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Introduction
Alcohol use disorder (AUD), mild traumatic brain injury 
(mTBI), and posttraumatic stress disorder (PTSD) share 
symptoms (Pape et al., 2013) and neuropathology. These 
conditions commonly co-occur, particularly in veteran and 
military populations. Unfortunately, there are few treatment 
options when these conditions co-occur. Treatment devel-

opment, in fact, has involved the conduct of clinical trials 
with stringent eligibility criteria precluding the enrollment 
of people with co-occurring AUD, mTBI and PTSD (AUD 
+ mTBI + PTSD). To address the need to begin developing 
treatments for AUD + mTBI + PTSD, this review paper 
elucidates the scientific evidence supporting use of rTMS. 
Repetitive TMS has potential as a treatment because there is 
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evidence of beneficial effects for AUD (Mishra et al., 2010; De 
Ridder et al., 2011; Rapinesi et al., 2013; Mishra et al., 2014), 
TBI (Louise-Bender Pape et al., 2009; Cosentino et al., 2010; 
Bonni et al., 2013; Kreuzer et al., 2013; Koski et al., 2014), and 
PTSD (Grisaru et al., 1998; McCann et al., 1998; Rosenberg 
et al., 2002; Cohen et al., 2004; Osuch et al., 2009; Boggio et 
al., 2010; Watts et al., 2012; Isserles et al., 2013; Nakama et al., 
2013) when occurring in isolation. To inform future devel-
opment of rTMS as a treatment for AUD + mTBI + PTSD, 
we synthesize this evidence and develop a theory within the 
framework of a neurobiological model.

Each condition in isolation: definitions, 
prevalence and symptoms
Alcohol use disorder (AUD)
AUD is characterized by impaired control over drug seeking 
and use that often occurs in association with severe tolerance 
and episodes of withdrawal, social and occupational impair-
ments, and irritability or intense cravings when alcohol is not 
available (American Psychiatric Association, 2004). Reports 
on the United States (US) population indicate that AUD rates 
reach as high as 9% (Falk et al., 2008) and that 17% of the 
US population engages in binge drinking (i.e., > four or five 
drinks in one sitting) (Kanny et al., 2013). Worldwide AUD 
prevalence rates range from 0% to 16% (World Health Or-
ganization, 2014). Hazardous drinking rates in US veterans 
returning from Iraq and Afghanistan are reported to be even 
higher, reaching 36% (Burnett-Zeigler et al., 2011). Recent 
studies indicate that AUD prevalence rates are also higher 
when mTBI (Carlson et al., 2010) co-occurs with PTSD 
(mTBI+PTSD) (Graham and Cardon, 2008; Polusny et al., 
2011).  

Alcohol craving, or the urge to drink, is a symptom of 
AUD and is important to assess because craving leads to re-
lapse (Bottlender and Soyka, 2004; Chakravorty et al., 2010) 
and predicts drinking behavior (Flannery et al., 2003). Al-
cohol-related environmental cues can take on the rewarding 
properties of alcohol over time. In fact, repeated exposure to 
these cues in the presence of alcohol can induce craving in 
the absence of alcohol which can ultimately lead to excessive 
drinking and relapse (Lowman et al., 2000). 

Traumatic brain injury (TBI)
TBI occurs after a blow to the head resulting in loss of or 
altered consciousness. Mild TBI is characterized by brief 
(≤ 30 minutes) loss of or alteration of (≤ 24 hours) con-
sciousness due to a head injury resulting from external 
forces (ACRM, 1993; O’Neil et al., 2013). A brief period (≤ 
24 hours) of posttraumatic amnesia can also occur (ACRM, 
1993; O’Neil et al., 2013). The injury can be followed by cog-
nitive impairments (e.g., difficulty with concentration and 
memory), physical symptoms (e.g., headache, nausea), or 
behavioral changes (e.g., irritability) which may or may not 
persist (ACRM, 1993). Mild TBI is also defined by normal 
brain morphology detected by a clinical computerized to-
mography (CT) or magnetic resonance imaging (MRI) scan 

(ACRM, 1993; O’Neil et al., 2013). Head injuries resulting 
in loss of consciousness for greater than 30 minutes, post-
traumatic amnesia greater than 24 hours, and/or CT or MRI 
abnormalities are defined as moderate to severe TBI (O’Neil 
et al., 2013).  

An estimated 1.2 million TBIs occur each year in the US 
with the majority being mild (National Center for Injury 
Prevention and Control, 2002). In the US population be-
tween 1998 and 2000, mTBI incidence rates were reported 
as 503 per 100,000 emergency room visits (Bazarian et al., 
2005). The World Health Organization’s mTBI Task Force 
also reports that the majority of head injuries are mild and 
further that the incidence rate of mTBI is estimated as 600 in 
100,000 based on hospital and self-report survey data (Holm 
et al., 2005). 

Because of increased exposure to explosions, US military 
veterans are even more vulnerable to mTBI. Nearly 20% of 
Iraq and Afghanistan conflict veterans experienced a mTBI 
(Hoge et al., 2008; Tanielian and Jaycox, 2008). Athletes en-
gaged in sports are also at an increased risk for mTBI. Inci-
dence rates of mTBI among athletes range from 0.1 to 21.5 
in 1,000 worldwide (Clay et al., 2013). 

 
Posttraumatic stress disorder (PTSD)
Mild TBI and mental health disorders, such as PTSD, have 
overlapping symptoms, making these commonly co-occur-
ring conditions difficult to distinguish (Hoge et al., 2008; El-
der and Cristian, 2009). Hallmark PTSD symptoms include 
intrusive thoughts, hyper-vigilance, avoidance, and response 
to trauma-related cues (American Psychiatric Association, 
2004). These symptoms are caused by a traumatic event 
that resulted in extraordinary harm to themselves or others 
(American Psychiatric Association, 2013). Traumatic events, 
such as explosions, can also result in physical injury and 
mTBI. Therefore, it is not surprising, that PTSD rates among 
people with mTBI are relatively high, 17% and 26–44% in 
US civilian and veteran populations, respectively (Hoge et 
al., 2008; Brenner et al., 2010; Hoffman et al., 2012). More-
over, the co-occurrence of AUD, mTBI and PTSD exacer-
bates symptoms and prolongs recovery (Vanderploeg et al., 
2009). Respondent-driven sampling estimates of co-occur-
ring PTSD and TBI (severity not indicated) are 9%, co-oc-
curring substance use disorder and mental health issue are 
18% and co-occurring substance use disorders, PTSD, TBI 
and major depression disorder are 0.7% among US veterans.

Transcranial magnetic stimulation principles 
& therapeutic applications
Transcranial magnetic stimulation (TMS) principles
TMS is an intervention that is well suited for the treatment 
of co-occurring neurological and psychiatric conditions 
such as AUD + mTBI + PTSD, in part, because the TMS 
mechanism of action allows for non-invasive modulation 
of neural activity. The physical principles of TMS have been 
the subject of many previous publications (Ziad, 2002; Ko-
bayashi and Pascual-Leone, 2003). In brief, TMS generates 
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a magnetic field in a coil that is placed on the scalp (Ziad, 
2002). The field from the coil induces an electrical current in 
the brain tissue beneath the coil, resulting in alterations of 
neural excitability (Ziad, 2002). Depending on stimulation 
parameters, rTMS is able to modulate cortical and subcorti-
cal function by increasing or decreasing cortical excitability 
(George, 2010). 
 
Influence of TMS parameters on therapeutic effects
By adjusting TMS parameters, one can tailor the TMS inter-
vention to be excitatory or inhibitory in accordance with the 
desired therapeutic effect. These parameters include, but are 
not limited to, intensity, frequency, number of stimuli, and 
number of sessions (Lisanby, 2008). Though not a parame-
ter, coil shape also influences the neurophysiological proper-
ties and subsequent therapeutic effects of TMS.

