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Abstract 

 Though cognitive behavioral techniques are generally effective in the treatment of 

anxiety disorders, some people fail to benefit from exposure therapy or experience a return of 

fear after terminating exposure therapy. The burgeoning field of non-invasive brain stimulation 

provides a potential method of augmenting exposure therapy so that it is more effective for 

treatment-resistant patients. However, very few studies have evaluated the usefulness of non-

invasive brain stimulation combined with exposure therapy, and they have only done so in 

limited populations and with one brain stimulation method. Furthermore, these studies have not 

assessed the mechanism through which brain stimulation may improve exposure therapy 

outcomes. The current study aimed to provide more solid and generalizable evidence that brain 

stimulation can augment the effects of exposure therapy and to evaluate whether improvements 

are mediated by an increase in retrieval inhibition. These aims were addressed in a double 

blinded experimental study using either active or sham transcranial direct current stimulation 

(tDCS) in a bilateral montage over the dorsolateral prefrontal cortex (DLPFC) applied during 

exposure sessions for blood injection injury (BII) fear. Participants who underwent active tDCS 

exhibited significantly less retrieval inhibition and BII symptom reduction following exposure 

than did controls. These results suggest that tDCS may be a promising tool for augmenting 

exposure therapy outcomes and retrieval inhibition performance. Future research should assess 

alternate tDCS montages in the hopes of improving, rather than impairing, exposure outcomes. 
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Introduction 

Anxiety and related disorders often result in serious impairment and distress in those who 

suffer with them. Generalized anxiety disorder (GAD), social anxiety disorder (SAD), panic 

disorder (PD), posttraumatic stress disorder (PTSD), and obsessive compulsive disorder (OCD), 

amongst others, are associated with a myriad of negative outcomes, including decreased physical 

and mental health as well as problems in one’s home, work, and social life (Olatunji, Cisler, & 

Tolin, 2007). People with anxiety are also significantly more likely to fall below the poverty line, 

and estimates of the overall annual cost to society of anxiety disorders approach 100 billion 

(Tolin, Gilliam, & Dufresne, 2010). Fortunately, cognitive behavioral therapy (CBT), and 

especially exposure therapy, is generally a very effective method of treating anxiety disorders 

(e.g., Barlow, 2002). However, exposure therapy is far from perfect—patients sometimes fail to 

benefit from exposure (Barlow, Allen, & Choate, 2004) or experience return of fear (Brown & 

Barlow, 1995).  As such, development of a means to improve upon exposure therapy would 

certainly be valuable, especially if the method were inexpensive, effective, and easy to 

administer. 

Exposure therapy has been hypothesized to work due to inhibitory learning which leads 

to retrieval inhibition of original, frightening or anxiety provoking memories, rather than due to 

forgetting of the original memories (e.g., Craske et al., 2008, 2014). Interestingly, anxiety 

disorders have been found to be associated with dysregulation in inhibitory processes (Kircanski 

et al., 2015; Nuñez, Gregory, & Zinbarg, 2015). That being said, even clients with non-

dysregulated inhibitory capabilities might benefit more from exposure therapy if inhibitory 

learning ability were to be enhanced.   
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The emerging field of brain stimulation research could potentially provide a means of 

augmenting exposure therapy that is safe and effective. Specifically, non-invasive techniques of 

neuromodulation now exist which can change the excitability of specific areas of the brain 

quickly and effectively. Transcranial magnetic stimulation (TMS) has recently been granted 

FDA approval as a treatment for refractory depression (O’Reardon et al., 2007), and TMS and 

transcranial direct current stimulation (tDCS) have begun to be evaluated as possible treatments 

for symptoms of anxiety as well. 

However, non-invasive brain stimulation may be beneficial for anxiety disorders 

separately from directly reducing symptomatology. Intriguingly, limited research suggests that 

TMS and tDCS can alter inhibitory learning and related processes (e.g., Penolazzi et al., 2014), 

which suggests that these methods could increase the efficacy of exposure therapy by inducing 

stronger inhibitory learning during exposures. Indeed, as will be argued below, extinction 

provides a useful model of exposure therapy, and studies on laboratory conditioned fear suggest 

that TMS and tDCS during extinction can affect the amount of fear exhibited later (e.g., Mungee 

et al., 2014). However, only three known studies have been conducted using brain stimulation in 

conjunction with exposure therapy, and two were pilot studies with small sample sizes that only 

investigated TMS in PTSD (Osuch et al., 2009; Isserles et al., 2013). The third study paired TMS 

with virtual reality exposure therapy (VRET) for acrophobia (Herrmann et al., 2017). These 

initial findings are somewhat promising, but in order to establish brain stimulation as an effective 

adjunct to exposure therapy far more research needs to be conducted. Additionally, none of the 

studies used true in vivo exposure or tDCS, nor did they investigate potential mechanisms of 

exposure therapy. 
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The primary aim of the current study is to evaluate the potential usefulness of tDCS in in 

vivo exposure therapy. The secondary aim of the current study is to conduct a preliminary test of 

whether retrieval inhibition mediates the relationship between neuromodulation and exposure 

therapy efficacy by pitting three rival theories of mediation (retrieval inhibition, approach 

motivation, and direct symptom improvement) against one another.  

Mechanisms of Exposure Therapy 

Exposure therapy as we know it today evolved out of the principles of systematic 

desensitization therapy pioneered by Wolpe (1968). Systematic desensitization involved 

imagining anxiety provoking scenes preceded by deep muscle relaxation. Wolpe believed that 

this method worked through what he termed “reciprocal inhibition;” he believed the relaxation 

response inhibited and ultimately extinguished the anxiety response associated with the imagined 

scene. Contemporary exposure therapy emerged when dismantling studies determined that the 

only necessary element needed for fear reduction through systematic desensitization was the 

exposure to the feared stimulus itself, and that elements such as relaxation, hierarchical 

presentation of stimuli, and reaching maximal anxiety were far less important (Marks, 1978). 

Additionally, research suggested that exposure done in vivo, or in real life, is more effective than 

imaginal exposures (e.g., Mathews, 1978). Thus, exposure therapy today relies heavily on in vivo 

exposures to feared stimuli.   

Generally, exposure therapy is considered a “success story” in psychotherapy research (e.g., 

Craske, 1999). Patients tend to experience marked improvement in symptoms relatively 

quickly—in some instances lasting reduction of fear has been accomplished after a single session 

(e.g., Öst, Hellstrom, & Kaver, 1992). However, there are certainly instances in which patients 
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fail to benefit from exposure therapy (Barlow, Allen, & Choate, 2004) or fail to maintain gains 

following therapy (Brown & Barlow, 1995). For instance, one large-scale study examining 

exposure and cognitive therapy for panic disorder found that while 86.7% of subjects were 

classified as “panic-free” at 24-month follow-up, only 53.3% met criteria for high end-state 

functioning, meaning they hadn’t had any panic attacks in the past month and their symptoms 

were deemed mild or better by a clinician (Brown, & Barlow, 1995). Of course, there is also the 

issue of patients and even some clinicians being reluctant to engage in exposure therapy at all 

due to the inherently unpleasant nature of the exposures (Olatunji, Deacon, & Abramowitz, 

2009). Indeed, it has been said that progress in improving exposure therapy has hit a plateau 

(McNally, 2007). 

So how can one improve exposure therapy? Understanding of the underlying mechanisms 

driving exposure therapy outcomes should shed light on points in the mechanistic chain that can 

be improved upon. However, there has been considerable debate in the literature regarding what 

processes are responsible for the fear reduction that occurs in successful exposure therapy.  

 Early theories of exposure therapy.  

As briefly described above, Wolpe (1968) conceptualized systematic desensitization as 

working under the principles of Pavlovian conditioning. A fearful conditioned response (CR) 

was elicited due to a fearful unconditioned stimulus (US) and conditioned stimulus (CS) pairing. 

In order to extinguish the CR, Wolpe induced relaxation in the presence of the original CS in 

order to replace the original CR (fear) with the new CR (relaxation). As mentioned above, he 

believed the CS-relaxation response inhibited, interfered with, or weakened the CS-fear 
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response. Wolpe (1968) acknowledged that research had yet to delineate exactly what 

mechanism allowed for reduction of the original CR. 

Habituation vs. extinction. Two distinct processes have been presented as possible 

explanations for the fear response reduction observed in exposure therapy. Habituation and 

extinction occur when repeated presentation of a US or a CS, respectively, results in a decreased 

response to the stimulus (e.g., Watts, 1979). The important distinction between the two is that 

habituation refers to the reduction of unconditioned responses (URs) whereas extinction refers to 

the reduction of conditioned responses. For instance, habituation would be said to have occurred 

if repeated exposures to a loud noise results in an individual no longer turning his/her head in the 

direction of the noise.  Alternatively, the process would be called extinction if a loud noise were 

conditioned to be associated with a shock, that the noise then caused freezing behavior on its 

own, and that after repeated presentation of the noise without the shock the individual no longer 

exhibiting freezing behavior to the noise alone.  

Watts (1979) argued that habituation explains the fear reduction that occurs due to systematic 

desensitization and exposure therapy. However, exposure therapy clearly targets conditioned 

fears, considering, for instance, that not all people are universally fearful of phobic stimuli, such 

as needles. Thus, Zinbarg (1993) argued that speaking of the fear reduction that occurs due to 

exposure therapy in terms of extinction rather than as habituation is more logical and useful. That 

being said, one should note that the term habituation is often used to describe the reduction of 

fear that occurs during an exposure session, while extinction is rarely used in this manner.  

Emotional processing theory. 
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Wolpe’s (1968) systematic desensitization was one of the first therapeutic techniques capable 

of undergoing scientific scrutiny due to its explicit and controlled procedure. Unexpectedly, the 

resulting research on systematic desensitization gave rise to new mechanistic theories. Perhaps 

the most influential of these was emotional processing theory (EPT; Foa & Kozak, 1986). EPT 

proposed that phobic behavior depends upon activation of fear structures, described by Lang 

(1971) as a set of propositions about a stimulus, a response, and their meaning that are stored in 

memory. For instance, a fear structure may contain information about dogs, the response of 

increased heart rate and sweating, and the belief that dogs will chase and bite people 

unexpectedly. The fear structure is activated when something in the environment matches one of 

these propositions, such as when one sees a dog or notices their heart racing.  Extinction occurs 

when something in the environment activates the fear network and incompatible information, 

such as a friendly dog not biting, is processed and integrated into the fear structure. That is, while 

exposed to the fearful stimulus for prolonged periods of time, a patient is able to begin to 

overwrite fearful beliefs and responses about the feared stimulus, eventually forming a non-fear 

structure to replace the original fear structure. Incompatible information is programmed into the 

non-fear structure through within-session and between-session habituation, or decrease in fear. 

