
scores recorded during baseline, after LF rTMS, and after HF rTMS
in cannabis users. The amplitude and latency of the three compo-
nents was also correlated with measures of cannabis use (SCID
symptom count, MPS score, and number of cannabis use days in
the preceding 90 days) and subacute effects of cannabinoids (hours
since last use and THC metabolite levels) in the cannabis using
group.

Results

Participants

There were no significant differences in age, gender, or ethnicity
between the cannabis users and non-using controls; although, the
controls as a group were older compared to the users. While there
were no significant differences between number of alcohol drinking
and smoking days in the preceding 90 days, on average the user
group drank and smoked on more days (mean alcohol drinking
days = 12.3 � 12.8; mean smoking days = 17.9 � 37.7) compared
to the control group (mean alcohol drinking days = 5.7 � 8.5; mean
smoking days = 0). The user group had significantly greater canna-
bis use compared to controls in the preceding 90 days (cannabis
users mean = 76.7 � 18.1 days; controls mean = 0; P < 0.001).
Two of the cannabis users met criteria for current cannabis abuse,
five met criteria for lifetime cannabis abuse, one met criteria for cur-
rent cannabis dependence, and three met criteria for lifetime canna-
bis dependence.

Behavioral measures

The repeated measures ANOVA found no differences in MCQ scores
during baseline, after LF rTMS, and after HF rTMS (F2,18 = 1.6,
P = 0.22).

P2 component

LF rTMS

The mixed factorial ANOVA found a significant main effect of Region
(F1.3,22.5 = 7.3, P = 0.009, partial g2 = 0.29) and a Region x Later-
ality interaction (F2.8,50.3 = 6.4, P = 0.001, partial g2 = 0.26) in P2
amplitude. Post hoc analyses found increased amplitude in the fron-
tal electrodes compared to the central electrodes on the left
(P = 0.021, Cohen’s d = 0.34), midline (P = 0.001, Cohen’s
d = 0.41), and right (P < 0.001, Cohen’s d = 0.53) hemispheres.
Mixed factorial ANOVAs on the latency of the P2 component indi-
cated a main effect of Region (F2,36 = 19.0, P < 0.001, partial
g2 = 0.51) and Group (F1,18 = 5.5, P = 0.030, partial g2 = 0.24).
There were also significant interactions between Laterality 9 Stimu-
lus (F4,72 = 4.2, P = 0.004, partial g2 = 0.19), Laterality 9 Stimu-
lus 9 Group (F4,72 = 2.8, P = 0.034, partial g2 = 0.13), and rTMS
Condition 9 Region 9 Laterality 9 Stimulus (F8,144 = 2.2, P =
0.030, partial g2 = 0.11). Post hoc analyses found slower response
in controls compared to users overall and faster response in
the left and right frontal and central regions compared to the pari-
etal regions in response to self-relevant stimuli (left frontal,
P = 0.009, Cohen’s d = 1.0; right frontal, P < 0.001, Cohen’s
d = 1.2; right central, P = 0.020, Cohen’s d = 0.76) and right hemi-
sphere in response to cannabis-related stimuli (frontal, P = 0.002,
Cohen’s d = 1.3; central, P = 0.002, Cohen’s d = 1.1) during base-
line. These differences remained after LF rTMS in response to self-
relevant stimuli (left frontal, P = 0.006, Cohen’s d = 1.1; midline
frontal, P = 0.009, Cohen’s d = 1.0; right frontal, P = 0.001,
Cohen’s d = 1.4) and cannabis-related stimuli (right frontal,
P = 0.005, Cohen’s d = 1.2; right central, P = 0.029, Cohen’s
d = 0.65).

HF rTMS

The mixed factorial ANOVA on P2 amplitude found a main effect of
Region (F1.2,20.8 = 5.6, P = 0.007, partial g2 = 0.24) and a Region

Fig. 1. Randomized crossover design of the study. The low and high frequency repetitive transcranial magnetic stimulation sessions were counter-balanced
between the participants. HF, high frequency rTMS (10 Hz); LF, low frequency rTMS (1 Hz).
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x Laterality interaction (F4,72 = 3.3, P = 0.015, P = 0.16). Post hoc
analyses found increased amplitude in the frontal region compared
to the central region in the left (P = 0.046, Cohen’s d = 0.28), mid-
line (P = 0.005, Cohen’s d = 0.33), and right (P < 0.001 Cohen’s
d = 0.46) hemispheres. Mixed factorial ANOVA on P2 latency found
a main effect of Region (F2,36 = 21.6, P < 0.001, partial g2 = 0.55)
and Laterality (F2,36 = 6.4, P = 0.004, partial g2 = 0.26). There
were also interaction effects between Region 9 Laterality
(F2.8,50.1 = 3.2, P = 0.033, partial g2 = 0.15) and Group 9 Stimu-
lus 9 Laterality (F4,72 = 3.1, P = 0.021, partial g2 = 0.15). The
post hoc analyses revealed no significant differences.
The a priori determined t tests analysis found a significantly