Intensity is conventionally expressed as a function of the 
motor threshold (MT). The MT is determined by using 
single pulse TMS applied to the primary motor cortex and 
is defined as the minimum stimulation necessary to elicit a 
motor evoked potential (MEP) with a minimum amplitude 
in a specified muscle (e.g., abductor pollicis brevis muscle) in 

typically 5 of 10 stimulations (Rossini et al., 1994; Kobayashi 
and Pascual-Leone, 2003). TMS intensity is then set as a 
percentage of the MT. By using this convention, stimulation 
intensity is comparable between patients and between stud-
ies that use different coils or different generators. In general, 
increasing intensity above the MT or using a supra-thresh-
old stimulation intensity will result in excitation of neural 
activity (Ziad, 2002). On the other hand, using a stimulation 
intensity below MT, or sub-threshold, will result in inhibi-
tion of neural activity (Ziad, 2002).

The frequency parameter is the number of pulses per sec-
ond, or hertz (Hz), delivered over the same scalp site. The 
term repetitive TMS (rTMS) refers to TMS provided at a fre-
quency greater than one pulse per second (1 Hz) (Kobayashi 
and Pascual-Leone, 2003). In general, low frequency (<1 
Hz) stimulation will inhibit neuronal activity (Chen et al., 
1997) and high frequency (> 1 Hz) stimulation will facilitate 
neuronal activity when provided at an intensity at or above 
the MT (Wassermann, 1998; Ziad, 2002; Kobayashi and Pas-
cual-Leone, 2003).  

In addition to excitatory and inhibitory effects, the effects 
of rTMS outlast the period of stimulation specifically in 

Anatomical connection

rsFC reduced

rsFC excessive

        Volume loss

        Volume loss

connectivity

connectivity

        (1 condition)

        (2 conditions)

A. AUD alone
CC

CC CC

CC

SN

SN SN

SN

fDMN

fDMN fDMN

fDMN

PFC

PFC
PFC

PFC

Ventral

Ventral Ventral

Ventral

 STR
dorsal

 STR
dorsal

 STR
dorsal

 STR
dorsal

pDMN

pDMN pDMN

pDMN

Thal

Thal Thal

Thal

Amg

Amg Amg

Amg

Hipp

Hipp
Hipp

Hipp

C. PTSD alone

B. mTBI alone

D. Co-occurring mTBI + PTSD + AUD

Figure 1 Neural regions and networks implicated in (A) alcohol use disorder (AUD), (B) mild traumatic brain injury (mTBI), (C) posttraumatic 
stress disorder (PTSD), and (D) their co-occurrence.
PFC: Prefrontal cortex; fDMN: frontal default mode network; pDMN: posterior default mode network; STR: striatum; Hipp: hippocampus;      
Amg: amygdala; Thal: thalamus; CC: corpus callosum. Blue outlines indicate Default Mode Network (DMN); orange outlines indicate salience 
network (SN).



1715

Herrold AA, et al. / Neural Regeneration Research. 2014;9(19):1712-1730.

studies of the motor cortex (Chen et al., 1997; Esser et al., 
2006; Hoogendam et al., 2010), prefrontal regions (Mot-
taghy et al., 2002) and parietal cortex (Hilgetag et al., 2001; 
Wang et al., 2014). The duration of induced excitability can 
range from seconds (Hoogendam et al., 2010) to 24 hours 
(Wang et al., 2014). Further evidence suggests that multiple 
rTMS sessions can have a cumulative effect. For example, 
Baumer et al. (2003) found that two rTMS sessions provided 
24 hours apart prolonged the rTMS effects in motor cortex 
excitability (Baumer et al., 2003). A similar result was found 
by Maeda and colleagues, where two days of 1 Hz or 20 Hz 
rTMS protocols produced enhanced effects on motor cortex 
excitability compared to one day of stimulation (Maeda et 
al., 2000). 

In addition to the above parameters, coil shape directly 
relates to the focality of TMS effects. Smaller coils will pro-
vide a more focal or targeted stimulation (Deng et al., 2014). 
Circular coils provide maximum current underneath the cir-
cumference of the circle and the weakest current within the 
coil center (Ziad, 2002) ultimately resulting in more diffuse 
stimulation. The figure-of-eight coil provides focal stimula-
tion because the site of maximum stimulation is located at 
the intersection of the two circles or windings (Ziad, 2002). 
The double-cone coil and the H-coil are commonly used to 
stimulate deeper brain structures. The double-cone coil ap-
pears as a bent figure-of-eight coil. Neuroimaging evidence 
suggests that when applied to the medial prefrontal cortex 
(mPFC), the effects of the double-cone coil may reach the 
deeper anterior cingulate cortex (aCC) and affect function 
specific to the aCC (Hayward et al., 2007). Recent evidence 
suggests that using the double-cone coil at intensities nec-
essary to penetrate deeper than 4cm may not be safe (Deng 
et al., 2014). The intensity of TMS stimulation is greatest 
directly underneath the coil and decays as a function of 
distance. The intensities required to reach more subcortical 
structures are very strong at the cortical surface, increas-
ing the risk for seizure. Emerging evidence regarding the 
H-coil indicates that deeper brain structures are activated, 
compared to the figure-of-eight coil, at tolerable intensities 
(Zangen et al., 2005; Fadini et al., 2009). The Brainsway TMS 
device (Jerusalem, Israel), which uses the H-coil, recently 
received Food and Drug Administration (FDA) approval in 
the US for the treatment of major depressive disorder. It is 
important to consider that while the double-cone coil and 
H-coil may penetrate deeper brain structures, cortical sur-
face structures will also be affected (Deng et al., 2014). Thus, 
the intensity of rTMS must be within safety parameters for 
surface cortical structures (Rossi et al., 2009). 

Proximal and remote net neural effects of rTMS
Repetitive TMS-induced changes in excitatory and inhibito-
ry neural processes occur at multiple levels, and techniques 
used to measure the overall net neural effects include elec-
tromyography (EMG), electroencephalography (EEG), Pos-
itron Emission Tomography (PET) and advanced Magnetic 
Resonance Imaging (MRI). Collectively, TMS studies using 
these multi-modal measures indicate that rTMS can induce 

change in neural activity in regions local to and remote from 
the stimulation site (Gersner et al., 2011) and within specific 
neural networks related to specific behaviors (Kozel et al., 
2011; Allendorfer et al., 2012). The time course of a single 
pulse of TMS, characterized by an initial neuronal excitation 
followed by prolonged suppression, is thought to be the 
primary mechanism of how repeated TMS pulses result in 
long-lasting effects on neural activity (Ziad, 2002; Kobayashi 
and Pascual-Leone, 2003).  

Evidence of changes local to or remote from the site of 
stimulation can be illustrated via studies of the primary mo-
tor cortex (M1), where both single pulse TMS and rTMS are 
used to elicit muscle contraction contralateral to the M1 area 
targeted (Pascual-Leone et al., 1994). Stimulation of M1 pro-
duces an immediate response in local neural activity as mea-
sured with motor evoked potentials. This activation spreads 
rapidly to both adjacent ipsilateral sites as well as homolo-
gous contralateral areas, revealing connectivity between the 
local and remote brain areas (Ilmoniemi et al., 1997; Casula 
et al., 2014).

Evidence derived from functional MRI (Pleger et al., 2006; 
Ruff et al., 2006; Sack et al., 2007; Blankenburg et al., 2008; 
Fox et al., 2012) and PET (Speer et al., 2003; Ferrarelli et al., 
2004; Ohnishi et al., 2004) measures indicate that rTMS can 
be directed toward specific networks. The rTMS effect can 
be optimized by targeting a site that is a node of a single net-
work or multiple networks. The capacity to target a network 
or networks makes TMS particularly relevant for AUD + 
mTBI + PTSD because the conditions share some common 
networks.