Foa and Kozak (1986) proposed that in order for exposure to be successful, the fear network 

must be adequately activated, as indexed by high self-reports of fear and physiological fear 

reactions. Consequently, the patient must not avoid processing the fearful stimulus.  

Continued research, however, has uncovered problems with EPT. Extinction has been shown 

to occur lacking several of the necessary conditions proposed by EPT. Specifically, exposure 

therapy has yielded successful outcomes in subjects who did not experience within-session or 
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reliable between session habituation, and in subjects without high levels of initial distress (Rowe 

& Craske, 1998; Lang & Craske, 2000; Tsao & Craske, 2000). Furthermore, while distraction 

has often been found to result in poorer exposure outcomes (e.g., Mohlman & Zinbarg, 2000), 

distraction during exposure has also been shown to facilitate extinction in some studies 

(Johnstone & Page, 2004). EPT has since been revised to accommodate these and related issues 

(Foa & McNally, 1996; Foa, Huppert, & Cahill, 2006). However, by abandoning the assertion 

that measurable factors such as habituation are predictive of exposure therapy outcome, the 

theory loses much of its ability to explain underlying mechanisms of extinction.  

Inhibitory learning theory of exposure therapy.  

In response to the problems with emotional processing theory, Craske et al. (2008) proposed 

a new framework to explain fear extinction in which the most important aspect of exposure was 

not emotional processing or reprogramming, but rather inhibitory learning. Some early theories 

of learning made the assumption that the original CR was extinguished due to unlearning, or 

“decay”, of the US-CS association (e.g., Muller & Pilzecker, 1900; Thorndike, 1914). However, 

there is strong evidence suggesting that this is not the case, and that the original CS-US 

association is retained, if perhaps weakened. The CS acquires a second, inhibitory meaning, that 

of “CS-noUS” or even “CS-something pleasant” (e.g., Bouton, 1993; Bouton & King, 1983).  

The idea that the original fearful CS-US association is not destroyed is consistent with the 

memory and learning literature (e.g., the new theory of disuse; Bjork & Bjork, 1992, 2006) and 

is further supported by the phenomena of reinstatement, renewal, spontaneous recovery, and 

reacquisition (Bouton, 2002; Myers & Davis, 2002). A fear response that reoccurs after 

extinction when the subject encounters the original US is referred to as reinstatement (Rescorla 
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& Heth, 1975). For example, if a tone-fear association was created by pairing the tone with 

shock, it would be possible for fear of the tone to return after extinction if the subject is shocked 

again. Renewal occurs when a change in context results in return of the fear response after 

extinction when presented with the CS (Bouton, 1993). For example, if an association between 

dogs and biting is learned in a park and the association of dogs and not biting is learned in a 

therapist’s office, then it would be possible for fear of dogs to return if the subject encountered a 

dog in a park. Spontaneous recovery occurs when the fear response returns when the subject is 

presented with the CS simply due to a lengthy amount of time having passed since extinction 

(Baum, 1988; Brooks, Karamanlian, & Foster, 2001). Finally, reacquisition describes the 

situation in which learning of the original CS-US association is much quicker in subjects that 

have previously extinguished the association than in subjects for whom the association is novel 

(Ricker & Bouton, 1996). These effects suggest that extinction is in fact itself new learning, and 

that the initial fearful associations are not deleted. Indeed, many researchers now agree that 

extinction learning inhibits old, fearful associations (McNally, 2007).  

Focusing on inhibitory learning as a key mechanism of extinction can address some of the 

criticisms of EPT. The learning and memory literature suggest that performance during 

instruction is a poor predictor of actual learning (Bjork & Bjork, 2006). Thus, the lack of support 

for EPT’s assumption that the amount of within session habituation that occurs is predictive of 

outcome is unsurprising—inhibitory learning can occur whether or not fear declines during or 

between sessions. The inhibitory learning theory of exposure moves away from the idea that 

initial fear activation followed by fear reduction is the driving force behind extinction, and 

instead proposes that extinction will be facilitated by the learning of new, non-threatening 
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associations and by improving one’s ability to access or retrieve these new associations instead 

of the old, threatening association (Craske et al., 2008, 2014). The question then regarding how 

to improve exposure therapy becomes a question of improving inhibition. Of course, any method 

developed to improve exposure therapy should also conform to the necessary profile of a 

treatment amendment—for instance, it should be inexpensive, effective, and easy to administer 

(Shoham et al., 2014). The burgeoning area of brain stimulation research presents the possibility 

for development of such an instrument if brain areas responsible for inhibition and extinction can 

be roughly pinpointed. 

Brain Structures Involved in Inhibition and Extinction Learning 

A large number of brain regions have been proposed to play a role in extinction learning, 

such as the sensory cortex, the periaqueductal gray, the inferior colliculus, the lateral septum, the 

bed nucleus of the stria terminalis, and the ventral and dorsal striatum (e.g., Myers & Davis, 

2007). However, the majority of fear extinction research has focused on the hippocampus, the 

amygdala, and the prefrontal cortex (PFC; Craske et al., 2008). The PFC in particular is a 

promising area to investigate as a potential target for brain stimulation as it is much more 

physically accessible than either the amygdala or the hippocampus. As will be discussed later, 

one should note that the methods through which noninvasive brain stimulation techniques alter 

neural activity in different brain regions is not yet well understood. As such, the following 

review aims only to identify a potential target for brain stimulation. No claims will be made 

suggesting that changes in exposure therapy outcomes due to brain stimulation are directly a 

result of altered neural activity in a targeted brain area. The discussion of such relationships will 
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be purely speculative in the interest of encouraging continued research to pinpoint brains areas 

and demonstrate causality.   

The PFC in humans is made up of the lateral PFC, the orbital frontal cortex (OFC), and the 

medial PFC (mPFC). The lateral PFC, and especially the dorsolateral PFC (DLPFC), seems to be 

responsible for working memory and emotional control (e.g., Curtis & D’Esposito, 2003). The 

OFC is involved with reward, motivation, and emotional decision making (e.g., Berns et al., 

2001). The mPFC loosely refers to several different areas including the anterior cingulate cortex 

(ACC), the infralimbic (IL) cortex, the prelimbic (PL) cortex, and the medial orbital cortex. The 

IL, PL, and medial orbital cortex are also sometimes referred to as the ventral medial PFC 

(vmPFC) either as a group or individually. The vmPFC is believed to be involved in emotion 

regulation, especially the ability to adjust behavior in response to emotional stimuli (e.g., 

Bechara et al., 2000; Bush et al., 2000; Cohen et al., 2000).  

Research on fear extinction and inhibition in humans has generally implicated the lateral and 

medial parts of the PFC. However, most fear extinction research involves rodents, and the lateral 

PFC is considered a unique primate adaptation (e.g., Povinelli & Preuss, 1995). Research on fear 

extinction in rodents has generally implicated the medial PFC as the ventral and medial areas of 

the PFC tend to be fairly similar in all mammals (Uylings, Groenewegen, & Kolb, 2003).  

Research implicating the PFC. 

Investigation into the PFC as a structure potentially involved in fear extinction was initiated 

when Morgan, Romanski, and LeDoux (1993) demonstrated that lesioning of the mPFC in rats 

resulted in resistance to fear extinction. Continued research suggested that the effects of PFC 
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lesions on fear acquisition and extinction varied depending on what subregion of the PFC was 

targeted (Morgan & LeDoux, 1995, 1999; Quirk et al., 2000), and, potentially, whether the lesion 

was applied before or after fear acquisition. Milad & Quirk (2002) also investigated the role of 

the mPFC on extinction by using single-unit recording to measure activity in the mPFC in rats 

who had undergone fear conditioning followed by extinction. They found that the firing of 

mPFC neurons was associated with less conditioned fear behavior. Milad & Quirk (2002) then 

stimulated the mPFC while presenting the CS (a tone) in rats who had undergone fear 

conditioning but not extinction. These rats were compared to rats who had received conditioning 

and extinction. They found that tone-elicited freezing at retest (following only conditioning for 

un-extinguished rats and following conditioning and extinction training for extinguished rats) 

was comparable between groups—that is, the stimulation paired with the tone seemed to actually 

simulate extinction learning in rats who had not encountered the CS alone until retest. 

Interestingly, in the rats that received extinction training, these neurons only fired on their own in 

response to the CS the day following extinction training and not during fear acquisition or 

extinction learning itself. Milad and Quirk (2002) concluded that the mPFC may be responsible 

for storing memories of extinction learning, and that these neurons fire during retrieval of these 

memories, rather than during learning itself.  

Supporting the idea that the mPFC is responsible for extinction learning retrieval, Herry and 

Garcia (2002) found that inhibitory low frequency stimulation of the mediodorsal thalamic inputs 

to the mPFC before extinction resulted in resistance to extinction learning, while excitatory high 

frequency stimulation had no effect on the rate of learning. However, the mice that received high 

frequency stimulation exhibited less freezing than controls at one-week re-test, suggesting that 
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excitation of the mPFC enhanced consolidation and retrieval of extinction learning memories. 

Improved retention of extinction learning (as indexed by decreased freezing behavior) has also 

been achieved by administering methylene blue, a metabolic enhancer, to the PFC for five days 

following extinction learning (Gonzalez-Lima & Bruchey, 2004), and mapping of metabolic 

neural pathways following retrieval of extinction learning revealed increased uptake of a labeled 

glucose analog in the mPFC (Barrett, Shumake, Jones, & Gonzalez-Lima, 2003). Additionally, 

intra-PFC administration of various metabolic inhibiting agents has been shown to impair 

retention of extinction learning (Hugues, Chessel, Lena, Marsault, & Garcia, 2006; Pfeiffer & 

Fendt, 2006; Santini, Ge, Ren, Pena de Ortiz, & Quirk, 2004). Lesion studies tend to implicate 

the vmPFC, specifically, as necessary for retrieval of extinction memories but not for extinction 

learning itself (e.g., Quirk, Russo, Baron, & Lebron, 2000; Morgan, Schulkin, & LeDoux, 2003). 