higher amplitude in response to self-relevant stimuli in cannabis
users compared to controls in the P4 electrode (P = 0.032, Cohen’s
d = 1.04; see Fig. 2A). There was also a faster P2 response in can-
nabis users after LF rTMS in the F3 electrode (P = 0.042, Cohen’s
d = 0.98) and approached significance during baseline (P = 0.071,
Cohen’s d = 0.86) and after HF rTMS (P = 0.070, Cohen’s
d = 0.86; see Fig. 2B). In the Fz electrode, cannabis users exhibited
faster latency during baseline (P = 0.011, Cohen’s d = 1.26) and
after LF rTMS (P = 0.036, Cohen’s d = 1.01), but not after HF
rTMS (P = 0.13, Cohen’s d = 0.71). Cannabis users also exhibited
faster latency throughout the rTMS conditions in the F4 electrode
(baseline, P = 0.011, Cohen’s d = 1.27; LF rTMS, P = 0.046,
Cohen’s d = 0.96; HF rTMS, P = 0.045, Cohen’s d = 0.97). In the
C3 electrode, cannabis users exhibited faster latency after LF rTMS
(P = 0.039, Cohen’s d = 1.00), but not during baseline (P = 0.27,
Cohen’s d = 0.51) or after HF rTMS (P = 0.21, Cohen’s d = 0.59)
and only during baseline in the Cz electrode (P = 0.035, Cohen’s
d = 1.10). The averaged ERP response to self-relevant stimuli is
depicted in Fig. 3. There were no differences in P2 response to can-
nabis-related stimuli between the groups.

N2 component

LF rTMS

The mixed factorial ANOVA on the amplitude of the N2 component
indicated a main effect of Region (F1.3,23.6 = 6.8, P = 0.010, partial
g2 = 0.27) and a significant interaction between Region 9 Lateral-
ity (F4,72 = 5.4, P = 0.001, partial g2 = 0.23). Post hoc analysis
revealed increased N2 amplitude in the parietal region compared to
the frontal region in both the left (P = 0.017, Cohen’s d = 0.77)
and right (P = 0.024, Cohen’s d = 0.73) hemispheres. For N2
latency, there was a main effect of Laterality (F2,36 = 7.1,
P = 0.003, partial g2 = 0.28) and a significant interaction between
Region 9 Laterality (F2.7,48.9 = 6.1, P = 0.002, partial g2 = 0.25).
Post hoc analyses did not reveal significant differences.

HF rTMS

The mixed factorial ANOVA on N2 amplitude indicated a main effect
of Region (F1.3,22.8 = 5.7, P = 0.020, partial g2 = 0.24) and Lateral-
ity (F2,36 = 4.5, P = 0.018, partial g2 = 0.20), and a significant
interaction between rTMS Condition 9 Region 9 Stimu-
lus 9 Group (F2.4,43.8 = 3.4, P = 0.034, partial g2 = 0.16). Post
hoc analysis revealed increased amplitude in the right hemisphere
compared to the midline (P = 0.021, Cohen’s d = 0.21). Cannabis
users also exhibited increased amplitude in the parietal region com-
pared to the frontal region after HF rTMS in response to the self-
relevant stimuli (P = 0.011, Cohen’s d = 1.3) and the cannabis-
related stimuli (P = 0.048, Cohen’s d = 0.84). For N2 latency, there

was a main effect of Laterality (F2,36 = 5.8, P = 0.006, partial
g2 = 0.25) and interaction effects between Group x Laterality
(F2,36 = 4.6, P = 0.017, partial g2 = 0.20), Region 9 Laterality
(F4,72 = 5.5, P = 0.001, partial g2 = 0.23), and rTMS Condition x
Stimulus (F4,72 = 3.4, P = 0.043, partial g2 = 0.16). Post hoc anal-
yses indicated faster N2 response in users compared to controls in
the left hemisphere (P = 0.011, Cohen’s d = 0.60).
A priori determined t tests found a significant decrease in N2

amplitude after HF rTMS compared to baseline in cannabis users
(P = 0.049, Cohen’s d = 0.70) in the F3 electrode. Cannabis users
also exhibited significantly reduced N2 amplitude compared to con-
trols after HF rTMS (P = 0.042, Cohen’s d = 0.98), but not after
LF rTMS (P = 0.36, Cohen’s d = 0.42) or during baseline
(P = 0.47, Cohen’s d = 0.33). Similar trends were found in the Fz
and F4 electrodes, but were not statistically significant (Fig. 4A).
There were also differences in latency of N2 response to self-rele-
vant stimuli (Fig. 4B). Cannabis users exhibited significantly faster
N2 response to self-relevant stimuli in the F4 (P = 0.037, Cohen’s
d = 1.0), C3 (P = 0.021, Cohen’s d = 1.1) and P3 (P = 0.039,
Cohen’s d = 0.99) electrodes, and approached significance in the Cz
electrode during baseline (P = 0.072, Cohen’s d = 0.85), but not
after LF or HF rTMS.

P3 component

LF rTMS

Mixed factor ANOVA on amplitude of the P3 component indicated a
main effect of Region (F2,36 = 6.2, P = 0.005, partial g2 = 0.26)
and Laterality (F2,36 = 10.7, P < 0.001, partial g2 = 0.37) as well
as significant interactions between Region 9 Laterality (F4,72 = 7.2,
P < 0.001, partial g2 = 0.29) and rTMS Condition 9 Stimulus
(F4,72 = 7.2, P = 0.002, partial g2 = 0.29). Post hoc analyses indi-
cated increased P3 amplitude in the central region compared to the
frontal region in the midline (P < 0.001, Cohen’s d = 0.74) and left
(P = 0.002, Cohen’s d = 0.55) hemispheres. P3 amplitude was also
greater in response to the oddball stimuli compared to the self-rele-
vant stimuli (P = 0.024, Cohen’s d = 0.41) and the cannabis-related
stimuli (P = 0.005, Cohen’s d = 0.40) after LF rTMS. For P3
latency, there was a main effect of Region (F1.5,27.6 = 5.8,
P = 0.007, partial g2 = 0.24) and Laterality (F1.5,27.6 = 8.9,
P = 0.001, partial g2 = 0.33). There were also interaction effects
between rTMS Condition 9 Region (F1.5,26.4 = 4.0, P = 0.043, par-
tial g2 = 0.18), Region 9 Laterality (F4,72 = 3.5, P = 0.012, partial
g2 = 0.16), and rTMS Condition 9 Stimulus (F4,72 = 5.3,
P = 0.009, partial g2 = 0.23). Post hoc analyses indicated slower
P3 response during baseline compared to after LF rTMS in the cen-
tral (P = 0.050, Cohen’s d = 0.40) and parietal (P = 0.043, Cohen’s
d = 0.31) regions. Additionally, there was slower P3 response dur-
ing baseline compared to after LF rTMS in response to the self-rele-
vant stimuli (P = 0.004, Cohen’s d = 0.45) and slower response to
oddball stimuli compared to self-relevant stimuli after LF rTMS
(P = 0.004, Cohen’s d = 0.25).