Methods: rTMS as a treatmentfor AUD, TBI, 
and PTSD
For the section ‘Review of existing literature for TMS as a 
treatment for each of the following conditions alone: AUD, 
mTBI, and PTSD’, targeted literature searches were conduct-
ed on each sub-section. Peer-reviewed articles written in En-
glish were identified using PubMed. Because of the novelty 
of this area and the relatively small number of peer-reviewed 
articles on this work, no date limits were set. Search terms 
were: “alcohol”, “non-invasive brain stimulation,” “post-
traumatic stress disorder”, “PTSD”, “repetitive transcranial 
magnetic stimulation”, “rTMS”, “transcranial magnetic stim-
ulation”, “TMS”, “traumatic brain injury”, and “TBI”. The 
literature search cross-referenced relevant review articles 
bibliographies. Only primary research articles where TMS 
was used as a treatment were included.  

For all other sections, the most relevant and recent 
PubMed articles were used to provide supporting evidence.

Review of existing literature for rTMS as a 
treatment for each of the following conditions 
alone: AUD, TBI, and PTSD
rTMS as an AUD treatment 
Repetitive TMS has been tested as a treatment for substance 
use disorders including alcohol use disorder (AUD). To date, 
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there are seven published papers on the use of rTMS as an 
AUD treatment, five of which are randomized controlled 
trials (RCTs) (Mishra et al., 2010; Hoppner et al., 2011; Her-
remans et al., 2012; Herremans et al., 2013; Mishra et al., 
2014), one case series (Rapinesi et al., 2013) and one case 
report (De Ridder et al., 2011). All seven studies assessed 
alcohol craving as an outcome but report inconsistent effi-
cacy results. The findings of these studies are summarized in 
Table 1 according to site of stimulation, frequency, intensity, 
and number of stimulation sessions.  

Addiction treatment factors
When assessing treatment interventions for participants with 
AUD, factors that may affect alcohol craving outcomes such 
as alcohol use history, co-occurring conditions, and med-
ication use should be considered. The alcohol use history 
of subjects who participated in the reviewed papers ranged 
from detoxified to actively drinking, which may have affected 
the influence of TMS treatment on observed outcomes. For 
example, the study by Höppner and the two studies by Her-
remans included participants who were within two to three 
weeks of detoxification (Hoppner et al., 2011; Herremans et 
al., 2012; 2013). Similarly, the case series by Rapinesi includes 
participants who had been abstinent for one month (Rap-
inesi et al., 2013). The case study by De Ridder included a 
participant who was actively drinking during the first rTMS 
course (De Ridder et al., 2011). Finally, while the 2010 study 
by Mishra contained information about the duration of 
alcohol use, the authors did not specify if participants were 
actively drinking before rTMS treatment or alcohol craving 
assessments (Mishra et al., 2010). There is evidence to sug-
gest that alcohol craving levels decrease over time during 
withdrawal (Cordovil De Sousa Uva et al., 2010), therefore 
this factor should be controlled for or acknowledged if the 
goal of rTMS treatment is to decrease alcohol craving. The 
rate of relapse following rTMS treatment should be assessed 
as well. 

People who have conditions that co-occur with AUD often 
take medications to treat one or more of their conditions, 
which is important to account for when providing treat-
ments such as rTMS. The Rapinesi case series specifically 
included participants with AUD and dysthymia (Rapinesi 
et al., 2013), referred to in the Diagnostic and Statistical 
Manual of Mental Disorders V as persistent depression dis-
order (American Psychiatric Association, 2013). These par-
ticipants were taking antidepressants and benzodiazepines. 
Benzodiazepines are commonly prescribed to treat alcohol 
withdrawal symptoms but have addictive liability (Williams 
and McBride, 1998). A single study found that benzodiaze-
pine administration is associated with increases in alcohol 
craving levels among people with co-occurring AUD and bi-
polar disorder (Prisciandaro et al., 2011). In contrast, other 
evidence suggests that antidepressants such as mirtazapine 
reduce alcohol craving levels (Yoon et al., 2006); however, 
the antidepressant fluoxetine is without such effect (Janiri et 
al., 1996; Kabel and Petty, 1996). Following rTMS treatment, 
the participants in the Rapinesi study received lower doses of 

antidepressants due to rTMS-related improvements in their 
clinical condition, which remained improved six months 
after cessation of rTMS treatment (Rapinesi et al., 2013). 
Information on medication use, as well as medication inter-
actions, is important to take into account when interpreting 
effects of rTMS on alcohol craving outcomes.

Summary and implications for future work
The studies conducted by Mishra are the only RCTs which 
proved efficacious for reducing alcohol craving (Mishra et 
al., 2010; Mishra et al., 2014). These studies involved pro-
vision of 10 daily sessions of high frequency (10 Hz) rTMS 
over the right DLPFC (Mishra et al., 2010; Mishra et al., 
2014) and left DLPFC (Mishra et al., 2014) at an intensity 
of 110% MT. The most recent study conducted by Mishra 
provides evidence that provision of rTMS over the right 
or left DLPFC improves alcohol craving pre- compared to 
post-rTMS without a difference between groups (Mishra 
et al., 2010; Mishra et al., 2014). The high frequency su-
pra-threshold stimulation most likely facilitated excitability 
in the DLPFC (Hoogendam et al., 2010). There is evidence 
that high frequency stimulation of the DLPFC can modulate 
dopamine release in deep-brain structures important for ad-
diction and reward such as the nucleus accumbens (Erhardt 
et al., 2004), striatum (Strafella et al., 2001) and aCC (Cho 
and Strafella, 2009). Though there are some gaps as to the 
precise mechanism of these effects, the modulation of corti-
co-striatal dopamine release, presumably an effect of rTMS 
might explain the modulation in alcohol craving reported 
by Mishra. Some consensus can be reached by comparing 
stimulation intensities between studies that using a higher 
frequency of 20Hz which does not impact alcohol craving 
levels (Hoppner et al., 2011; Herremans et al., 2012; 2013; 
Rapinesi et al., 2013). More studies need to be conducted for 
a consensus on appropriate rTMS parameters prior to im-
plementing rTMS as a treatment to reduce alcohol craving 
for AUD.

rTMS as a TBI treatment 
The existing literature regarding use of rTMS as a TBI 
treatment for the primary brain injury as well as neuro-
logical and psychiatric sequelae is in its infancy. To date, 
there are seven published case studies (Pape et al., 2009; 
Cosentino et al., 2010; Fitzgerald et al., 2011; Pachalska et 
al., 2011; Bonni et al., 2013; Kreuzer et al., 2013; Pape et al., 
2014b) and one non-randomized pilot study on rTMS as 
a TBI treatment (Koski et al., 2014). The case studies are 
diverse in that rTMS was customized to treat a specified 
neurological sequelae ranging from overall neurobehavior-
al function (Pape et al., 2009), to a particular deficit (Bonni 
et al., 2013). The studies also range in TBI severity from 
severe to mild. Most recently, Koski et al. (2014) published 
a pilot study on a sample of 15 mTBI participants (Koski et 
al., 2014). This study did not include a sham control group, 
but it provides preliminary evidence that high frequency 
rTMS provided over the left DLPFC may improve symp-
toms associated with mTBI (Koski et al., 2014). Each study 
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is summarized in Table 2 including collective contributions 
or impacts of research findings.