These findings that manipulating PFC activity results in changes at test but not during learning 

are again in line with the learning and memory literature which would predict that performance 

during learning is not always an accurate measure of actual learning (Bjork & Bjork, 2006). 

Though less research has been done on humans, the work that has been done has suggested 

that the mechanisms of extinction learning are highly similar in both humans and non-primate 

animals. fMRI studies have recorded increased activity in frontal regions during extinction 

learning (e.g, Gottfried & Dolan, 2004), and increased activity specifically in the vmPFC during 

retrieval of extinction learning (Phelps, Delgado, Nearing, & LeDoux, 2004). Furthermore, 

Milad and colleagues (2005) found that extinction learning retention in humans, as assessed by 

skin conductance response (SCR) when exposed to a CS a day after having been conditioned and 
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extinguished, is correlated with vmPFC thickness as measured by MRI. That is, thicker vmPFC 

was associated with greater extinction memory.  

Connections between the PFC, hippocampus, and amygdala. 

Though the present study focuses on the PFC, elucidating its relationship with the amygdala 

and the hippocampus is key for understanding inhibitory processes. Connections between the 

PFC, the amygdala, and the hippocampus are now believed to represent at least part of the neural 

basis of fear extinction. As mentioned above, investigation into the PFC as a structure potentially 

involved in fear extinction was initiated when Morgan, Romanski, and LeDoux (1993) 

demonstrated that lesioning of the mPFC in rats resulted in resistance to fear extinction. Morgan 

et al. (1993) believed this resistance was due to emotional perseveration. They noted that the 

mPFC projects to the amygdala in several distinct regions and that the two structures seem to be 

functionally coupled (e.g., McDonald, 1991). This coupling and the findings that the amygdala is 

involved in acquisition and storage of fearful CS-US associations (see Davis & Whalen, 2001 for 

a review) led Morgan et al. (1993) to propose that connections between the mPFC and the 

amygdala are responsible for the ability of an organism to control emotional behavior, and that 

some defect resulting in loss of prefrontal control of the amygdala might explain the difficulty 

people with anxiety disorders have in regulating their emotions. Researchers later proposed that 

the PFC exerts inhibitory control over the amygdala during extinction and retest (presentation of 

the CS some time after exposure therapy has ended; Maren & Quirk, 2004; Sotres-Bayon et al., 

2004).   

Sotres-Bayon et al. (2004) expanded this model to include the hippocampus, which has 

strong projections and excitatory synapses to the PFC (Jay & Witter, 1991; Conde et al., 1995; 
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Carr & Sesack, 1996), to explain the occurrence of renewal and why context is important for the 

retrieval of inhibitory learning. They proposed that mPFC control over the amygdala inhibits 

expression of amygdala-processed conditioned fear responses and that mPFC control over the 

amygdala is also required for retrieval of prior extinction learning. Whether or not the mPFC will 

exert this control is hypothesized to be dependent on the hippocampus. If the current 

environment in which the CS is presented is, for instance, much more similar to the CS-US 

learning environment than to the CS-noUS learning environment, then the hippocampus would 

not recognize the context as an inhibitory learning context and thus would not excite the mPFC, 

which otherwise would have then inhibited the amygdala and subsequent fear expression. 

This hypothesized relationship between the PFC, hippocampus, and amygdala is backed by 

considerable empirical evidence. fMRI studies have shown that as activity in the lateral PFC 

(which is adjacent to the mPFC) increases, activity in the amygdala decreases (Hariri, 

Bookheimer, & Mazziotta, 2000; Hariri et al., 2003; Lieberman et al., 2007; Lieberman, Hariri, 

Jarcho, Eisenberg, & Bookheimer, 2005; Ochsner, Bunge, Gross, & Gabrieli, 2002). In rats, 

stimulation of the mPFC differentially inhibits (Quirk, Likhtik, Pelletier, & Pare, 2003; 

Rosenkranz & Grace, 2002; Rosenkranz, Moore, & Grace, 2003) or stimulates (Likhtik, 

Pelletier, Paz, & Pare, 2005) different sections of the amygdala. Notably, one study found that 

decreased activity in the amygdala and increased activity in the DLPFC occurred immediately 

following successful exposure therapy but that at 6-month follow-up only the effect on the 

amygdala was maintained (Hauner, Mineka, Voss, & Paller, 2012). This finding suggests that 

successful fear extinction learning requires inhibition of the amygdala by the PFC, but that this 

control might not always be necessary for later retrieval of extinction memories.   
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Involvement of the hippocampus is evidenced as deactivation of the dorsal hippocampus with 

muscimol has been shown to remove contextual constraints on retrieval of extinction learning 

such that renewal of fear did not occur due to a change in context (Corcoran & Maren, 2001). 

Lesions to the dorsal hippocampus achieved the same effect (Ji & Maren, 2005). Thus, it is 

reasonable to infer that prefrontal control of the amygdala, and subsequently of fear expression, 

is dependent upon stimulation or inhibition of the PFC by regions of the hippocampus, which is 

determined by the similarity of contextual cues to either the acquisition or extinction 

environment. 

 The PFC and psychopathology. 

Unsurprisingly, the structures implicated above in extinction learning and inhibition have 

also been implicated as possible sites of dysregulation in psychopathology. Specifically, failure 

of the mPFC to exert inhibitory control over the amygdala has been proposed to disrupt the 

ability to adapt to changing situations, leading to maladaptive emotionally related behaviors and 

development of disorders such as depression (Drevets 2003; Davidson 2002b; Siegle et al. 2003), 

anxiety (Davidson 2002a), and post-traumatic stress disorder (PTSD; Quirk & Gehlert 2003; 

Rothbaum & Davis 2003). For instance, veterans with PTSD have been shown to exhibit 

decreased activation in the mPFC when exposed to traumatic vs. neutral stimuli (Shin et al. 

2004). Furthermore, this decreased activation in the mPFC was correlated with increased activity 

in the amygdala, and symptom severity was positively correlated with activation in the amygdala 

and negatively correlated with activation in the mPFC. A similar pattern has been found to be 

associated with trait anxiety as well (Indovina et al. 2011). One could reasonably expect that a 

means of increasing mPFC activation in these veterans or trait anxious persons could potentially 
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lead to a decrease in symptom severity and, if they were to undergo exposure therapy, improved 

retention of extinction learning. Indeed, in considering their findings regarding the role of mPFC 

activation in retrieval of extinction learning, Milad & Quirk (2002) suggested that stimulation of 

the mPFC could improve exposure therapy outcomes. Thus, there is reason to believe that the 

PFC serves as the “neurobiological basis for inhibitory learning” (Craske et al., 2008), and that 

stimulation of the PFC could be a means of improving exposure therapy by aiding in the 

inhibition of fear memories and responses.   

Brain Stimulation 

The roots of brain stimulation as it is known today can be traced back about a millennium to 

a time when ancient physicians suggested placing live electric catfish and torpedo fish on the 

scalp to treat epilepsy and headaches (Brunoni et al., 2012). In the past century, modern 

techniques of brain stimulation have been developed and utilized to study brain function, and as 

a treatment for various illnesses, motor disorders, pain disorders, and psychopathology 

(Andrews, 2010). Methods of brain stimulation have historically been fairly invasive and 

potentially dangerous—electroconvulsive therapy, for instance, works by inducing seizure 

through application of an electrical current to the brain between 70 and 150 volts (Scovern & 

Kilmann, 1980). Deep brain stimulation involves surgical implantation of electrodes directly into 

a selected area of the brain to enable ablation of the area’s function when the current is switched 

on (Andrews, 2010). Even the more recently developed method of vagus nerve stimulation 

requires surgical implantation of coils around the vagus nerve which are subcutaneously 

connected to a generator (Terry, Tarver, & Zabara, 1991). However, a new class of 
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neurostimulation techniques has evolved and opened the door for the possibility of using brain 

stimulation as a feasible means of treating psychopathology non-invasively.  

Non-invasive brain stimulation. 

 Transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) 

both project current through the skin and intact skull so that no incision need be made, and both 

have minimal, low severity side effects(e.g., George, Higgins, & Nahas, 2011; Brunoni et al. 

2012). A sufficiently lengthy application of either method results in changes in excitability of the 

cortex that outlast the period of stimulation (e.g., Priori, Hallett, & Rothwell, 2009), but TMS 

and tDCS induce these changes through different mechanisms.  

TMS uses a pulse generator to create a brief, rapidly alternating, high (5,000 amperes or 

more) electrical current. The current is passed through a large coil which an operator places on a 

participant’s scalp in a predetermined area. The rapidly alternating current creates a focused 

magnetic field of similar strength to that produced by an MRI (Andrews, 2010). Next, as per 

Faraday’s principle of electromagnetic induction, the rapidly alternating magnetic field becomes 

an intracranial electric current which initiates action potentials in the targeted neurons. TMS is 

most effective when the pulses are repeated (rTMS) up to a frequency of 50 hertz (Hz). rTMS at 

or below 1 Hz has an inhibitory effect on the targeted neurons while frequencies above 1 Hz 

have an excitatory effect. 

tDCS involves passing a weak current between two electrodes connected to a direct current 

source. The electrodes are generally saline soaked sponges placed on the scalp. While the actual 

mechanism of action of tDCS is not yet well understood, the current is theorized to cause a 
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polarity-dependent shift of resting membrane potential, or threshold (e.g., Brunoni et al., 2012).  

Importantly, unlike TMS, tDCS does not cause action potentials but rather changes the 

probability of action potentials occurring in the targeted areas, although this does change 

individual neurons’ average level of discharge. tDCS is also believed to augment synaptic 

plasticity (e.g., Fritsch et al. 2010).  In fact, tDCS is technically a neuromodulator rather than a 

neurostimulator, although the term stimulation will continue to be used for ease of 

understanding. The electrode through which the current enters the brain is referred to as the 

anode while the electrode through which the current exits is the cathode. The orientation of the 

two electrodes is referred to as the montage. A Unipolar montage refers to a set-up in which one 

of the electrodes is placed below the neck as a reference electrode while a bipolar montage refers 

to a set-up with both electrodes placed on the scalp. Again, although the exact mechanism 

through which it occurs is not completely understood, research supports that generally the 

neurons under the anode are depolarized (excited) while the neurons under the cathode are 

hyperpolarized (inhibited, Nitsche et al., 2007).  