HF rTMS

The mixed factorial ANOVA on amplitude revealed a main effect of
Laterality (F1.4,26.1 = 7.7, P = 0.002, partial g2 = 0.30) and signifi-
cant interactions between Region 9 Laterality (F2.7,49.0 = 4.0,
P = 0.005, partial g2 = 0.18) and rTMS Condition 9 Lateral-
ity 9 Stimulus (F2.3,41.4 = 3.2, P = 0.046, partial g2 = 0.15). Post
hoc analyses revealed increase P3 amplitude in the central region
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Fig. 2. (A) Amplitude and (B) latency of the P2 component in response to self-relevant stimuli in the nine electrodes of interest. Cannabis users exhibited an
increased P2 amplitude in P4 (P = 0.032) and faster response in frontal and central electrodes during baseline (both Fz and F4, P = 0.011; Cz, P = 0.035) and
after LF rTMS (F3, P = 0.042; Fz, P = 0.036; F4, P = 0.011; C3, P = 0.039) compared to non-using controls. There were no differences between the groups
after HF rTMS, except in F4 (P = 0.045). Error bars indicate standard error, *P < 0.05, +P < 0.08, Pre = baseline. HF, high frequency rTMS (10 Hz); LF, low
frequency rTMS (1 Hz).
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Fig. 3. Averaged event-related potential waveform of self-relevant stimuli of (A) non-using controls and (B) cannabis users in the nine electrodes of interest,
Pre = baseline. HF, high frequency rTMS (10 Hz); LF, low frequency rTMS (1 Hz).
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Fig. 4. (A) Amplitude and (B) latency of the N2 component in response to self-relevant stimuli in the nine electrodes of interest. Cannabis users exhibited a
reduced N2 amplitude in F3 after HF rTMS compared to non-using controls (P = 0.042) and compared to baseline (P = 0.049). Users also exhibited faster N2
response compared to controls during baseline (F4, P = 0.037; C3, P = 0.021; P3, P = 0.039), but not after LF or HF rTMS. Error bars indicate standard error,
*P < 0.05, +P < 0.08, Pre = baseline. HF, high frequency rTMS (10 Hz); LF, low frequency rTMS (1 Hz).
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compared to the frontal region in the midline (P = 0.007, Cohen’s
d = 0.49) and left (P = 0.017, Cohen’s d = 0.37) hemispheres. The
P3 amplitude was also greater during baseline compared to after HF
rTMS in response to self-relevant stimuli in the left (P = 0.012,
Cohen’s d = 0.54), midline (P = 0.009, Cohen’s d = 0.62), and
right (P = 0.037, Cohen’s d = 0.49) hemispheres. For P3 latency,
there was a main effect of Region (F1.5,26.5 = 5.2, P = 0.010, partial
g2 = 0.23), Laterality (F2,36 = 7.1, P = 0.003, partial g2 = 0.28),
and Stimulus (F2,36 = 5.3, P = 0.009, partial g2 = 0.23). There
were also significant interactions between rTMS Condition 9 Stim-
ulus (F2,36 = 5.8, P = 0.007, partial g2 = 0.24), rTMS Condi-
tion 9 Region 9 Laterality (F4,72 = 3.2, P = 0.018, partial
g2 = 0.15), and rTMS Condition 9 Region 9 Stimulus
(F4,72 = 2.6, P = 0.041, partial g2 = 0.13). Post hoc analyses
revealed slower P3 response to oddball stimuli after HF rTMS com-
pared to baseline in the frontal region (P = 0.030, Cohen’s
d = 0.57), but faster response to self-relevant stimuli after HF rTMS
compared to baseline in the central region (P = 0.011, Cohen’s
d = 0.59).
The t tests determined a priori revealed significantly greater P3

amplitude in response to self-relevant stimuli during baseline com-
pared to after HF rTMS in the F3 (P = 0.021, Cohen’s d = 0.98),
F4 (P = 0.005, Cohen’s d = 1.0), and Pz (P = 0.008, Cohen’s
d = 0.95) electrodes in cannabis users (Fig. 5A). Unlike the ampli-
tude, differences in P3 latency in response to self-relevant stimuli
were driven by differences in the control group with slower latency
during baseline compared to after HF rTMS in the C4 electrode
(P = 0.041, Cohen’s d = 1.2) and after LF rTMS in the Cz elec-
trodes (P = 0.004, Cohen’s d = 0.98). There were also group differ-
ences in P3 latency with cannabis users exhibiting faster latency
compared to controls during baseline in Cz (P = 0.022, Cohen’s
d = 1.1) and after HF rTMS in Pz (P = 0.037, Cohen’s d = 1.0).

Correlation with cannabis use measures

There were no significant correlations between the cannabis use
measures and the latency and amplitude of the three components.