Safety
One adverse event was reported in the eight TBI studies, but 
it should be noted that some of these studies did not explicitly 
address safety. For the TBI population, seizure is the greatest 
potential risk associated with rTMS. Pape et al. (2014b) re-
ported the first rTMS related seizure for a patient who had 
remained in a state of disordered consciousness for nine 
years following a severe TBI. This patient was subsequently 
treated with 1,000 mg levetiracetam and it was reported that 
the patient safely tolerated a revised rTMS protocol while re-
maining on levetiracetam (750 mg BID). The study conducted 
by Kreuzer et al. (2013) included a subject with a history of a 
single seizure after injury, but no seizure activity was reported 
during the provision of rTMS. In this case, the patient was 
maintained on anti-seizure medications during the rTMS 
intervention, and no subsequent seizures occurred during the 
study (Kreuzer et al., 2013). In the pilot study conducted by 
Koski et al. (2014), two of 15 participants withdrew because 
they found the rTMS intervention intolerable. Other side ef-
fects are listed in Table 2 and, importantly, no seizures were 
reported in this study.

Co-occurring conditions
Primary injures due to TBI result in contusions, diffuse axonal 
injuries, hematomas and hemorrhages, but the location and 
extent of these lesions are heterogeneous (Pape, 2014a). Neu-
rosensory and neurocognitive impairments can occur after 
the primary injury. For example, two studies reported using 
TMS to treat auditory impairments due to TBI. Kreuzer et al. 
(2013) reported use of rTMS as a treatment for tinnitus, and 
Cosentino et al. (2010) reported use of rTMS as a treatment 
for musical hallucinations. While aspects of the temporal cor-
tex were sites of the primary lesions, Cosentino et al. (2010) 
stimulated the right posterior temporal cortex to reduce mu-
sical hallucinations and Kreuzer et al. (2013) stimulated the 
auditory cortex to reduce tinnitus symptoms.

Depression co-occurred for two of the TBI patients who 
received rTMS studied in this collective literature. The study 
reported by Kreuzer et al. (2013) describes a patient with a 
TBI and co-occurring tinnitus, depression, and a history of 
alcohol and benzodiazepine abuse. Fitzgerald et al. (2011) 
demonstrated that depression could be reduced in a TBI pa-
tient. These studies signify advancement in neuromodulation 
because the large-scale, double-blind randomized controlled 
trials on rTMS as a treatment for depression have routinely 
screened out patients who incurred TBI or have other co-oc-
curring conditions such as substance use disorders. Most 
recently, George et al. (2014) assessed rTMS as a treatment 
among suicidal inpatients with PTSD, TBI or both. This ran-
domized, sham-controlled pilot trial of high frequency (10 
Hz) rTMS applied to the left prefrontal cortex demonstrated 
that both sham and active rTMS significantly improved sui-
cidal ideation scores without a treatment effect (George et 
al., 2014). However, no PTSD or TBI-specific outcomes were 

reported.

Summary and implications for future work
The main limitation for this body of literature is the limited 
data. Seven TBI case studies and one pilot study in mTBI us-
ing rTMS as a treatment have been published to date. Each 
of these studies used different sites of stimulation and rTMS 
parameters. In addition, the rTMS paradigm for each of the 
TBI case studies was designed to address different sequelae. 
Therefore, there is insufficient evidence to determine the op-
timal stimulation site and TMS parameters for TBI patients. 
Larger-scale studies that rigorously test and optimize rTMS 
treatment parameters for the TBI population are needed. Giv-
en the heterogeneity of injuries within the TBI population, it 
may be beneficial to determine if rTMS can be optimized and 
tailored to each TBI patient or injury. Four reports reviewed 
above used neuroimaging-guided neuronavigation to identify 
the exact site of stimulation (Pape et al., 2009; Pachalska et 
al., 2011; Bonni et al., 2013; Pape et al., 2014b). Integration 
of advanced neuroimaging approaches with rTMS provision, 
to determine ideal site of stimulation and investigate neural 
mechanisms of recovery, will be vital to developing rTMS as a 
TBI treatment.

rTMS as a PTSD treatment 
The potential of rTMS as a neuromodulatory treatment for 
PTSD has been investigated via a series of case studies, pilot 
studies and double-blind RCTs. Table 3 summarizes the effi-
cacy studies according to rTMS parameters and Supplemental 
Table 1 summarizes all studies examining rTMS treatment for 
PTSD. Efficacy studies are those with statistically significant 
improvement in outcomes attributed to a rTMS protocol. 
Studies with questionable or unclear statistical measures were 
not included. A majority of these studies were also reviewed 
recently by Karsen et al. (2014) including a meta-analysis on 
three of these studies.

Co-occurring conditions
As PTSD and depression symptoms commonly co-occur, some 
of the PTSD studies summarized in Table 3 also included pa-
tients with co-occurring depression. Study findings reported 
by Boggio et al. (2010) indicate that depressive symptoms 
improved only for the active left DLPFC group, while anxiety 
symptoms improved only for the active right DLPFC group. 
The depression findings are consistent with the FDA-approved 
rTMS protocol for drug resistant depression (O’Reardon et 
al., 2007). A double-blind RCT conducted by Cohen et al. 
(2004) also found right DLPFC rTMS efficacious for PTSD 
and anxiety symptoms, but found no change in depressive 
symptoms. Furthermore, an open-label RCT conducted by 
Rosenberg et al. (2002) found that veterans with co-occurring 
PTSD and depression who received stimulation to the left 
DLPFC had significantly reduced depression (P < 0.001) and 
PTSD (P = 0.02) symptoms. Most recently, Isserles et al. (2013) 
demonstrated in a double-blind RCT that rTMS to the medial 
PFC using  an H-coil significantly reduced PTSD (P < 0.001) 
and depression symptoms (P < 0.05). The evidence summa-
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Table 3 Summary of efficacy studies of  repetitive transcranial magnetic stimulation as posttraumatic stress disorder  treatment according to parameters

Site of rTMS stimulation

Left DLPFC Right DLPFC

Citation Outcome Citation Outcome

Rosenberg  
(2002)

Immediate: improved depression and  mood; all maintained 
at 2 mo follow-up

Cohen 
(2004)

Immediate: reduced PTSD  symptoms and improved anxiety; 
all maintained at 2 wk  follow-up

Boggio (2010) Immediate: reduced PTSD  symptoms and improved 
depression; former maintained at 12 wk  follow-up

Boggio 
(2010)

Immediate: reduced PTSD  symptoms and anxiety; former 
maintained at 12 wk  follow-up

Nakama (2013) Immediate: reduced suicidal ideations and most PTSD 
&major depression symptoms; all maintained at 3 wk  follow-
up

Watts (2012) Immediate: reduced PTSD  symptoms and improved 
depression; former maintained at 2 mo follow-up

Medial PFC

Isserles (2013) Immediate: reduced PTSD  symptoms and improved depression; former maintained at 2 mo follow-up

Bilateral motor cortex

Grisaru (1998) Immediate: improved clinical impression, reduced PTSD symptoms, improved anxiety & somatization; some PTSD symptoms reduced at 
1wk, anxiety improved at 28 d follow-up

rTMS stimulation intensity (% motor threshold)

80% 90% 120%

Citation Outcome Citation Outcome Citation Outcome

McCann(1998) Immediate: reduced PTSD symptoms; 
after 1mo symptoms returned to baseline

Rosenberg  
(2002)

Immediate: improved 
depression & mood; 
all maintained at 2 mo 
follow-up

Isserles (2013) Immediate: reduced PTSD  
symptoms and improved 
depression; former maintained 
at 2 mo follow-up

Cohen (2004) Immediate: reduced PTSD  symptoms and 
improved anxiety; all maintained at 2wk  
follow-up

Watts (2012) Immediate: reduced 
PTSD  symptoms and 
improved depression; 
former maintained at 2 
mo follow-up

Nakama 
(2013)