TMS and tDCS also differ in more practical ways. TMS has greater spatial resolution, 

although tDCS is still able to target an area the size of, for instance, the DLPFC, and the sponge 

electrodes can be cut to be tailored to a specific individual’s brain (Priori et al., 2009). Another 

research-relevant difference is that people are more easily blinded to active vs. sham stimulation 

condition with tDCS compared to TMS—sham tDCS still provides a tingling scalp sensation, 

while to achieve this with TMS additional steps would need to be taken to provide a weak 

current to the scalp from another source. Additionally, participants can move their heads and 

complete other active tasks while undergoing tDCS, which is not possible with TMS (Priori et 
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al., 2009). tDCS is advantageous in other ways as well—tDCS units cost far less than TMS units, 

are smaller and much lighter, and do not require a special power supply. As such, unlike TMS 

machines, they are portable and could potentially even be used in the home (Priori et al., 2009).  

Since the primary objective of the present study is to identify a means of improving exposure 

therapy, and any new treatment should aim to be inexpensive and accessible (Shoham et al., 

2014), tDCS was used. However, studies using both TMS and tDCS will be reviewed below as 

prolonged application of both methods lead to very similar outcomes—that is, both methods 

have been shown to quickly alter neuronal function both directly under the stimulated site and in 

connected brain regions (e.g., George et al., 2009). 

It has been proposed that about half of the applied current from tDCS is passed through the 

brain between the two electrodes while the rest is shunted by the skull (e.g., George et al. 2009).  

Recent studies applying tDCS to cadavers, however, have suggested that as little as 10% of the 

applied current passes through the brain, and that 4 mA (milliamperes), a very large amount of 

current, would be necessary to cause the firing of neurons under the electrodes (Underwood, 

2016). While this has caused some doubt in the field surrounding the efficacy of tDCS, studies 

discussed below provide evidence that tDCS is, indeed, doing something to significantly alter 

brain activity. Furthermore, as already discussed, while the exact mechanisms of action involved 

in tDCS are not known, it has been well established that tDCS at typical levels (e.g. 1.5-2 mA) 

doesn’t cause firing of neurons, but rather changes the likelihood that a neuron will fire or even 

alters connections between neurons.  

Brain stimulation in clinical research. 
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The clinical efficacy of TMS and tDCS has been researched most commonly in relation to 

treatment-resistant depression (TRD; George et al., 2009). Indeed, TMS has recently been 

granted FDA approval as a treatment for TRD partly in response to a particular study showing 

TMS treatment gains with effect sizes similar to those found in clinical trials of antidepressant 

drugs (O’Reardon et al., 2007). Patients in the study received high frequency rTMS over the left 

dorsolateral prefrontal cortex (DLPFC) five times a week for 4 to 6 weeks. Similar results have 

also been found using low frequency stimulation of the right DLPFC (e.g, Loo & Mitchell, 

2005). tDCS with the anode over the left DLPFC and the cathode over either the right DLPFC or 

a reference site has also been proven efficacious in the treatment of major depressive disorder 

(MDD), although less work has been done using this technique (Kekic et al., 2016). Although 

these results are promising, of more interest for the present study is stimulation research in 

clinical populations that benefit from exposure therapy and are likely somewhat driven by fear 

memory and inhibition.  

OCD. 

A fair amount of research has investigated what role TMS and tDCS may play in the 

treatment of obsessive compulsive disorder (OCD), which has been observed to be characterized 

by dysfunction in the DLPFC, the OFC, the mPFC, and the supplementary motor area (SMA), 

amongst other regions (e.g., Milad & Rauch, 2012).  A 2013 meta-analysis of 10 randomized and 

sham controlled trials suggested that low frequency rTMS over the OFC or the SMA can 

significantly reduce symptoms of OCD as measured by the Yale-Brown Obsessive Compulsive 

Scale (Y-BOCS; Berlim, Neufeld, & Van den Eynde, 2013). Notably, studies targeting the 

DLPFC did not result in significantly improved scores on the Y-BOCS, even though the DLPFC 
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is commonly targeted to treat other disorders. Modirrousta et al. (2015) instead targeted the 

mPFC in a small pilot study by using low frequency rTMS with a double-cone coil to enable 

deeper penetration and found significant improvement in Y-BOCS scores after 10 sessions and at 

one-month follow-up. High frequency deep TMS over the mPFC and ACC has also been used to 

successfully alleviate OCD symptomatology (Carmi et al., 2018). Evidence has also been found 

suggesting tDCS with the cathode over the left OFC and the anode over the right cerebellum 

significantly reduces Y-BOCS symptoms after 10 sessions and at 3-month follow-up (Bation et 

al., 2016).  

PTSD. 

PTSD has also been fairly well represented in the brain stimulation literature. A meta-

analysis of 3 randomized and sham-controlled trials found that 10 sessions of low (inhibitory) or 

high (excitatory) frequency rTMS to the right DLPFC or high frequency rTMS to the left 

DLPFC resulted in significantly lower clinician and self-reported symptoms of PTSD as 

compared to control (Berlim & Van den Enyde, 2014). Interestingly, one study also found that 

high frequency rTMS to the right DLPFC was associated with greater improvement in PTSD 

symptoms as compared to left, that right stimulation was associated with significant 

improvement in anxiety symptoms while the left was not, and that left stimulation was associated 

with significant improvement in depressive symptoms while the right was not (Boggio et al., 

2010). Accordingly, the other studies in the meta-analysis found that low frequency stimulation 

of the right DLPFC alleviated depressive symptoms (Watts, Landon, Groft, & Young-Xu, 2012) 

and, again, that high frequency stimulation of the right DLPFC alleviated anxiety symptoms 

(Cohen et al., 2004). A separate study not included in the meta-analysis found that “medium” 
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frequency (5 Hz; while this would technically be considered excitatory, a minimum of 10 Hz is 

usually used) rTMS to the left DLPFC led to a decrease in both PTSD and depressive symptoms 

in 10 veterans with comorbid PTSD and MDD (Philip et al., 2016). 

 The above pattern of results is somewhat troubling. Both low and high frequency stimulation 

of the right DLPFC and both high and medium frequency stimulation of the left DLPFC has led 

to improvements in PTSD symptoms.  Thus, at least for PTSD, more than one stimulation pattern 

may be effective even though high and low frequency stimulation should theoretically have 

opposing effects. One possible explanation can be arrived at in considering Shin et al.’s (2004) 

finding that PTSD is characterized by hypoactivity specifically of the mPFC. That is, high 

frequency rTMS of either the left or right DLPFC likely also leads to transynaptic excitation of 

the mPFC and subsequent inhibition of the amygdala, resulting in a decrease in recall of 

traumatic memories. On the other hand, it appears that relative left frontal asymmetric activation 

in PTSD leads to alleviation of depressive symptoms (though it’s important to note, as evidenced 

below, that this may not be the case in all anxiety disorders), so perhaps low frequency 

stimulation of the right DLPFC causes relative left frontal asymmetric activation, resulting in a 

decrease in depressive symptoms which indirectly leads to an improvement in PTSD symptoms. 

That being said, only one of the reported studies used an external source of scalp stimulation 

during sham stimulation (Priori et al., 2009), and none of the studies employed a questionnaire to 

evaluate differences in sensation and expectations between active and sham groups. Thus, it is 

possible that some of the discrepancies between studies could be due to placebo effects in some 

of the studies. 

Other anxiety research. 
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Though less research has been done on other anxiety disorders, there is some evidence 

suggesting that TMS and tDCS could be useful in treating GAD and PD. A pilot study conducted 

on 10 participants diagnosed with GAD found significantly decreased scores on the Hamilton 

Rating Scale for Anxiety (HAM-A; Bystritsky et al. 2008) following 6 sessions of low frequency 

rTMS over the right DLPFC (Bystritsky et al., 2008) and at 6-month follow-up (Bystritsky et al., 

2009). A case study of tDCS with the cathode over the right DLPFC and the anode over the 

contralateral deltoid in a woman with severe treatment-resistant GAD provides some additional 

preliminary evidence for the efficacy of tDCS in treating GAD (Shiowaza et al., 2014). This 

woman was found to be asymptotic as measured by the Generalized Anxiety 7-item scale and the 

Beck Anxiety Inventory (BAI) following 15 daily sessions of tDCS and at 30-day follow-up. PD 

has only been investigated comorbidly with depression, but symptoms of both were found to 

improve significantly following 14 sessions of daily low frequency rTMS to the right DLPFC in 

6 subjects (Mantovani et al., 2007). In a randomized sham-controlled follow-up study 

participants in the active TMS group (20 sessions of low frequency rTMS to the right DLPFC) 

rated significantly lower on the Panic Disorder Severity Scale as compared to the group who 

received sham stimulation (44% vs. 5% reduction; Mantovani et al., 2013). Additionally, though 

not conducted with clinical populations, vigilance to threat, which is reliably shown to be 

hyperactive in many anxiety disorders (e.g., Yiend & Mathews, 2001), has been shown to be 

reduced following one session of tDCS with the anode over the left DLPFC and the cathode over 

the right DLPFC (Ironside, O’Shea, Cowen, & Harmer, 2016) and attention bias modification 

training both towards and away from threat was more successful with active vs. sham tDCS with 

the anode over the left DLPFC and the cathode positioned as a reference electrode (Clarke at al., 

2014; Heeren et al., 2015). 
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Brain stimulation and extinction learning. 