Discussion

The aim of this study was to examine the role of the PCC and pre-
cuneus in processing external self-relevant stimuli in cannabis users
and non-using controls. We used rTMS to modulate activity in these
regions and assessed response to self-relevant and cannabis-related
stimuli by recording ERPs. We found that cannabis users exhibited
an increased response to self-relevant stimuli compared to controls
during baseline that normalized after HF rTMS to the PCC and pre-
cuneus.

Cannabis users exhibited heightened exteroceptive processes

The P3 is elicited in response to novel stimuli and has been shown
to also be evoked by self-relevant stimuli (Gray et al., 2004). Can-
nabis users exhibited increased response to self-relevant stimuli dur-
ing baseline that was reduced after HF rTMS, suggested a decrease
in response to externally salient stimuli after rTMS. Users also
exhibited faster P3 response latency to self-relevant stimuli that did
not change after rTMS. Controls, however, exhibited faster P3
latency after LF rTMS in Cz and HF rTMS in C4 compared to
baseline, suggesting faster processing of the stimuli (Folstein & Van
Petten, 2007). The increased amplitude and faster latency of the P3
response in cannabis users compared to controls suggests increased

exteroceptive salience in users not just for cannabis cues (Filbey
et al., 2009, 2016; Feldstein Ewing et al., 2012; Filbey & Dunlop,
2014; DeWitt et al., 2015), but any external self-relevant stimuli.
The group difference present during baseline in Cz indicates that
controls exhibited slower latency compared to cannabis users, but
no differences were found after LF and HF rTMS. In contrast is the
finding that users exhibited reduced amplitude after HF rTMS com-
pared to baseline. Together, these findings suggest that rTMS may
have a modulatory effect on both latency and amplitude. While the
exact nature of the modulation remains unclear, this further indicates
that rTMS to the PCC and precuneus may modulate exteroceptive
processes. The PCC and precuneus are hubs in the default mode
network and involved in determining relevant stimuli from the envi-
ronment and responding appropriately (Schilbach et al., 2008;
Davey et al., 2016).
The N2 response often precedes the P3 response to infrequent

stimuli in the oddball paradigm (Naatanen & Picton, 1986; Luck &
Hillyard, 1994) and is thought to reflect cognitive control and
response inhibition (Schmajuk et al., 2006; Folstein & Van Petten,
2007). Similar to the P3 component, cannabis users exhibited faster
N2 latency during baseline that normalized after LF and HF rTMS.
Studies have previously reported that cannabis users exhibit greater
activity to inhibit an ongoing response in the stop signal task (Filbey
& Yezhuvath, 2013), indicating impaired response inhibition. This
deficient inhibitory control may be reflected in a faster N2 response
that does not allow for the exertion of inhibition. Future studies may
examine whether this change in N2 is associated with an increase in
response inhibition that may further play a role in decreasing crav-
ing after rTMS.
The P2 response is also enhanced in response to infrequent stim-

uli and precedes the N2 response (Luck & Hillyard, 1994). While it
is unclear what cognitive processes it reflects (Crowley & Colrain,
2004), some studies suggest that the P2 component may respond to
stimuli that are associated with threat (Bar-Haim et al., 2005). Can-
nabis users exhibited faster latency that persisted after rTMS. This
increased latency is consistent with the P3 and N2 components and
further suggests faster processing of external self-relevant stimuli in
users. This is supported by recent findings that there is increased
cortical activity during resting state in cannabis users (Prashad et al.,
2018) that may be related to the enhanced neural response to self-
relevant stimuli. These results also indicate that rTMS may not have
an effect on the early sensory processing reflected in the P2.

Cannabis users did not exhibit increased salience to cannabis-
related stimuli

We predicted a greater response to cannabis-related stimuli in canna-
bis users because of their inherent salience to cannabis cues; how-
ever, there were few differences between groups and rTMS
conditions in response to cannabis-related stimuli. This lack of dif-
ference in response to cannabis cues is inconsistent with the current
literature, but may reflect a requirement of additional rTMS sessions
to effect change as well as the sample of users included in this
study. While the cannabis users were almost daily users
(76.7 � 18.1 days of cannabis use in the preceding 90 days), most
did not meet the criteria for abuse or dependence (current or life-
time; see Table 1). Most studies examining response to cannabis
cues have included samples of daily heavy users (Singleton et al.,
2002; Haughey et al., 2008; W€olfling et al., 2008; McRae-Clark
et al., 2011; Filbey et al., 2016) and have found differences in
response between SCID-IV dependent and non-dependent cannabis
users (Filbey & Dunlop, 2014). These differences may also exist in
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Fig. 5. (A) Amplitude and (B) latency of the P3 component in response to self-relevant stimuli in the nine electrodes of interest. Cannabis users exhibited a
decreased P3 amplitude after HF rTMS compared to baseline in F3 (P = 0.021), F4 (P = 0.005), and Pz (P = 0.008). Cannabis users also exhibited faster P3
response compared to non-using controls during baseline in Cz (P = 0.022) and after HF rTMS in Pz (P = 0.037). Error bars indicate standard error,
*P < 0.05, +P < 0.08, Pre = baseline. HF, high frequency rTMS (10 Hz); LF, low frequency rTMS (1 Hz).
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heavy and light users such that light users are similar to non-using
controls as found in previous studies (Pope et al., 2001; Bolla et al.,
2002) and should be further explored.