Immediate: reduced suicidal 
ideations and most PTSD and 
major depression symptoms; all 
maintained at 3 wk  follow-upBoggio (2010) Immediate: reduced PTSD  symptoms and 

improved depression; former maintained 
at 12 wk  follow-up  

rTMS frequency

Low (≤ 1 Hz) High (5 Hz) High (10 Hz) High (20 Hz)

Citation Outcome Citation Outcome Citation Outcome Citation Outcome

Grisaru  
(1998)

Immediate: reduced PTSD symptoms, 
improved anxiety & somatization; 
some PTSD symptoms reduced at 1wk, 
anxiety improved at 28 d follow-up

Rosenberg 
(2002)

Immediate:  
improved in 
depression 
and mood; 
both 
maintained 
at 1 and 2 mo 
and combat 
related 
symptoms 
were improved 
1 and 2 mo 
follow-up

Cohen 
(2004)

Immediate: reduced PTSD  
symptoms and improved 
anxiety; all maintained at 
2 wk follow-up

Boggio
(2010)

Immediate: reduced 
PTSD  symptoms and 
improved depression; 
former maintained at 12 
wk follow-up

McCann 
(1998)

Immediate: reduced PTSD 
symptoms; after 1 mosymptoms 
returned to baseline

Nakama  
(2013)

Immediate: reduced 
suicidal ideations and 
most PTSD and 
major depression 
symptoms; all 
maintained at 
3wkfollow-up

Isserles
(2013)

Immediate: reduced 
PTSD  symptoms and 
improved depression; 
former maintained at 2 
mo follow-up

Rosenberg 
(2002)

Immediate: improved depression &  
mood; all maintained at 2 mo follow-up

Watts   
(2012)

Immediate: reduced PTSD  
symptoms & improved depression; 
former maintained at 2 mo follow-up

Number of rTMS sessions

Single Session 10–15 Sessions > 15 Sessions

Citation Outcome Citation Outcome Citation Outcome

Grisaru 
(1998)

Immediate: 
improved clinical 
impression, reduced 
PTSD symptoms, 
improved anxiety & 
somatization; some 
PTSD symptoms 
reduced at 1wk, 
anxiety improved at 
28 d follow-up.

Rosenberg  
(2002)

Immediate:  improved in depression & mood; both 
maintained at 1 and 2 mo& combat related symptoms were 
improved 1 and 2 mo follow-up.

McCann 
(1998)

Immediate: reduced PTSD 
symptoms; after 1 mo the 
symptoms returned to baseline.

Cohen 
(2004)

Immediate: reduced PTSD  symptoms & improved anxiety; 
all maintained at 2 wk  follow-up

Nakama 
(2013)

Immediate: reduced suicidal 
ideations & most PTSD &major 
depression symptoms; all 
maintained at 3 wk follow-up.

Boggio  
(2010)

Immediate: reduced PTSD  symptoms & improved 
depression; former maintained at 12 wk follow-up 

Watts  
(2012)

Immediate: reduced PTSD  symptoms & improved 
depression; former maintained at 2 mo follow-up

Isserles 
(2013)

Immediate: reduced PTSD  symptoms & improved 
depression; former maintained at 2 mo follow-up

PTSD: Posttraumatic stress disorder; rTMS: repetitive transcranial magnetic stimulation; d: day(s); wk: week(s); mo: month(s).
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rized suggests that the hemisphere of the DLPFC upon which 
rTMS is applied may, in part, determine the effects on PTSD 
and anxiety versus depression. All studies in which rTMS was 
administered over the left DLPFC found that depression and 
PTSD outcomes improved (Rosenberg et al., 2002; Boggio et 
al., 2010; Nakama et al., 2013). Additionally, Watts et al. (2012) 
found that 1Hz rTMS applied to the right DLPFC improved 
PTSD and depression symptoms. Furthermore, Isserles et al. 
(2013) found that 20 Hz rTMS applied to the mPFC using an 
H-coil improved both PTSD and depression symptoms. One 
neurophysiological explanation for this finding is that through 
the use of the H-coil, rTMS effects occurred at the site of 
stimulation, the mPFC, as well as the underlying deeper brain 
structure, the aCC (Hayward et al., 2007). This is important 
because the mPFC suppresses hypothalamic-pituitary-adrenal 
(HPA) axis (Diorio et al., 1993) and the amygdale (Lucassen et 
al., 2014) to regulate stress responses. Evidence from rodents 
indicates that chronic stress decreases dendritic arborization 
among mPFC and aCC pyramidal neurons (Radley et al., 
2004). Therefore, excitation of glutamatergic mPFC pyramidal 
neurons using high frequency rTMS may ameliorate mPFC/
aCC dysfunction and restore proper suppression of the HPA 
axis and amygdala.

In addition to the importance of site of stimulation, the me-
ta-analysis conducted by Karsen et al. (2014) points out that 
there is a trend (P = 0.061) for a positive correlation between 
effect size and number of rTMS pulses. That is, as the number 
of rTMS pulses administered in three selected PTSD studies 
increases, effect size also increased. The study by Isserles et al. 
(2013) administered 20Hz rTMS with a total of approximately 
20,000 pulses over the 12 treatment sessions, which is on the 
high end of rTMS studies for PTSD treatment.  

Of particular relevance, the open-label trial conducted by 
Rosenberg et al. (2002) included 20 veterans with PTSD, de-
pression and a history of alcohol use disorder. As per the ex-
clusion criteria, all subjects had abstained from alcohol within 
three months of rTMS provision (Rosenberg et al., 2002). 
Although these investigators did not collect alcohol or addic-
tion-related outcomes, the findings indicate that 10 sessions of 
rTMS provided over the left DLPFC at 1Hz and 5Hz improved 
PTSD and depression symptom (Rosenberg et al., 2002). The 
study reported no serious adverse events, which used rTMS 
among a population with three co-occurring conditions (i.e., 
PTSD, depression and AUD).

Summary and implications for future work
For the three conditions included in this review, the amount 
of evidence for rTMS as a treatment for people with PTSD is 
greater than for people with TBI or AUD. The reported evi-
dence is derived not only from case reports, but also from rig-
orous double-blind RCTs. Collectively, the evidence suggests 
that high frequency, supra-threshold intensity rTMS applied 
to the DLPFC may hold promise for the treatment of PTSD. 
This evidence also illustrates that rTMS may be beneficial for 
the treatment of co-occurring conditions. The studies that 
examine the co-occurrence of PTSD with other mental health 
conditions measured a myriad of symptoms to understand 

the potential of rTMS to treat co-occurring conditions. These 
studies provide an excellent foundation towards developing 
rTMS as a treatment for co-occurring conditions.

Evidence to inform a neurobiological model
AUD, mTBI and PTSD each result in functional and struc-
tural changes to the brain. Commonly used diagnostic as-
sessments involve neuropsychological testing, which include 
self-report questionnaires, interviews and standardized per-
formance tests. While these diagnostic test results are infor-
mative, there is also a need for more direct neurophysiolog-
ical evidence to provide information about how the neural 
mechanisms of repair differ for a single isolated condition 
versus co-occurring conditions. An advanced neuroimaging 
technique, functional magnetic resonance imaging (fMRI), 
can be used to investigate mechanism of repair because it 
acquires information regarding neurophysiological changes 
within the whole brain that can be further refined by regions 
and neural networks of interest. This evidence can provide 
information about how activation within brain regions and 
neural networks change in response to cues or tasks as well 
as treatments. 

To examine the neural circuitry of AUD alone, fMRI 
protocols can be used (Schacht et al., 2013) to examine 
neural activation in response to visual alcohol cues. This is 
important clinically because contextual cues within com-
mon environmental settings are related to alcohol-induced 
craving (Schacht et al., 2013), which is associated with re-
lapse (Bottlender and Soyka, 2004; Chakravorty et al., 2010). 
Understanding changes in neural activation in response to 
cue-elicited craving within established AUD-related regions 
provides the information necessary to develop craving and 
relapse prevention treatments for people with AUD + mTBI 
+ PTSD.