Thus, while research suggests that TMS and tDCS may alleviate symptoms of anxiety and 

fear related disorders, it is still unclear whether they do so through mechanisms that may also 

promote the efficacy of exposure therapy and fear extinction. That is, evidence discussed above 

suggests that certain brain areas are involved in fear extinction, but as of yet evidence has not 

been presented suggesting that stimulation of these areas in humans can improve or inhibit fear 

or extinction memory consolidation. There has been very little research done to evaluate the 

utility of TMS and tDCS in extinction of phobic fears. However, research on extinguishing 

laboratory-conditioned fears provide an analogue for exposure therapy studies as the process is 

likely similar to extinguishing fears that have been acquired naturally. Accordingly, these studies 

can also speak to whether TMS and tDCS may alleviate symptoms of clinical phobias. An initial 

study that spurred investigation into stimulation for extinction did not evaluate fear extinction 

per say, but rather whether stimulation could be used to manipulate recall of emotional 

information. Penolazzi et al. (2010) used a bipolar tDCS montage with electrodes placed near the 

site for stimulating the DLPFC but slightly further back so as to include temporal regions as well 

during the encoding phase of a simple memory task using pleasant, unpleasant, and neutral 

images. They found that when the anode (excitatory electrode) was placed over the right 

frontotemporal region and the cathode (inhibitory electrode) over the left, recall favored pleasant 

images, and when the montage was reversed more unpleasant images were recalled. Thus, if 

stimulation can influence whether unpleasant or pleasant images are recalled, perhaps it could 

influence whether fear inhibition or fear acquisition memories are recalled. 
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Building on these findings, Asthana et al. (2013) investigated whether stimulation could be 

used to consolidate fear memories. Participants underwent fear conditioning in which a loud 

scream was paired with a certain shape (CS) presented on a computer screen. Between 10 and 20 

minutes after fear conditioning (and before extinction training which occurred the following 

day), subjects received either anodal or cathodal stimulation of the left DLPFC with the 

reference electrode on the left mastoid, or sham stimulation. Fear response during extinction, as 

measured by SCR to the CS, revealed that cathodal stimulation of the DLPFC inhibited 

consolidation of fear learning while participants who underwent anodal and sham stimulation 

still responded fearfully to the CS following extinction. Another fear conditioning study found 

that anodal stimulation of the right DLPFC with the cathode over the contralateral supraorbital 

region resulted in increased SCR at retest as compared to participants who received sham 

stimulation (Mungee et al. 2014). Similar effects have also been found using high frequency 

rTMS over a prefrontal cluster thought to influence the mPFC (Guhn et al., 2014)—subjects who 

underwent active rTMS following fear encoding and before extinction learning exhibited less 

fear responding to the CS during extinction and at follow-up. Enhanced extinction learning also 

occurred in a study that used anodal tDCS over AF3 and the cathode on the contralateral mastoid 

process in an effort to reach the vmPFC (van’t Wout et al., 2016).  These studies provide 

evidence that extinction learning can be manipulated by non-invasive brain stimulation, which 

suggests such stimulation could enhance exposure therapy. 

Brain stimulation and retrieval inhibition. 

Further supporting the idea that TMS and tDCS stimulation of the PFC may be alleviating 

symptoms of anxiety and fear disorders through mechanisms similar to exposure therapy can be 
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found in studies investigating the effect of stimulation on retrieval inhibition. As discussed 

above, one theory of exposure therapy and extinction suggests that inhibitory learning is the most 

important mechanism underlying exposure therapy (e.g., Craske et al. 2008, 2014). That is, fear 

memories are not forgotten, but rather extinction memories are learned and inhibit the fear 

memories. Thus, retrieval inhibition, or the inhibition of retrieval of fear memories, should 

underlie successful extinction and exposure therapy. Two ways that the strength of one’s ability 

to inhibit retrieval of memories can be measured are through retrieval induced forgetting (RIF) 

and directed forgetting (DF).  

RIF as a measure of inhibition. 

RIF is the phenomenon in which retrieval of some information from long term memory leads 

to the subsequent inhibition of un-retrieved but related information in order to decrease 

competition for recall (e.g., Anderson, Bjork, & Bjork, 1994). In relation to extinction learning 

and exposure therapy, retrieval of extinction memories should inhibit retrieval of the original fear 

memories such that the original fear memories will become harder to recall, that is, retrieval of 

CS-noUS should inhibit the recall of CS-US when the CS is presented alone. Thus, it is 

reasonable to expect that the amount of RIF (forgetting of unpracticed material when related 

material is practiced) one exhibits should be negatively correlated with return of fear, or recall of 

the original CS-US association. However, this would only be the case if RIF is, indeed, a 

measure of retrieval inhibition. There has been some debate over whether RIF is driven by 

inhibition or interference. That is, RIF could potentially be caused by retrieval practice 

strengthening the association between practiced exemplars and their category cues, which could 

“steal activation” from other related unpracticed cues. This would mean that the effect would 



     41 
 

occur due to strengthening rather than to inhibiting processes. That being said, the evidence in 

favor of inhibition over interference is very strong. Research has established that RIF is 

competition-dependent, strength independent, cue-independent, and retrieval success-

independent (Storm, Bjork, Bjork, & Nestojko 2006).  Each of these findings, as elaborated 

below, rules out an interference model and supports the hypothesis that RIF is an inhibitory 

phenomenon. 

 The competition-dependent nature of RIF is evidence against the interference model 

because the stronger association an exemplar has to a cue the more likely it is to be inhibited 

(Storm, 2010). For example, both the words “guava” and “apple” are exemplars of the category 

of “Fruit.” For most North Americans, however, apple is much more closely associated to the 

category Fruit than guava is. If another exemplar of the Fruit category is practiced (banana), then 

apple will be more strongly inhibited than guava will be, because apple was a much more 

competitive exemplar for retrieval than guava was. That is, if the category-exemplar pair “Fruit: 

banana” is practiced, inhibitory processes will work to most strongly suppress other exemplars of 

Fruit that would compete with banana for recall, and apple is a stronger competitor than guava. 

This wouldn’t occur due to interference, because strengthening of banana should interfere 

equally with recall of apple and guava. 

The strength-independent findings provide evidence that RIF cannot solely be a result of 

increased strengthening of the relationships between practiced exemplars and categories resulting 

in interference with unpracticed exemplars. If the effect were due to interference, one would 

expect that the more you practice a given category-exemplar pair, the more forgetting would 

occur, because the practiced, extra-strengthened exemplar will provide that much more 
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interference to other exemplars. However, the same amount of forgetting occurs whether a study 

employs the typical 3 practice sessions of certain category-exemplar pairs or an extensive 10 

practice sessions (e.g., Storm & Nestojko, 2010). 

Cue-independence refers to the pattern of findings in which inhibition of an exemplar due 

to competition in a given category, A, also results in inhibition of said exemplar in another 

category, B, that it also belongs to (Anderson & Spellman, 1995). That is, if the category 

exemplar pair of “Fruit: banana” is practiced, one of the exemplars that will likely be inhibited is 

strawberry. That is, at test, a participant would likely be unable to recall the exemplar strawberry 

in response to the cue Fruit: St______. Additionally, however, recall ability would likely also be 

diminished for the cue Red: St_____ even though the category Red was never practiced. This 

further demonstrates that RIF occurs independent of exemplar and cue association strengthening. 

A final argument against exemplar-cue strengthening and interference is that RIF is 

retrieval-success independent. If a person is cued to practice recall of a word that does not exist 

(Fruit: Zo___), inhibition of other, real exemplars in the category will still occur. Thus, RIF still 

occurs even when retrieval practice is unsuccessful or even impossible.  

Directed Forgetting (DF) as a measure of retrieval inhibition. 

DF occurs when an instruction to forget information that was just presented results in 

improved recall for subsequently presented information (e.g., Bjork, 1972). As a typical 

example, a person may be presented with three lists of words. In the middle of one list of words 

the participant would be cued to forget the preceding words and only remember the following 

words (F-R list). In the middle of another list the participant would be cued to remember the 
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preceding words in addition to the following words (R-R list). On a third list a participant may 

see a series of shapes rather than words in the first half of the list, then be cued to forget the 

preceding shapes and only remember the following words (control list; Figure 1). In a final recall 

test of all of the words, three phenomena tend to occur: 1. Recall for post-cue items in the F-R 

list will be better than recall for post-cue items in the R-R list. 2. Recall for post-cue items in the 

F-R list will not differ significantly from recall for post-cue items in the control list. Finally, 3. 

Recall for pre-cue items in the F-R list will be much worse than recall for pre-cue items in the R-

R list. Thus, effortful forgetting of to-be-forgotten items is not only successful, but it resolves 

proactive interference enough that words presented after the forget cue are remembered just as 

well as those that were preceded by shapes rather than words (and as such should not experience 

any proactive interference). Additionally, this resolution of proactive interference results in 

words following the forget cue being remembered much better than words presented after a 

remember cue. 

DF, somewhat similarly to RIF, could be related to extinction and exposure therapy in that 

effortful forgetting of fear memories might also result in enhancement of the retrievability of 

extinction/exposure memories. That is, purposeful forgetting of the CS-US association would 

result in inhibition of the CS-US association, which would cause the CS-noUS association to be 

more easily recalled due to a lack of proactive interference from the CS-US association. An 

important distinction between this process and that proposed for RIF is that inhibition is being 

induced purposefully rather than occurring due to retrieval competition with the CS-noUS 

association. With RIF, retrieval competition causes inhibition while with DF retrieval 
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competition does not occur due to active inhibition. Of course, these two processes may differ 

only in how inhibition is initiated while the inhibitory process itself may be the same.  

Thus, like with RIF, it is reasonable to expect that the size of the DF effect one exhibits, 

indexed either by successful forgetting of words preceding a forget cue (the “cost” of forgetting) 

or enhanced retrieval of words following a forget cue (the “benefit" of forgetting), or both, 

should be negatively correlated with return of fear, or recall of the original CS-US association. 

However, also like with RIF, this would only be the case if DF is, indeed, a measure of retrieval 

inhibition. While there is likely more than one process underlying DF, evidence supports the idea 

that retrieval inhibition is a primary mechanism of action. Some evidence for a retrieval 

inhibition account comes from findings suggesting that the strength in memory of the to-be-

forgotten items is ultimately unaffected. That is, in a sense the term directed forgetting is a 

misnomer—items are not forgotten but rather inhibited. This has been demonstrated in several 

ways. To-be-forgotten items are later relearned just as readily as to-be-remembered items (e.g., 

Reed, 1970; Geiselman & Bagheri, 1985). Additionally, participants’ recognition of to-be-

forgotten words has been shown to be no different than recognition for to-be-remembered words 

(e.g., Block, 1971; Elmes, Adams, & Roediger, 1970; Geiselman et al., 1983; Gross, Barresi, & 

Smith, 1970). Finally, the proactive interference eliminated by forgetting items can be reinstated 

by certain manipulations, such as a recognition task administered post-list study and pre-test 

(e.g., Bjork, Bjork, & Glenberg, 1973). Thus, the behavior of the to-be-forgotten items seems 

remarkably similar to the extinction-related return-of-fear phenomena of reacquisition and 

spontaneous recovery. Finally, a study that measured neural activity during a recognition task of 

to-be-remembered and to-be-forgotten words has provided electrophysiological evidence that to-
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be-forgotten event related potentials (ERPs) are indicative of retrieval inhibition processes 

(Ullsperger, Mecklinger, & Müller, 2000). 