Effect of rTMS on craving

No differences were found between MCQ during baseline, after LF
rTMS, and after HF rTMS. While neuromodulation studies in nico-
tine, alcohol, and cocaine users (Bellamoli et al., 2014; Gorelick
et al., 2014; Salling & Martinez, 2016; Coles et al., 2018) have
found decreases in craving after rTMS, there is only one other study
examining the effect of rTMS (targeting the dorsolateral prefrontal
cortex) in cannabis users and reported no change in craving after
one session (Sahlem et al., 2018). It may be that subsequent rTMS
are necessary to modulate craving as was suggested by a study in
cocaine users that reported a gradual reduction in craving after daily
rTMS sessions (Politi et al., 2008).

Limitations and future directions

The results of the present study are limited in their interpretability
due to the small sample sizes in both groups. In addition, some
results may reflect the differences between the groups in education,
wider age distribution in the non-using control sample, and
increased alcohol use in the cannabis-using group. A larger sample
and tighter distribution may reveal additional differences in neural
response. Several trends failed to achieve significance, but should be
further investigated in a larger sample size. Of note, the ERP
response displays clear positive (P2) and negative (N2) peaks pre-
ceding the P3 in cannabis users that may reflect a fast initial pro-
cessing of the self-relevant and cannabis-related stimuli that are
absent in controls. While these results did not reach significance,
they may be indicative of differences between the groups that the
current sample did not have sufficient power to detect. Thus, it is
imperative to replicate and extend these findings in a larger sample
that is well matched in variables unrelated to cannabis use (e.g.,
age, education, use of alcohol and nicotine). There were no signifi-
cant correlations between the amplitude and latency of the three
components with measures of cannabis use, suggesting potential
limitations of these measures in indicating subacute effects. It is
unclear whether the results are a result of subacute effects of
cannabinoids, the 24-h abstinence period, or ongoing cannabis use
and may be elucidated in future studies. Nevertheless, these findings
represent an important beginning of a research area with limited
studies and an approach that has not yet been explored. An inherent
limitation in the study design used here is the absence of a sham
rTMS condition. Both rTMS sessions provided stimulation to partic-
ipants at different frequencies (i.e., 1 and 10 Hz), producing a need
for sham-controlled studies. Studies have shown that the traditional
sham condition does not sufficiently control for effects of rTMS as
participants are not entirely blind to the presence of active or sham
rTMS (Loo et al., 2000; Duecker & Sack, 2013).

Conclusions

This study has demonstrated that cannabis users exhibited height-
ened exteroceptive processes that may reflect the increased activity
of the PCC and precuneus previously associated with response to
drug cue-reactivity paradigms in substance using populations. The
increased response to external self-relevant stimuli was modulated
by rTMS targeting these regions such that response to self-relevant
stimuli was normalized after rTMS. This modulation further

implicates the PCC and precuneus in exteroception and suggests that
the increased salience to external self-relevant stimuli may be
reduced through manipulation of exteroceptive processes in cannabis
users by targeting these regions.

Acknowledgements

This work was supported by the Bert Moore Endowed Chair in BrainHealth
at the University of Texas at Dallas.

Conflict of interest

The authors declare no conflicts of interest.

Data accessibility

The data are available upon request to Francesca Filbey.

Author contributions

All authors designed the experiment, ESD and WTT conducted the experi-
ment, SP analyzed the data and wrote the manuscript, and all authors pro-
vided feedback on the manuscript.

Abbreviations

DCC, double-cone coil; EEG, electroencephalography; ERP, event-related
potential; HF, high frequency; LF, low frequency; MCQ, Marijuana Craving
Questionnaire; MPS, Marijuana Problem Scale; MSO, maximum stimulator
output; PCC, posterior cingulate cortex; RMT, resting motor threshold;
rTMS, repetitive transcranial magnetic stimulation; SCID, Structured Clinical
Interview for Diagnostic and Statistical Manual of Mental Disorders-IV;
THC, delta-9-tetrahydrocannabinol.

References

Amiaz, R., Levy, D., Vainiger, D., Grunhaus, L. & Zangen, A. (2009)
Repeated high-frequency transcranial magnetic stimulation over the dorso-
lateral prefrontal cortex reduces cigarette craving and consumption. Addic-
tion, 104, 653–660.

Bar-Haim, Y., Lamy, D. & Glickman, S. (2005) Attentional bias in anxiety:
a behavioral and ERP study. Brain Cogn., 59, 11–22.

Bellamoli, E., Manganotti, P., Schwartz, R.P., Rimondo, C., Gomma, M. &
Serpelloni, G. (2014) rTMS in the treatment of drug addiction: an update
about human studies. Behav. Neurol., 2014, 1–11.

Bolla, K.I., Brown, K., Eldreth, D., Tate, K. & Cadet, J.L. (2002) Dose-
related neurocognitive effects of marijuana use. Neurology, 59, 1337–1343.

Bolla, K., Eldreth, D., Matochik, J. & Cadet, J. (2005) Neural substrates of
faulty decision-making in abstinent marijuana users. NeuroImage, 26,
480–492.

Brody, A.L., Mandelkern, M.A., Olmstead, R.E., Jou, J., Tiongson, E., Allen,
V., Scheibal, D., London, E.D. et al. (2007) Neural substrates of resisting
craving during cigarette cue exposure. Biol. Psychiatry, 62, 642–651.

Cadet, J.L., Bisagno, V. & Milroy, C.M. (2014) Neuropathology of sub-
stance use disorders. Acta Neuropathol. (Berl.), 127, 91–107.

Camprodon, J.A., Mart�ınez-Raga, J., Alonso-Alonso, M., Shih, M.-C. & Pas-
cual-Leone, A. (2007) One session of high frequency repetitive transcra-
nial magnetic stimulation (rTMS) to the right prefrontal cortex transiently
reduces cocaine craving. Drug Alcohol Depend., 86, 91–94.