In addition to task-based fMRI protocols, measurement of 
brain activation at rest through resting state functional con-
nectivity (rsFC) also allows for further characterization of  
the underlying neural circuitry (Fox and Greicius, 2010).  

There are many advantages to using rsFC to inform treat-
ment development for the AUD + mTBI + PTSD population. 
First, rsFC is well suited for examining how brain networks 
function together and is ideal for examining a co-morbid 
brain state that involves both unique and overlapping net-
works. Second, rsFC is free from task-related confounds such 
as differing levels of attention and cognitive abilities (Fox 
and Greicius, 2010). Finally, clinical treatment often occurs 
in an outpatient setting devoid of alcohol-related contextu-
al cues making it important to determine how the AUD + 
mTBI + PTSD brain functions at rest. 

Diffusion tensor imaging (DTI), another advanced im-
aging technique, is an indirect assessment of the structural 
integrity of white matter fiber tract (Arfanakis et al., 2002). 
Data regarding the structural connectivity of the brain can 
inform the interpretation of rsFC findings because DTI pro-
vides insights into the structural alterations that occur in 
brain microstructure, which are not detectable with conven-
tional imaging. 
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Neurobiological findings supportive of a theoretical model 
of the AUD + mTBI + PTSD brain state
The underlying circuitry implicated in AUD has been well 
characterized. What is unknown is how co-occurring mTBI 
and PTSD affects the AUD brain state. While some brain 
regions and networks implicated in AUD alone overlap with 
that of mTBI alone and PTSD alone, some regions and net-
works are unique to each disorder. Characterization of the 
AUD + mTBI + PTSD brain state, relative to AUD alone, will 
inform the neural circuitry specific to these disorders when 
they co-occur. An understanding of the neural circuitry will 
help advance development of targeted neurotherapeutic 
treatments to reduce craving and prevent relapse. In this 
section, we discuss relevant neuroimaging findings and inte-
grate these findings with pre-clinical work to inform a theo-
retical model of the AUD + mTBI + PTSD brain state.

Figure 1 illustrates the neurobiological model for each 
condition alone and for co-occurring conditions. The brain 
regions are color coded according to their involvement in 
the Default Mode Network (DMN) and Salience Network 
(SN) because of well-established evidence that these two 
networks are impaired with AUD, mTBI and PTSD (Park et 
al., 2010; Schmaal et al., 2013). The blue regions indicate the 
DMN and the orange regions indicate the SN. Gray matter 
regions known to be important for each condition alone are 
outlined in black font.

Alcohol use disorder (AUD) pathways
AUD is driven by circuitry involving the cortico-striatal 
system [prefrontal cortex (PFC), dorsal and ventral stria-
tum (STR)] classically involved in addiction (Kelley, 2004; 
Chambers et al., 2007a; Haber and Knutson, 2010; Schacht 
et al., 2013) and co-occurring substance use and mental 
health disorders (Chambers et al., 2001; Chambers and Self, 
2002; Chambers et al., 2010). These structures are anatom-
ically connected, and addiction behaviors are modified by 
additional structural and functional connections with limbic 
brain regions such as the hippocampus (Hipp) and amyg-
dala (Amg) as well as the thalamus (Thal) (Chambers et al., 
2007b; Haber and Knutson, 2010).

As illustrated in Figure 1A the corpus callosum (CC) is 
degenerated for AUD alone. Similarly, it has also been shown 
that the hippocampus and amygdala have reduced volume. 
Figure 1A illustrates the corpus callosum (CC) that is de-
generated with AUD and the gray matter regions activated 
in response to alcohol cues (Pfefferbaum et al., 1996; Pfeffer-
baum et al., 2000). 

Addiction circuitry has been characterized for people 
with AUD alone according to changes in neural activation 
as measured with fMRI. Alcohol cue-elicited activation in-
creases in regions comprising the cortical-striatal system and 
those that modify it. This increased activation in specified 
regions is also significantly correlated with increased alcohol 
craving and AUD severity (George et al., 2001; Grusser et al., 
2004; Myrick et al., 2004; Hermann et al., 2006; Park et al., 
2007; Wrase et al., 2007; Filbey et al., 2008; Vollstadt-Klein et 
al., 2010; Claus et al., 2011; Schacht et al., 2013). Collectively, 

evidence indicates that excessive activity in the cortico-stria-
tal system (PFC and STR) and modifiers of this system (Hipp, 
Amg, Thal) occur in response to alcohol cues in AUD alone. 

Although there are few studies examining rsFC among 
people with AUD alone, we do know that impaired brain 
networks include the salience network (SN, Figure 1, Orange 
outlined regions). Salience, an important feature of reward 
that drives craving, includes sub-regions of the PFC, STR 
and Amg (Seeley et al., 2007). Specifically, impaired con-
nectivity between the PFC and the ventral STR is associated 
with alcohol craving among people with AUD alone (Park 
et al., 2010). Most recently, Seo demonstrated that the PFC 
among people with AUD alone is excessively active at rest, 
and that this excessive activation was positively associated 
with increased craving and relapse risk (Seo et al., 2013).

Another key and impaired network with AUD alone is 
the default mode network (DMN, Figure 1, Blue outlined 
regions). The DMN, involving sub-regions of the cortex 
and the Hipp (Raichle et al., 2001; Buckner et al., 2008), 
is active at rest but is suppressed during task performance 
(e.g., memory retrieval, planning) (Buckner et al., 2008; Fox 
and Greicius, 2010). The DMN hinges on cortical regions 
overlapping with the SN. In AUD alone, evidence suggests 
that connectivity between the DMN and SN is impaired and 
that connectivity, along with indices of cognitive task perfor-
mance, can be improved with pharmacotherapy (Schmaal 
et al., 2013). This illustrates how a better understanding of 
neural network connectivity and between network interac-
tions can be used to develop treatments for AUD alone.

AUD alone has been linked with structural changes in 
the brain involving addiction circuitry. Examination of 
post-mortem brain tissue reveals that as lifetime alcohol 
consumption increases, overall  white matter volume de-
creases (Kril et al., 1997). MRI findings of brain morphology 
demonstrate corpus callosum volume reduction (Pfeffer-
baum et al., 1996). Reduced tissue volume of limbic brain re-
gions (i.e., Hipp, Amg) is associated with significantly higher 
levels of alcohol craving (Wrase et al., 2008). This finding is 
recapitulated by rodent hippocampal lesion models, which 
are characterized by enhanced sensitivity to the effects of al-
cohol (Conroy et al., 2007; Berg et al., 2011; Jeanblanc et al., 
2014). DTI studies confirm these early reports and demon-
strate that the corpus callosum and many other white matter 
tracts are affected by AUD alone (Pfefferbaum et al., 2000; 
Arnone et al., 2006; Monnig et al., 2013). 

In summary, neuroimaging studies collectively show im-
paired neural activity and network connectivity of addiction 
circuitry with AUD alone both in response to alcohol cues 
and at rest. The evidence suggests that the PFC, in particular, 
is excessively active in response to cues (Grusser et al., 2004) 
and during rest (Seo et al., 2013). DTI studies implicate a 
wide-spread loss of white matter fiber tract integrity, and 
that the corpus callosum in particular could be vulnerable 
(Schacht et al., 2013).

Mild traumatic brain injury (mTBI) pathways
While Figure 1B illustrates only evidence derived from 
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mTBI, there is also growing evidence among the moderate 
and severe TBI population. Therefore, we discuss recent neu-
roimaging findings about mild, moderate and severe TBI in 
this section. 