Brain stimulation, RIF, and DF. 

In an attempt to provide further evidence that RIF is driven by inhibition, Penolazzi et al. 

(2014) administered a test of RIF in which tDCS was applied to the right DLPFC during the 

phase of the experiment in which only some words are practiced, presumably leading to 

inhibition of the unpracticed related words. Participants either received anodal (excitatory) or 

cathodal (inhibitory) stimulation through the electrode over the right DLPFC with the other 

electrode over the left supraorbital region as a reference electrode, or they received sham 

stimulation. At the final recall test, both the anodal and the sham groups displayed typical 

amounts of RIF while in the cathodal group the RIF effect was abolished. That is, cathodal 

stimulation of the right DLPFC seemed to disrupt the process in which retrieval competition is 

resolved by inhibition of unpracticed information. Thus, it appears that at least in this study 

excitation of the right DLPFC had no effect on inhibition while inhibition of the right DLPFC 

decreased inhibition. 

Similarly, Anderson et al. (2015) had participants complete a baseline measure of RIF (sham 

tDCS) as well as a RIF task while undergoing active tDCS to assess whether individual 

differences in RIF would predict RIF performance following stimulation. Participants received 

either cathodal (inhibitory) stimulation of the left DLPFC with the anode over the right 

supraorbital area as a reference electrode, or sham stimulation. Interestingly, Anderson et al. 

(2015) found that individuals with high baseline RIF levels experienced a significant reduction in 

RIF following active tDCS, while individuals with low baseline RIF levels experienced 
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significantly improved levels of RIF following active tDCS. Thus, in this study, cathodal 

(inhibitory) stimulation of the left DLPFC caused more inhibition when baseline inhibition was 

low and less inhibition when baseline inhibition was high.  

The Anderson et al. (2015) findings are surprising, especially considering a positive linear 

relationship has been established using fMRI between retrieval practice during RIF and DLPFC 

activation (Wimber et al., 2009). That being said, Wimber et al. (2009) also found that activation 

in left prefrontal areas correlated negatively with forgetting at test in healthy participants. The 

results of Anderson et al. (2015) suggest that while inhibition of the left DLPFC might increase 

inhibition and thus enhance exposure therapy in a person with low baseline levels, it may impair 

inhibition in someone with high baseline levels of RIF. This pattern of results is certainly 

puzzling, and cannot be readily explained in a satisfactory way. However, looking forward, 

individual differences in reactions to tDCS need not preclude use of stimulation to enhance 

exposure therapy. That is, if stimulation is indeed beneficial for exposure therapy for people with 

anxiety (as anxiety is associated with inhibitory dysregulation, e.g., Craske et al. 2008, 2014) and 

not for people with typical or superior inhibitory capabilities, clinicians could administer a RIF 

test before deciding whether or not to use tDCS with exposure therapy or to proceed with the 

typical protocol.  

Brain stimulation has also been used in conjunction with DF. Silas & Brandt (2016) found 

that active as compared to sham tDCS with the anodal (excitatory) electrode over the left DLPFC 

and the cathodal (inhibitory) electrode over the right DLPFC resulted in a nearly abolished DF 

effect. That is, the active tDCS group remembered more to-be-forgotten words and fewer to-be-
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remembered words than the sham tDCS group, which is theoretically consistent with a decrease 

in inhibition.   

Importantly, although the materials used in these studies are neutral, RIF effects have been 

found in which retrieval of neutral information resulted in inhibition of threatening information 

(Nuñez, Gregory, & Zinbarg, 2015; Kircanski et al., 2015), and directed forgetting effects have 

been found for both threatening and neutral words (Wessel & Merckelbach, 2006). Evidently 

stimulation can modulate retrieval inhibition as indexed by RIF and DF and, given that RIF and 

DF effects have been found for threatening material, perhaps stimulation could increase the 

likelihood of fear memories being inhibited by extinction memories.  

Of course, it is possible that brain stimulation could increase the efficacy of exposure through 

channels unrelated to inhibitory learning. For instance, relative left frontal asymmetry, which is 

induced under conditions of tDCS with a bipolar montage with the anode on the left DLPFC and 

the cathode on the right DLPFC, has been shown to cause an increase in approach motivation 

and related emotions (e.g., Harmon-Jones, Gable, & Peterson, 2010). If tDCS enhances approach 

motivation, patients may approach more closely to the feared stimulus, which might then result 

in increased inhibitory learning as well as improved exposure therapy outcomes simply due to 

increased contact with the feared stimulus. If this were the case, a RIF or DF task administered 

before exposure but after stimulation would not be expected to mediate the relationship between 

stimulation and exposure outcomes, but rather we would expect mediation by approach behavior 

and possibly symptom measures. Since tDCS has been effective in alleviating psychopathology 

symptoms in participants not undergoing exposure therapy it is also possible that tDCS may 

result in improved exposure outcomes by directly improving mood. If this were the case, we 
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would expect mediation by symptom measures perhaps with little or no contribution from RIF, 

DF, or approach behavior.  Distinguishing between these three possibilities is an important step 

in delineating the mechanism through which stimulation may improve exposure therapy.   

Alternate avenues for augmenting inhibitory processes. 

 While the present study focuses on evaluating brain stimulation as a means of enhancing 

inhibition, one should note that there are other avenues that could be explored as well. Though 

tDCS is non-invasive, there are sure to still be individuals who are reluctant to undergo brain 

stimulation. Researchers have had success in targeting cognitive biases through computerized 

training (e.g., Macleod & Mathews, 2012). These protocols, often called cognitive bias 

modification (CBM) techniques, have been shown to successfully reduce anxiety symptoms by 

targeting attention to negative stimuli (e.g., Beard, Sawyer, & Hofmann, 2012; Linetzky et al., 

2015) and negative interpretation of ambiguous stimuli (e.g., Amir & Taylor, 2012). 

Other training modules target various other facets of executive control. Training using a 

response inhibition task (RIT) typically pairs an undesirable behavior with a task that requires 

subjects to inhibit a prepotent response, such as a go-no go task (e.g., Wright et al. 2014). For 

instance, RIT training has been used to help curtail excessive alcohol use by pairing the no-go 

response with alcohol related stimuli, which theoretically helps strengthen response inhibition to 

the extent that an individual can adequately inhibit automatic impulses to drink (Houben et al., 

2011). Executive control has also been targeted more broadly by self-control training (SCT) 

techniques, such as practice using one’s non-dominant hand, that work under the assumption that 

executive control can be strengthened like a muscle (Muraven & Baumeister, 2000). SCT has 

been shown to successfully address problems associated with executive control deficits such as 
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aggression (Denson, DeWall, & Finkel, 2012), stereotyping (Gailliot et al., 2007), avoidance of 

studying (Job, Friese, & Bernecker, 2016) and impulse shopping (Sultan, Joireman, & Sprott, 

2012), although it is unclear how robust and persistent these effects are (e.g., Lee & 

Kemmelmeier, 2017).  

Subjects’ sleeping hours have also been utilized to strengthen training. Reinstating 

contexts during sleep that are similar to those that were present during original learning can 

enhance consolidation of learning memories (Rudoy et al., 2009). One study paired training to 

inhibit social biases with specific sounds, some of which were later played while the participant 

was sleeping (Hu et al., 2015). Training that was paired with sounds played during sleep was 

better remembered than related training that was paired with sounds that did not play during 

sleep. This targeted memory reactivation (TMR) presumably works via strengthening of 

retrieved memories (Oudiette & Paller, 2013). Intriguingly, though the focus here is on learning, 

this is essentially the same process that is theorized to drive extinction—perhaps training paired 

with sounds not played during sleep is not only learned less well than the other training, but is 

also inhibited. Indeed, though this has not been investigated in depth, TMR was used in a student 

thesis to enhance inhibitory learning with results in the direction of a benefit of TMR (Shin, 

2012).  

There are many other methods that have been used successfully to augment various 

executive control processes; the above is certainly not an exhaustive account. However, as 

encouraging as these results are, none have specifically targeted retrieval inhibition (although 

TMR could potentially be used in that capacity). That is not to say that training won’t benefit 

exposure therapy— there are surely other executive control mechanisms at work in extinction 
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and exposure as well. Additionally, when one area of executive control is strengthened research 

shows that others can be strengthened as well, both for very similar (near transfer; e.g., Dahlin et 

al., 2008; Salminen, Strobach, & Schubert, 2012) and for dissimilar tasks (far transfer; e.g, 

Karbach & Kray, 2009). Indeed, CBM techniques targeting other faculties, such as attentional 

bias (Riemann et al., 2013) and interpretation bias (Amir et al., 2015), have been used 

successfully in conjunction with exposure therapy. Related issues that are often present in 

individuals undergoing exposure therapy have also been addressed with cognitive training, such 

as trichotillomania (Lee et al., 2018) and intrusive thoughts (Bomyea & Amir, 2011). There is 

certainly reason to believe that developing a similar CBM for training of retrieval inhibition—for 

instance, a contingency varied threat RIF task that reinforces retrieval inhibition of negative 

stimuli—could enhance exposure outcomes. This type of training module could be paired with 

exposure, and perhaps could even be paired with several enhancement methods, such as brain 

stimulation and context reinstatement during sleep.  

Brain stimulation and exposure therapy. 