Claus, E.D., Blaine, S.K., Filbey, F.M., Mayer, A.R. & Hutchison, K.E.
(2013) Association between nicotine dependence severity, BOLD response
to smoking cues, and functional connectivity. Neuropsychopharmacology,
38, 2363–2372.

Coles, A.S., Kozak, K. & George, T.P. (2018) A review of brain stimulation
methods to treat substance use disorders. Am. J. Addict., 27, 71–91.

Corbetta, M., Patel, G. & Shulman, G.L. (2008) The reorienting system of the
human brain: from environment to theory of mind. Neuron, 58, 306–324.

Crowley, K.E. & Colrain, I.M. (2004) A review of the evidence for P2 being
an independent component process: age, sleep and modality. Clin. Neuro-
physiol., 115, 732–744.

© 2018 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 1–13

Processing salient stimuli in cannabis users 11



Davey, C.G., Pujol, J. & Harrison, B.J. (2016) Mapping the self in the
brain’s default mode network. NeuroImage, 132, 390–397.

De Ridder, D., Vanneste, S., Kovacs, S., Sunaert, S. & Dom, G. (2011)
Transient alcohol craving suppression by rTMS of dorsal anterior cingu-
late: an fMRI and LORETA EEG study. Neurosci. Lett., 496, 5–10.

Delorme, A. & Makeig, S. (2004) EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including independent component
analysis. J. Neurosci. Methods, 134, 9–21.

Deng, Z.-D., Lisanby, S.H. & Peterchev, A.V. (2013) Electric field depth–fo-
cality tradeoff in transcranial magnetic stimulation: simulation comparison
of 50 coil designs. Brain Stimul., 6, 1–13.

Deng, Z.-D., Lisanby, S.H. & Peterchev, A.V. (2014) Coil design considera-
tions for deep transcranial magnetic stimulation. Clin. Neurophysiol., 125,
1202–1212.

DeWitt, S.J., Ketcherside, A., McQueeny, T.M., Dunlop, J.P. & Filbey, F.M.
(2015) The hyper-sentient addict: an exteroception model of addiction.
Am. J. Drug Alcohol Abuse, 41, 374–381.

Duecker, F. & Sack, A.T. (2013) Pre-stimulus sham TMS facilitates target
detection. PLoS One, 8, e57765.

Feldstein Ewing, S.W., Mead, H.K., Yezhuvath, U., DeWitt, S., Hutchison,
K.E. & Filbey, F.M. (2012) A preliminary examination of how serotoner-
gic polymorphisms influence brain response following an adolescent can-
nabis intervention. Psychiatry Res., 204, 112–116.

Filbey, F.M. & DeWitt, S.J. (2012) Cannabis cue-elicited craving and the
reward neurocircuitry. Prog. Neuropsychopharmacol. Biol. Psychiatry, 38,
30–35.

Filbey, F.M. & Dunlop, J. (2014) Differential reward network functional con-
nectivity in cannabis dependent and non-dependent users. Drug Alcohol
Depend., 140, 101–111.

Filbey, F.M. & Yezhuvath, U. (2013) Functional connectivity in inhibitory
control networks and severity of cannabis use disorder. Am. J. Drug Alco-
hol Abuse, 39, 382–391.

Filbey, F.M., Schacht, J.P., Myers, U.S., Chavez, R.S. & Hutchison, K.E.
(2009) Marijuana craving in the brain. Proc. Natl Acad. Sci., 106, 13016–
13021.

Filbey, F.M., Dunlop, J., Ketcherside, A., Baine, J., Rhinehardt, T., Kuhn,
B., DeWitt, S. & Alvi, T. (2016) fMRI study of neural sensitization to
hedonic stimuli in long-term, daily cannabis users: reward cue-reactivity in
marijuana users. Hum. Brain Mapp., 37, 3431–3443.

First, M.B., Spitzer, R.L., Gibbon, M. & Williams, J.B.W. (2002) Structured
Clinical Interview for DSM-IV-TR Axis I Disorders, Research Version,
Non-Patient Edition (SCID-I/NP). Biometrics Research, New York State
Psychiatric Institute, New York, NY.

Fitzgerald, P.B., Williams, S. & Daskalakis, Z.J. (2009) A transcranial mag-
netic stimulation study of the effects of cannabis use on motor cortical
inhibition and excitability. Neuropsychopharmacology, 34, 2368.

Folstein, J.R. & Van Petten, C. (2007) Influence of cognitive control and
mismatch on the N2 component of the ERP: a review. Psychophysiology,
45, 152–170.

Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C. &
Raichle, M.E. (2005) The human brain is intrinsically organized into
dynamic, anticorrelated functional networks. Proc. Natl Acad. Sci. USA,
102, 9673–9678.

Fransson, P. (2005) Spontaneous low-frequency BOLD signal fluctuations:
an fMRI investigation of the resting-state default mode of brain function
hypothesis. Hum. Brain Mapp., 26, 15–29.

Gorelick, D.A., Zangen, A. & George, M.S. (2014) Transcranial magnetic
stimulation in the treatment of substance addiction: TMS as addiction
treatment. Ann. N. Y. Acad. Sci., 1327, 79–93.

Grant, S., London, E.D., Newlin, D.B., Villemagne, V.L., Liu, X., Con-
toreggi, C., Phillips, R.L., Kimes, A.S. et al. (1996) Activation of memory
circuits during cue-elicited cocaine craving. Proc. Natl Acad. Sci. USA,
93, 12040–12045.

Gray, H.M., Ambady, N., Lowenthal, W.T. & Deldin, P. (2004) P300 as an
index of attention to self-relevant stimuli. J. Exp. Soc. Psychol., 40, 216–
224.