Similar to AUD alone, evidence suggests functional and 
structural connectivity of the DMN (Figure 1B, Blue out-
lines) is altered with mTBI alone. Two studies examining 
rsFC after mTBI indicate increased frontal DMN and re-
duced posterior DMN (posterior cingulate cortex) rsFC 
(Johnson et al., 2012; Zhou et al., 2012a), which is consistent 
with known vulnerability of the frontal cortex with mTBI 
(McAllister, 2008). Decreased cognitive task performance 
is also associated with reduced rsFC in the posterior DMN 
after mTBI (Zhou et al., 2012a). With a greater number of 
mTBI events experienced, evidence also indicates weaker 
connections between frontal cortical sub-regions of the 
DMN (Johnson et al., 2012), suggesting that multiple mTBI 
events may result in cumulative alterations in neural net-
works, thus compounding deficits.

While conventional neuroimaging techniques reveal no 
structural changes after mTBI, DTI studies indicate that 
white matter integrity is decreased in tracts including the 
corpus callosum, internal capsule, corona radiata, and tha-
lamic radiation (Arfanakis et al., 2002; Lipton et al., 2012) 
and within the PFC (Lipton et al., 2009). Matthews found 
as many as 14 specific regions (e.g., corpus callosum) with 
diminished white matter integrity for Iraq and Afghanistan 
veterans experiencing loss of consciousness vs. veterans expe-
riencing only altered consciousness (Matthews et al., 2012). 
Notably, damage to the white matter in the corpus callosum 
is negatively correlated with executive function among Iraq 
and Afghanistan veterans (Jorge et al., 2012). DTI is ideal for 
elucidating mTBI unique microstructural changes that cor-
relate with clinical outcomes.

Compared to mTBI, moderate and severe TBI result in 
morphological changes to the brain that can be detected 
using conventional, structural neuroimaging methods. Each 
moderate and severe TBI is different and results in hetero-
geneous lesions (Maas et al, 2007; Pape, 2014a). There is a 
burgeoning body of evidence utilizing rsFC and DTI tech-
niques which shed light on neural network connectivity for 
moderate and severe TBI. The rsFC approach is particularly 
well suited for the moderate to severe TBI population be-
cause no task is required during the acquisition of fMRI data 
which removes the confound of varying degrees of cognitive 
impairment. A number of recent studies have found abnor-
malities in rsFC among participants with moderate to severe 
TBI (Hillary et al., 2011; Sharp et al., 2011; Maki-Marttunen 
et al., 2013; Pandit et al., 2013; Ham et al., 2014). Reduced 
connectivity within the fronto-parietal control network 
and regions overlapping with the SN (Ham et al., 2014) are 
reported after moderate and severe TBI relative to healthy 
control participants. Also, these rsFC alterations are associat-
ed with impairments in attention and self-awareness (Ham 
et al., 2014). However, connectivity within the DMN was 
found to be increased six months after moderate to severe 
TBI (Hillary et al., 2011; Sharp et al., 2011).

Structural connectivity is also altered following moder-
ate to severe TBI with DTI findings suggest wide-spread 
white matter loss (Sharp et al., 2011; Pandit et al., 2013). 
Some studies have directly compared rsFC and DTI findings 
among participants with moderate to severe TBI (Sharp et 
al., 2011; Pandit et al., 2013). Within the corpus callosum, 
lower DMN connectivity was associated with lower indices 
of white matter integrity (Sharp et al., 2011). 

Posttraumatic stress disorder (PTSD) 
PTSD is characterized by functional abnormalities in the 
Amg and Hipp, which are two limbic brain regions shown 
to modify addiction circuitry for AUD alone (Kelley, 2004; 
Haber and Knutson, 2010). More specifically, rsFC evi-
dence among Iraq and Afghanistan veterans with PTSD 
alone (Rabinak et al., 2011) demonstrates altered function-
al connectivity between the Amg and cortical structures. 
Specifically, there is increased connectivity between the 
Amg and anterior insula which is part of the SN (Rabinak 
et al., 2011) and the fDMN (Brown et al., 2014). However, 
there are inconsistencies in the literature regarding the con-
nectivity between the Amg and aCC, a hub of the SN: one 
study reports no change (Rabinak et al., 2011), another an 
increase (Brown et al., 2014) in connectivity, and yet anoth-
er reports a decrease in anti-correlated connectivity among 
people with PTSD relative to control participants (Sripada 
et al., 2012). This is important clinically because the Amg 
is involved with fear-conditioned responses relevant to 
PTSD symptoms (Mahan and Ressler, 2012). Increased or 
excessive connectivity between the fDMN and the Amg 
may be related to increased self-referential thoughts related 
to trauma (Brown et al., 2014). Though results were incon-
sistent regarding connectivity between the aCC and Amg, 
the study conducted by Sripada and colleagues showed a 
decrease in anti-correlated connectivity suggesting a dys-
function in top-down regulation of the Amg by prefrontal 
structures. Resting-state functional connectivity data also 
reveal that connections between the Amg and the posterior 
portion of the DMN are negatively correlated with anxiety 
symptoms (Zhou et al., 2012b).

Regarding structural abnormalities for people with PTSD 
alone, conventional MRI studies show decreases in Hipp vol-
ume and other cortical regions (e.g., posterior cingulate cor-
tex of the posterior DMN) (Shin and Liberzon, 2010). DTI 
studies indicate more focal decreases in white matter con-
nectivity. DTI findings in persons with PTSD elucidate ab-
normalities in PFC regions implicated in the SN and DMN 
as well as AUD addiction circuitry (Kim et al., 2005; Kim et 
al., 2006; Schuff et al., 2011; Zhang et al., 2011; Fani et al., 
2012). Furthermore, integrity of white matter tracts that in-
nervate sub-cortical regions of AUD addiction circuitry are 
decreased with PTSD (Kim et al., 2005; Schuff et al., 2011).

Co-occurring AUD + mTBI + PTSD
Well-established cognitive neuroscience evidence suggests 
that PFC modulation of executive function, cognitive con-
trol and information processing is compromised in mTBI 
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alone, PTSD alone and AUD alone (Bechara et al., 2001; 
Dolan et al., 2012). The corpus callosum is also affected by 
both mTBI and AUD, and reduced integrity in this region is 
correlated with further impaired cognitive task performance. 
Mild TBI and PTSD compound the decreases in structural 
white matter integrity found in AUD alone.  It is therefore 
plausible that the inability to effectively inhibit craving is 
compounded with AUD + mTBI + PTSD.  

While key connections that enable inhibition have com-
pound damage, the PFC in AUD alone is excessively active 
in response to alcohol cues and at rest. This excessive acti-
vation is associated with increased craving (Grusser et al., 
2004) and relapse (Seo et al., 2013). Thus, people with AUD 
+ mTBI + PTSD have reduced ability to inhibit craving and 
have a disorder where craving levels are increased. Since the 
STR is involved with habit and expression of motivated be-
haviors, the disconnection at rest between the PFC and the 
STR means that the loss of inhibitory control from the PFC 
may leave the brain vulnerable to relapse.  