Finally, a few recent studies have begun to investigate the effects of brain stimulation paired 

with actual exposure therapy in humans. Two case studies have demonstrated a significant 

improvement in Y-BOCS in treatment-resistant patients with OCD using exposure and response 

prevention (ERP) immediately preceded by high frequency rTMS to the left DLPFC (Grassi et 

al., 2014) and low frequency rTMS to the pre SMA (Adams, Bashar, & George, 2014). Both 

patients had previously failed to benefit from medication and one of them also previously failed 

to benefit from ERP, which suggests that the addition of rTMS could have bolstered the efficacy 

of the ERP treatment. 
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 There have also been three controlled studies conducted that have paired brain stimulation 

with exposure. The first study combined low frequency rTMS of the right DLPFC with imaginal 

exposure in 8 participants with treatment-resistant PTSD (Osuch et al., 2009). A crossover 

design was utilized such that all participants underwent a block of 20 exposure and active rTMS 

sessions and a block of 20 exposure and sham rTMS sessions. The sham rTMS involved placing 

the coil at a 45° angle to the head while still maintaining contact with the head so as to mimic the 

sensation felt during active rTMS. Each participant created a unique 10-item hierarchy of 

trauma-related events to be used for imaginal exposure during the sessions. Items ranged from 

neutral to very traumatic and were related to the traumatic experience which had resulted in the 

person’s diagnosis of PTSD. Each session lasted 30 minutes and began with 5 minutes of rTMS 

only after which participants would be prompted to talk about an item of their choosing from 

their hierarchy. Before and after both treatment blocks participants were assessed using the 

Clinician Administered PTSD Scale (CAPS), the Impact of Events Scale (IES), and the Hamilton 

Depression Rating Scale (HAM-D). The results of the study were marginally successful— the 

CAPS hyperarousal scale suggested that exposure plus active rTMS was superior to exposure 

plus sham rTMS, however, none of the other measures yielded significant differences between 

groups. Osuch et al. (2009) had chosen low frequency rTMS to the right DLPFC hoping to 

address presumed right frontal hyperactivity associated with PTSD. They concluded that perhaps 

high frequency stimulation would be more effective in PTSD.  

Isserles and colleagues (2013) recruited 26 participants with PTSD and administered 12 

sessions of a similar imaginal exposure task paired with either active high frequency deep rTMS 

to the mPFC or sham rTMS. A third group imagined positive scenes before receiving active 
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rTMS. Both active and sham rTMS were applied by encasing either a real or a sham coil inside a 

helmet which resulted in similar acoustics and scalp sensations in both conditions. Participants 

were assessed weekly over four weeks using the CAPS, the PTSD-symptoms scale—self report 

(PSS-SR), the HAM-D, and the Beck Depression Inventory-II (BDI-II). Again, results were 

marginally successful-- though only the Intrusion subscale of the CAPS time by group 

interaction was significant, planned analyses revealed that participants who received exposure 

and active rTMS experienced a significant decrease in total CAPS score, as well as in each 

CAPS subscale while the other two groups did not experience a significant difference in scores 

from pre to post-treatment. That is, while the differences between the groups were not 

significant, scores from pre to post treatment did improve significantly for the exposure plus 

stimulation group but not for the other groups. A similar pattern was found for the other outcome 

measures as well.  

The final study investigated whether rTMS could be utilized to enhance exposure therapy for 

individuals with acrophobia (Herrmann et al., 2017). 39 participants underwent 2 sessions of 

brief virtual reality exposure therapy (VRET) following 20 minutes of either active or sham high 

frequency rTMS over the mPFC. During the VRET sessions participants were instructed to climb 

a very high winding staircase in a virtual environment. Rather than creating exposure hierarchies, 

each step of the staircase was conceptualized as a step on the hierarchy with SUDs (subjective 

units of distress) collected on each step. Participants who received active rTMS reported lower 

self-reported fear immediately following exposure, although differences were no longer present 

at 3 month follow-up. In this study active rTMS seems to have accelerated participant response 
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to exposure. Thus, there seems to be some evidence suggesting that pursuing non-invasive brain 

stimulation as a means of augmenting exposure therapy is a promising undertaking.  

Current Study and Hypotheses 

The current study assesses the effect of an anodal bipolar tDCS montage over the right 

DLPFC in participants receiving a single in vivo exposure therapy session for blood-injection-

injury (BII) fear on self-reported fear, approach behavior, and symptoms of anxiety and 

depression. BII was chosen as it can be evaluated in healthy participants, because non-invasive 

stimulation has not yet been evaluated in depth in phobic fears, and because participants with BII 

fears can provide an analogue for a clinical sample while allowing for a larger sample size.   

Additionally, people with BII phobias have been demonstrated to exhibit decreased activity in 

the mPFC when exposed to frightening stimuli (Hermann et al., 2007). The montage was chosen 

because although there is disagreement in the literature regarding whether right or left anodal 

tDCS would be most beneficial for enhancing inhibition (see table 1), the preponderance of the 

evidence seems to bend towards the right. Retrieval inhibition was also evaluated using a threat-

adapted RIF task and a DF task in order to determine whether tDCS causes increases in retrieval 

inhibition, which in turn leads to improvement in exposure therapy outcomes. 

This study stands to make two important contributions to the present literature—it evaluates 

the efficacy of a novel method of improving exposure therapy as well as attempts to illuminate a 

primary mechanism of action through which exposure works. As such, the current study tested 

several hypotheses. It was predicted that active tDCS in conjunction with exposure therapy as 

compared to sham tDCS with exposure therapy would result in better outcomes as indexed by 

lower self-reported fear, fewer symptoms of anxiety and depression, and increased approach 
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behavior. It was also predicted that active tDCS would result in an increase in inhibition scores 

as compared to sham stimulation. Furthermore, it was hypothesized that inhibition scores would 

mediate the relationship between stimulation condition and fear. Finally, competing hypotheses 

were tested, namely whether the effect of stimulation condition on exposure outcome could be 

mediated by a decrease in symptoms of anxiety and depression or by an increase in approach 

behavior.  

Method 

Participants 

42 undergraduate students were selected from the Northwestern University Subject Pool. 

Participants were selected based upon scores on the Blood Injection Symptom Scale (BISS; Page 

et al., 1997) administered either online or during mass testing in the beginning of the academic 

quarter. Participants were recruited with efforts made to over sample for high BISS scores with 

care taken to ensure that as many participants as possible could be recruited without including 

large numbers of participants who were only mildly BII fearful. Initial BISS scores for the 

present sample (M=30.05, SD=15.27, range 11-60) were significantly larger than for the entire 

subject pool (M=8.69, SD=12.23, range 0-65; F(1,433)=103.27 p=.000). Initial attempts to block 

randomize to condition based upon scores on the BISS were abandoned due to uneven groups 

caused by a large number of no shows and refusal to participate upon arrival. As such 

participants were randomized to treatment group freely, and initial BISS scores did not differ 

significantly between groups (F(1,41)=.35, p=.56; see table 2).   
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40 subjects participated in exchange for class credit and 2 subjects were paid; all subjects 

had the option to complete a paid follow-up session one month later. Table 2 presents initial 

BISS score, age, gender, and race information for the two groups. Neither age (F(1,41)=.77, 

p=.39), gender (F(1,41)=.00, p=1; exactly equal groups), nor race (F(4,37)=1.12, p=.36) were 

significantly different between groups. It is worth noting that extinction learning has been shown 

to be impaired in adolescents, likely due to immature functional connectivity between the 

vmPFC and the amygdala (Pattwell et al., 2012). However, this was not a concern as adolescents 

were defined in that study as being between 12 and 17 with a mean age of 13.89 and a standard 

deviation of .279. The present sample ranged in age from 18 to 24 with a mean age of 18.76 and 

a standard deviation of 1.06. Even the youngest participants in the present sample fall more than 

10 standard deviations away from the mean of the impaired sample. 

 Participants were excluded for their safety if they had any metal objects or implants in 

their brain, skull, scalp, or neck, or if they had any implantable devices such as a cardiac 

pacemaker, a defibrillator, a cochlear implant, or a medication pump. They were also excluded if 

they were pregnant or breast feeding or had ever been diagnosed with a serious psychiatric 

disorder, a neurological disorder, or a seizure disorder. 

Procedure 

The experiment was conducted over two laboratory sessions with no more than three 

days intervening between sessions. An optional follow-up session was conducted a month after 

completion of the second laboratory session.  
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When participants arrived at the lab for day one they were first consented and told they 

would be participating in a study evaluating the effect of brain stimulation on fear and 

performance. They then filled out two questionnaires to establish a baseline on the Multi-

dimensional Blood/Injury Phobia Inventory (MBPI) and the Depression-Anxiety-Stress Scales 

short form (DASS-21; Lovibond & Lovibond, 1995), and also completed the BISS again. Once 

the questionnaires were finished participants completed a behavioral approach task (BAT). 

The BAT was adapted from the one used by Olatunji et al. (2012). Participants were 

brought into a room which contained several hypodermic needles as well as a bag and test tubes 

of fake blood, which the participants were led to believe was real blood. The experimenter 

informed the participants that they would be asked to complete four tasks and that they would be 

asked for SUDs, or ratings of how anxious and fearful they are on a scale from 0 to 100, before 

and after each task. Participants were also informed that they would have 2 minutes to complete 

each task, and that if the participant did not complete the task in the 2 minutes then the BAT 

would be over. Since approach and avoidance behavior is best assessed using low-demand 

instructions, the experimenter instructed the participant to quit the task at the point at which they 

would usually want to leave the situation if it happened in everyday life (e.g., Zinbarg, 1998). 

Participants completed the BAT in a reclining chair to ensure safety in the case of fainting, as BII 

phobia is associated with vasovagal syncope, and because TMS, though not tDCS, has in a very 

small number of instances resulted in vasovagal syncope (Gillick et al., 2015). Participants were 

asked to give anticipatory SUDs for each of the 4 tasks and then began task 1. To complete task 

1 the participant had to allow the experimenter to approach the participant with a needle and 

blood bag to stand 5 feet in front of the participant, at which point the participant had to look at 
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the items for 10 seconds. Task 2 required the participant to touch the needle and the blood bag 

while the experimenter was holding them for 10 seconds. Task 3 required the participant to hold 

the needle and the blood bag in his or her hands for 10 seconds. To complete the final task 4 the 

participant had to hold the sharp tip of the needle against his or her arm for 10 seconds.  

Following the BAT subjects were fit for the tDCS electrodes and began the computerized 

RIF task. Stimulation began while the subject read the computerized instructions for the RIF task 

and continued for 25 minutes. Interstimulus intervals for the RIF task were set to be equal for all 

participants with the exception of allowing participants to advance through instruction screens at 

their own pace and the RIF task took approximately 20 minutes to complete. Participants were 

instructed that upon finishing the RIF task they should relax and look at a fixation point on the 

screen for the remainder of the stimulation period, which in all cases was no longer than 5 

minutes.  