Gusnard, D.A. & Raichle, M.E. (2001) Searching for a baseline: functional
imaging and the resting human brain. Nat. Rev. Neurosci., 2, 685.

Haughey, H.M., Marshall, E., Schacht, J.P., Louis, A. & Hutchison, K.E.
(2008) Marijuana withdrawal and craving: influence of the cannabinoid
receptor 1 (CNR1) and fatty acid amide hydrolase (FAAH) genes. Addic-
tion, 103, 1678–1686.

Hayashi, T., Ko, J.H., Strafella, A.P. & Dagher, A. (2013) Dorsolateral pre-
frontal and orbitofrontal cortex interactions during self-control of cigarette
craving. Proc. Natl Acad. Sci. USA, 110, 4422–4427.

Hayward, G., Mehta, M.A., Harmer, C., Spinks, T.J., Grasby, P.M. & Good-
win, G.M. (2007) Exploring the physiological effects of double-cone coil
TMS over the medial frontal cortex on the anterior cingulate cortex: an
H2

15O PET study. Eur. J. Neurosci., 25, 2224–2233.
Heishman, S.J., Evans, R.J., Singleton, E.G., Levin, K.H., Copersino, M.L.
& Gorelick, D.A. (2009) Reliability and validity of a short form of the
Marijuana Craving Questionnaire. Drug Alcohol Depend., 102, 35–40.

Kakuda, W., Abo, M., Nakayama, Y., Kiyama, A. & Yoshida, H. (2013)
High-frequency rTMS using a double cone coil for gait disturbance. Acta
Neurol. Scand., 128, 100–106.

Kozel, F.A., Motes, M.A., Didehbani, N., DeLaRosa, B., Bass, C., Schrauf-
nagel, C.D., Jones, P., Morgan, C.R. et al. (2018) Repetitive TMS to
augment cognitive processing therapy in combat veterans of recent con-
flicts with PTSD: a randomized clinical trial. J. Affect. Disord., 229, 506–
514.

Li, X., Hartwell, K.J., Owens, M., LeMatty, T., Borckardt, J.J., Hanlon,
C.A., Brady, K.T. & George, M.S. (2013) Repetitive transcranial magnetic
stimulation of the dorsolateral prefrontal cortex reduces nicotine cue crav-
ing. Biol. Psychiatry, 73, 714–720.

Littel, M., Euser, A.S., Munaf�o, M.R. & Franken, I.H.A. (2012) Electrophys-
iological indices of biased cognitive processing of substance-related cues:
a meta-analysis. Neurosci. Biobehav. Rev., 36, 1803–1816.

Lomarev, M.P., Kanchana, S., Bara-Jimenez, W., Iyer, M., Wassermann,
E.M. & Hallett, M. (2006) Placebo-controlled study of rTMS for the treat-
ment of Parkinson’s disease: rTMS for the treatment of Parkinson’s dis-
ease. Mov. Disord., 21, 325–331.

Loo, C.K., Taylor, J.L., Gandevia, S.C., McDarmont, B.N., Mitchell, P.B. &
Sachdev, P.S. (2000) Transcranial magnetic stimulation (TMS) in con-
trolled treatment studies: are some “sham” forms active?. Biol. Psychiatry,
47, 325–331.

Lou, H.C., Luber, B., Stanford, A. & Lisanby, S.H. (2010) Self-specific pro-
cessing in the default network: a single-pulse TMS study. Exp. Brain Res.,
207, 27–38.

Lu, M. & Ueno, S. (2017) Comparison of the induced fields using different
coil configurations during deep transcranial magnetic stimulation. PLoS
One, 12, e0178422.

Luber, B., Lou, H.C., Keenan, J.P. & Lisanby, S.H. (2012) Self-enhancement
processing in the default network: a single-pulse TMS study. Exp. Brain
Res., 223, 177–187.

Luck, S.J. & Hillyard, S.A. (1994) Electrophysiological correlates of feature
analysis during visual search. Psychophysiology, 31, 291–308.

McBride, D., Barrett, S.P., Kelly, J.T., Aw, A. & Dagher, A. (2006)
Effects of expectancy and abstinence on the neural response to smoking
cues in cigarette smokers: an fMRI study. Neuropsychopharmacology,
31, 2728.

McClernon, F.J., Kozink, R.V., Lutz, A.M. & Rose, J.E. (2009) 24-h smok-
ing abstinence potentiates fMRI-BOLD activation to smoking cues in cere-
bral cortex and dorsal striatum. Psychopharmacology, 204, 25–35.

McNamara, B., Ray, J.L., Arthurs, O.J. & Boniface, S. (2001) Transcranial
magnetic stimulation for depression and other psychiatric disorders. Psy-
chol. Med., 31, 1141–1146.

McRae-Clark, A.L., Carter, R.E., Price, K.L., Baker, N.L., Thomas, S., Sal-
adin, M.E., Giarla, K., Nicholas, K. et al. (2011) Stress- and cue-elicited
craving and reactivity in marijuana-dependent individuals. Psychopharma-
cology, 218, 49–58.

Mishra, B.R., Nizamie, S.H., Das, B. & Praharaj, S.K. (2010) Efficacy of
repetitive transcranial magnetic stimulation in alcohol dependence: a sham-
controlled study: efficacy of rTMS in alcohol dependence. Addiction, 105,
49–55.

Näätänen, R., & Picton, T.W. (1986). N2 and automatic versus controlled
processes. Electroencephalogr. Clin. Neurophysiol. Suppl., 38, 169–186.