The DMN is thought to be critical for information pro-
cessing and attention and should be more engaged during 
rest and less engaged during task performance (Buckner 
et al., 2008), but with mTBI inferential evidence suggests 
over-engagement of the DMN during rest and task perfor-
mance (Zhou et al., 2012a). Therefore, because the DMN 
overlaps with addiction circuitry and the SN, fatigue within 
this system could also leave the AUD + mTBI + PTSD brain 
even more vulnerable to relapse. Vulnerability to relapse 
is plausible because damage to the Amg and Hipp occur. 
Rodent models involving Hipp lesions provide further ev-
idence for alcohol addiction vulnerability (Conroy et al., 
2007; Berg et al., 2011; Jeanblanc et al., 2014). The Amg 
regulates stress- and fear-conditioned responses like those 
symptomatic of PTSD (Mahan and Ressler, 2012). The Hipp 
is important for episodic and contextual memory (Mesulam, 
2000). In PTSD, it is thought that there is a deficit in the 
top-down regulation from the PFC to the Amg and Hipp, 
which may account for hyperarousal and the inability to 
extinguish traumatic memories. This means that PTSD and 
AUD related decreases in Hipp volume might lead to dif-
ferent responses to salient contextual cues. For people with 
AUD + mTBI + PTSD, exacerbated impairment in the PFC 
by mTBI and PTSD may lead to compounded diminished 
ability to control craving responses elicited by alcohol cues 
where responses to salient cues are different, all of which 
contribute to relapse vulnerability.

Optimal rTMS parameters and stimulation sites for AUD 
+ mTBI + PTSD
The evidence reviewed earlier indicates that a high fre-
quency, supra-threshold intensity stimulation to the right 
DLPFC was the most efficacious for reducing alcohol 
craving. The most efficacious studies of rTMS to reduce 
alcohol craving, conducted by Mishra and colleagues, ap-
plied high frequency, supra-threshold intensity stimula-
tion to the right DLPFC (Mishra et al., 2010; Mishra et al., 
2014). Furthermore, the rTMS case study conducted by De 

Ridder et al. (2011) provided evidence that normalization 
of brain activity in the PFC coincided with reductions in 
alcohol craving and use. This evidence, combined with the 
neuroimaging evidence, suggests that the PFC may be the 
optimal stimulation site for reducing alcohol craving. How-
ever, white matter loss among people with AUD + mTBI + 
PTSD could affect the transmission of the rTMS signal. The 
intensity and possibly the frequency of rTMS may need 
modifications to suit the AUD population with co-occur-
ring mTBI and PTSD.

There exist substantial gaps in our understanding of the 
precise neurophysiological mechanisms of rTMS on behav-
ior. However, in order to further theorize about the neuro-
physiological response to rTMS applied to the DLPFC, we 
must synthesize information about the effects of rTMS on 
transmitter release, excitability and the neural environment 
with an expansion of Figure 1D.  

There is evidence that high frequency rTMS alters gam-
ma oscillations in the DLPFC which are mediated through 
GABA (Barr et al., 2013). rTMS applied to the DLPFC also 
increases levels of dopamine and glutamate in the ventral 
STR, an area critical for addiction (Zangen and Hyodo, 
2002). Furthermore, rTMS alters brain-derived neurotroph-
ic factor (BDNF) (Yukimasa et al., 2006; Feng et al., 2012) 
which plays a role in plasticity and may promote a more 
healthy neural environment. This information does not 
provide the empirical evidence necessary to fully under-
stand the neurophysiological mechanism of rTMS. However, 
this as well as the neurobiological findings detailed in this 
section provides us enough evidence to postulate that high 
frequency (above 5 Hz), supra-threshold (above 100%MT) 
stimulation applied to the right DLPFC holds promise. An 
excitatory rTMS protocol could modulate dopamine and 
glutamate altered in addiction (Koob and Volkow, 2010), ex-
cite projections to the amygdala that could reduce the stress 
response (Etkin et al., 2011) and promote a healthy neural 
environment that could improve recovery following brain 
injury.

Discussion
Current AUD treatment consists of pharmacotherapy and/or 
cognitive behavioral therapy. Preliminary evidence indicate 
that these interventions are effective for AUD and co-occur-
ring mTBI + PTSD, but the effects are modest reductions 
in alcohol craving and relapse (Maisel et al., 2013). RCTs on 
AUD routinely exclude people with mTBI and PTSD. Inno-
vative studies designed to examine alternative and comple-
mentary treatments to pharmacology, as well as modulate 
neural activity are needed for the AUD + mTBI + PTSD 
population.

rTMS technology is versatile and can be used to target 
specific brain regions to induce or inhibit local and remote 
neural activity as well as activity within distributed neural 
networks (Ziad, 2002). Well-established evidence of neu-
ronal networks involved with neurological and psychiatric 
disorders led to the development of rTMS as a neurother-
apy for mental health and addiction disorders. The neuro-
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pathology of AUD + mTBI + PTSD affects multiple over-
lapping neural networks. rTMS has long-term remote and 
proximal effects on neurophysiology and therefore has the 
potential to modulate and ameliorate neural maladaptation 
that has occurred as a result of co-occurring AUD + mTBI 
+ PTSD.  

rTMS may be targeted to a specific region such as the 
DLPFC, an area known to be affected in all three of these 
conditions. By targeting a region common to all conditions, 
rTMS effects can be distributed throughout the multiple 
networks involved when these conditions co-occur. Current 
treatments often target one symptom or one network, but 
based on the evidence there are multiple symptoms and 
multiple networks impaired. Since rTMS has the potential 
to affect multiple networks, it may ameliorate multiple 
symptoms. Moreover, the symptoms of co-occurring AUD 
+ mTBI + PTSD overlap and can exacerbate one another 
and if a single symptom is improved, others may improve.  

The formative rTMS studies in AUD, PTSD and TBI popu-
lations reviewed above open avenues for research to develop 
neurotherapeutics complementing behavioral therapy and 
pharmacotherapy. Furthermore, these studies demonstrate 
the potential of rTMS to normalize activation in the regions 
within AUD circuitry. Empirical evidence from neuroimag-
ing techniques will provide a solid foundation that will in-
form the theoretical model (Figure 1). This information will 
inform decisions regarding the site of stimulation and other 
rTMS parameters including frequency, intensity, inter-pulse 
interval, number of trains, inter-train interval and treatment 
duration. If the site of stimulation is identified as the DLP-
FC, which is consistent with an earlier rTMS study conduct-
ed in AUD alone (Mishra et al., 2010; Mishra et al., 2014), 
then rTMS intensity may need to be the parameter that is 
adjusted. Examining neural activation both to alcohol cues 
and at rest will determine whether the magnitude of brain 
impairment with mTBI + PTSD + AUD is different from 
that of AUD alone, which would provide information about 
how to alter the rTMS parameters from that of the published 
literature.

Information gained from preliminary neuroimaging and 
rTMS studies among the AUD + mTBI + PTSD population 
could inform key experiments further elucidating the un-
derlying neurophysiological mechanisms responsible for 
the effects of rTMS on behaviors such as alcohol craving. 
Experiments might include rodent models for alcohol ad-
diction, blast-induced TBI and chronic stress each in isola-
tion and together. The use of microdialysis, fast-scan cyclic 
voltammetry or magnetic resonance spectroscopy before 
and after rTMS treatment would allow for the detection of 
how rTMS may alter neurotransmitters in specific brain 
regions and how these alterations correlate with behavioral 
readouts relevant to AUD + mTBI + PTSD. Furthermore, 
electrophysiological recordings on rodents in these behav-
ioral models both at the site of stimulation and remote 
areas relevant to addiction such as the vSTR, Amg or Hipp 
both before and after rTMS would also inform the neuro-
physiological effects of rTMS.

Conclusion
In summary, the co-occurrence of AUD + mTBI + PTSD is 
prevalent, exacerbates symptoms of the three conditions alone 
and current treatment options for these co-occurring condi-
tions are limited. The use of a non-invasive neuromodulatory 
treatment such as rTMS is well suited for the treatment of 
these co-occurring conditions. Advanced neuroimaging tech-
niques will inform the theoretical model of a unique brain 
state, thereby informing development of targeted treatments 
such as rTMS. Comparing human neuroimaging data with 
rodent neuroimaging, neurochemical, and neurophysiological 
data will further inform our understanding of neural mecha-
nisms and aid in rTMS treatment optimization.
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