Paulus, M.P., Stewart, J.L. & Haase, L. (2013) Treatment approaches for
interoceptive dysfunctions in drug addiction. Front. Psychiatry., 4, 137.

Politi, E., Fauci, E., Santoro, A. & Smeraldi, E. (2008) Daily sessions of
transcranial magnetic stimulation to the left prefrontal cortex gradually
reduce cocaine craving. Am. J. Addict., 17, 345–346.

Pope, H.G., Gruber, A.J., Hudson, J.I., Huestis, M.A. & Yurgelun-Todd, D.
(2001) Neuropsychological performance in long-term cannabis users. Arch.
Gen. Psychiatry, 58, 909–915.

Poulet, E., Haesebaert, F., Saoud, M., Suaud-Chagny, M.F. & Brunelin, J.
(2010) Treatment of schizophrenic patients and rTMS. Psychiatr Danub,
22, S143–S146.

Prashad, S., Dedrick, E.S. & Filbey, F.M. (2018) Cannabis users exhibit
increased cortical activation during resting state. NeuroImage, 179, 176–
186.

© 2018 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 1–13

12 S. Prashad et al.



Pripfl, J., Tomova, L., Riecansky, I. & Lamm, C. (2014) Transcranial mag-
netic stimulation of the left dorsolateral prefrontal cortex decreases cue-
induced nicotine craving and EEG delta power. Brain Stimul., 7, 226–233.

Raichle, M.E. (2011) The restless brain. Brain Connect., 1, 3–12.
Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A.

& Shulman, G.L. (2001) A default mode of brain function. Proc. Natl
Acad. Sci., 98, 676–682.

Rapinesi, C., Kotzalidis, G.D., Serata, D., Del Casale, A., Bersani, F.S., Sol-
fanelli, A., Scatena, P., Raccah, R.N. et al. (2013) Efficacy of add-on deep
transcranial magnetic stimulation in comorbid alcohol dependence and dys-
thymic disorder: three case reports. Prim. Care Companion CNS Disord.,
15. http://doi.org/10.4088/PCC.12m01438 [Epub ahead of print].

Sahlem, G.L., Baker, N.L., George, M.S., Malcolm, R.J. & McRae-Clark,
A.L. (2018) Repetitive transcranial magnetic stimulation (rTMS) adminis-
tration to heavy cannabis users. Am. J. Drug Alcohol Abuse, 44, 47–55.

Salling, M.C. & Martinez, D. (2016) Brain stimulation in addiction. Neu-
ropsychopharmacology, 41, 2798.

Schilbach, L., Eickhoff, S.B., Rotarska-Jagiela, A., Fink, G.R. & Vogeley,
K. (2008) Minds at rest? Social cognition as the default mode of cognizing
and its putative relationship to the “default system” of the brain. Con-
scious. Cogn., 17, 457–467.

Schmajuk, M., Liotti, M., Busse, L. & Woldorff, M.G. (2006) Electrophysio-
logical activity underlying inhibitory control processes in normal adults.
Neuropsychologia, 44, 384–395.

Schuwerk, T., Schecklmann, M., Langguth, B., D€ohnel, K., Sodian, B. &
Sommer, M. (2014) Inhibiting the posterior medial prefrontal cortex by
rTMS decreases the discrepancy between self and other in theory of mind
reasoning. Behav. Brain Res., 274, 312–318.

Siegel, S. (2005) Drug tolerance, drug addiction, and drug anticipation. Curr.
Dir. Psychol. Sci., 14, 296–300.

Singleton, E.G., Trotman, A.J.-M., Zavahir, M., Taylor, R.C. & Heishman,
S.J. (2002) Determination of the reliability and validity of the Marijuana
Craving Questionnaire using imagery scripts. Exp. Clin. Psychopharma-
col., 10, 47–53.

Sobell, L.C. & Sobell, M.B. (1992). Timeline follow-back. In Litten, R.Z. &
Allen, J.P. (Eds), Measuring Alcohol Consumption: Psychosocial and Bio-
chemical Methods. Humana Press, Totowa, NJ, pp. 41–72.

Stephens, R.S., Babor, T.F., Kadden, R. & Miller, M. (2002) The Marijuana
Treatment Project: rationale, design and participant characteristics. Addic-
tion, 97, 109–124.

Tapert, S.F., Cheung, E.H., Brown, G.G., Frank, L.R., Paulus, M.P., Sch-
weinsburg, A.D., Meloy, M.J. & Brown Sandra, A. (2003) Neural
response to alcohol stimuli in adolescents with alcohol use disorder. Arch.
Gen. Psychiatry, 60, 727–735.

Uddin, L.Q. (2015) Salience processing and insular cortical function and dys-
function. Nat. Rev. Neurosci., 16, 55.

Utevsky, A.V., Smith, D.V. & Huettel, S.A. (2014) Precuneus is a functional
core of the default-mode network. J. Neurosci., 34, 932–940.

Vanneste, S., van der Loo, E., Plazier, M. & De Ridder, D. (2012) Parietal
double-cone coil stimulation in tinnitus. Exp. Brain Res., 221, 337–343.

Wesley, M.J., Hanlon, C.A. & Porrino, L.J. (2011) Poor decision-making by
chronic marijuana users is associated with decreased functional responsive-
ness to negative consequences. Psychiatry Res., 191, 51–59.

W€olfling, K., Flor, H. & Gr€usser, S.M. (2008) Psychophysiological responses
to drug-associated stimuli in chronic heavy cannabis use. Eur. J. Neu-
rosci., 27, 976–983.

© 2018 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 1–13

Processing salient stimuli in cannabis users 13

http://doi.org/10.4088/PCC.12m01438