The exposure session began immediately following the stimulation period and took place 

in the same room as the BAT. Since Öst et al. (1989) has found 1.6 hours to be the average 

single-session exposure time required for anxiety to be extinguished or reduced by 50% for BII 

phobia, the present exposure was 30 minutes long to avoid ceiling effects that could wash out the 

influence of tDCS and to account for sub-clinical fear levels. Participants proceeded through the 

steps of a predetermined exposure hierarchy in a reclining chair. Participants were asked for 

consent before each task and participants only proceeded as far as they were willing during the 

30 minutes, although the experimenter did explain the treatment rationale beforehand suggesting 

that the participants attempt to proceed as far up the hierarchy as possible. Participants were 

allowed to choose to begin the hierarchy at step 4 or below with the option of moving down as 
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many steps as desired if the chosen step was too difficult. The experimenter prompted the 

participant to begin a new exposure every 3 minutes and asked for SUDs at the beginning, 

middle, and end of each exposure. They were required to stay on each step for three minutes to 

standardize the exposure experience as much as possible, and were instructed to continue to 

interact with the stimuli during those three minutes. When a participant successfully completed a 

step they proceeded to the next step after three minutes. Participants who were unable to 

complete the task at the end of three minutes either continued trying to complete that task or 

moved down to an easier step for the next three minutes. Participants that completed the entire 

hierarchy before the 30 minutes were up were asked to repeat previous steps starting either at the 

beginning of the hierarchy or at the originally chosen first step until 30 minutes had elapsed. 

While clinicians would not typically repeat lower steps on a hierarchy but rather would 

encourage the patient to continue to work towards the very top of the hierarchy, this procedure 

was chosen to ensure the exposure was as similar as possible for all patients. As this was a 

preliminary analog study of brain stimulation and exposure, the choice was made to prioritize 

internal validity over external validity by increasing experimental control and minimizing error 

variance, which should also increase power. However, some proponents of the inhibitory 

learning model of exposure suggest that completing hierarchy items in a variable manner such as 

this could enhance the retrievability of inhibitory learning, potentially due to mitigation of 

context renewal effects (e.g., Rowe & Craske, 1998; Lang & Craske, 2000; Tsao & Craske, 

2000).  

The exposure hierarchy for the present study was created based upon several different 

studies of exposure for BII related fears (e.g. Öst, 1985, 1989; Öst, Hellström & Kåver, 1992). 
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The steps were designed such that they could be performed while seated in case of fainting and 

so that the stimuli would be relevant regardless of whether a given participant were only fearful 

of blood or of injections. Additionally, only steps that could be performed in the lab and without 

the presence of a medical professional were selected for the hierarchy. The hierarchy had 10 

steps and proceeded as follows: 1) look at a number of syringes and the bag of blood. 2) Touch 

the stimuli. 3) Hold the stimuli in one’s hands. 4) Press the sharp end of the needle against one’s 

fingertip. 5) Dip one finger into the fake blood and to leave it on the skin. 6) Press the sharp end 

of the needle to one’s arm. 7) Rub fake blood on one’s arm. 8) Allow the experimenter to press 

the sharp end of the needle to one’s arm. 9) Rub fake blood on one’s face. 10) Give oneself a 

prick from a diabetes testing kit. Participants were not informed that the blood was fake, and if 

questioned the experimenter would respond that they are unable to answer questions about the 

study. The experimenter informed the participants once the 30 minutes were up and allowed the 

participants to wash their hands and face if necessary.    

Following exposure participants completed a brief 10-minute DF task. This task was 

readministered at the end of day 2 to provide a secondary measure of retrieval inhibition since 

the RIF task could only be administered once due to time constraints and concerns about practice 

effects. The DF task on day 1 served as a stimulation test with the DF task on day 2 as a no-

stimulation test. This was possible because day 1 DF occurred approximately 30 minutes 

following stimulation, at which point effects of tDCS should still have been present, and day 2 

DF occurred at least 48 hours following stimulation, at which point tDCS effects should have 

worn off (e.g., Nitsche et al., 2008). Finally, before leaving at the end of day 1 participants were 

asked to fill out a questionnaire to assess what sensations they experienced during tDCS to 
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ensure that the sham stimulation successfully mimicked active stimulation (Fertonani et al., 

2010).  

Participants returned for day two of the experiment after two days had passed (if two 

days was not possible for a particular subject, one or three days was allowed). On day two 

participants again filled out the BISS, the MBPI, and the DASS-21 and completed another 

identical BAT and DF task. Once the DF task had been completed, participants were asked 

whether they would be willing to return in a month for another BAT task for $15. Participants 

who declined were then debriefed and dismissed. 

Participants who indicated they would be interested in the opportunity for a follow-up 

BAT were contacted to return a month later. Participants who returned completed the BISS, the 

MBPI, the DASS-21, and the BAT. Participants were then debriefed and dismissed. 

tDCS 

 A battery-driven MAgstim Eldith DC-Stimulator Plus (neuro-Conn, Ilmenau, Germany) 

with 5 cm x 7 cm conductive rubber electrodes was used. Stimulation lasted for 25 minutes 

(ramp-up: 5 seconds; stimulation: 25 minutes; ramp-down: 5 seconds) with a current intensity of 

2 mA (maximum current density: .057 mA/cm2, ramp-up and ramp-down: 5 seconds each). A 

bipolar montage was used (Figure 2), and electrodes were placed in wet sponges saturated with 

electrode gel and fixed to the scalp over the left (F3) and right (F4) DLPFC (according to the 10-

20 EEG system).  

 The participants, as well as the experimenter conducting the exposure sessions, were 

blinded to whether a participant was receiving active or sham stimulation. Each participant was 
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randomly assigned to one of two conditions: anodal stimulation of the right DLPFC (anode over 

F4 and cathode over F3) or sham stimulation. In the sham-stimulation condition, all settings 

except the stimulation duration (ramp-up: 5 seconds, stimulation: 30 seconds; ramp-down: 5 

seconds) were identical to settings in the active condition. This has been shown to be a valid 

sham procedure as participants still experience an itching or tingling feeling and thus believe 

they are receiving active stimulation (even though research suggests that 30 seconds of 

stimulation does not elicit any measurable biological effects; Gandiga, Hummel, & Cohen, 2006; 

Nitsche et al., 2008).   

Measures 

RIF.  

Retrieval inhibition was measured using a threat-adapted RIF task (Nuñez, Gregory, & 

Zinbarg, 2015; Figure 3) consisting of a study phase, a retrieval practice phase, and a recall test. 

The RIF task included a total of 48 nouns belonging to eight categories, four of which were non-

threatening and four of which were threat-ambiguous. There were six exemplars for each 

category (e.g., metals-bronze, metals-aluminum, fruit-banana, fruit-orange). The four non-threat 

categories were selected from those employed by Anderson et al. (1994, Experiment 3). 

Category exemplars for these categories were chosen with a mean rank order of 8 according to 

Battig and Montague’s (1969) category norms, meaning that all exemplars were equally 

representative of their respective categories in terms of typicality. The four ambiguous-threat 

categories were created using pilot data obtained with Amazon Mechanical Turk, an online 

resource for data collection, to assess perceived threat connotations of several potential 

categories and exemplars. Categories with exemplars that were most consistently perceived as 
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threatening were selected. Word length did not differ between neutral (M=6.92, SD=1.25) and 

ambiguous-threat categories (M=6.04, SD=2.40; F(1,47)=9.19, p=.12), and no two exemplars 

from the same category began with the same letter.  

Each category was divided into two subsets of three exemplars, and each participant 

received retrieval practice for one subset from each of four categories. Neutral categories and 

their exemplars were counterbalanced such that they were sometimes practiced and sometimes 

unpracticed. The exemplars from ambiguous categories were only partially counterbalanced in 

that only the neutral exemplars were ever studied. This procedure resulted in three separate types 

of words at test—words that received retrieval practice (RP+), words that were not practiced but 

are from categories that did receive retrieval practice or, the to-be-inhibited words (RP-), and 

words that were not practiced and are from categories that do not receive retrieval practice 

(NRP). 

During the study phase, the 48 category-exemplar pairs were presented for 5 seconds 

each. The presentation order was random with the constraint that no two consecutive pairs were 

from the same category. Following the study phase, participants engaged in retrieval practice for 

half of the exemplars from half of the categories (RP+). A series of category-plus-two-letter-

stem-cues (e.g., metals-al___) appeared on the screen for 5 seconds, and participants were 

instructed to type their response, completing the exemplar name. Each to-be-practiced item 

received retrieval practice three times, with the order of the practice trials determined via block 

randomization. 

In the final test, each of the 48 pairs were presented on screen for 5 seconds with the 

category intact and only the first letter of the exemplar presented (e.g., metals-a____). 
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Participants were again instructed to type their responses into the program. The categories were 

presented in randomized blocks such that all items from one category were tested before 

proceeding to the next category. To control for output interference, RP- items and a matched 

subset of NRP items were always tested first. NRP items tested in the first half of a block versus 

those tested in the second half of a block are referred to as NRP- (as they are matched to the RP- 

items) and NRP+ items (as they are matched to the RP+ items), respectively. This ensures that 

RP- items in a given category were always tested before RP+ items, and that recall performance 

for both sets of items can be compared with an appropriate baseline. RP- items were tested first 

so that if a RIF effect were to be found it could not be attributed to output interference. 

DF. 

A secondary measure of retrieval inhibition was obtained using a short DF task. Two 

hundred and fifty-six neutral words were selected to be used in the DF task from the Affective 

Norms for English Words (Bradley & Lang, 1999) with care taken to ensure that none of the 

words were also used in the RIF task and that words were approximately equal in frequency.  

Threatening words were not used in the present DF task as there could be concern that grouping 

threat words together could constitute creation of an implicit “threat category,” which would then 

make threatening words more difficult to forget as recall of one threat word could cue recall of 

other threat exemplars. The DF task was administered to each participant twice and each of the 

256 words was randomly assigned to be presented to each participant once across both 

administrations.   

Four lists of 32 words were studied in each of the DF task administrations. Each word 

appeared on screen for 3 seconds. After the first 16 words in a list were presented, a cue of 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2795107/#R5
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“forget” or “remember” appeared on screen for 5 seconds, after which the final 16 words in the 

list were presented. Two of the lists were forget lists and two were remember lists, and the order 

of these lists was counterbalanced across participants.  

Participants were instructed to study the lists presented on the screen. They were told that 

if a “forget” cue appears at any point during a list they were to forget the pre-cue words as they 

wouldn’t be tested on them, and should remember the following words, which would be tested. 

They were also instructed that if a “remember” cue appears they were to remember the preceding 

and the following words as they would all be tested. This resulted in four categories of words: to-

be-forgotten words that preceded a forget cue (F), to-be-remembered words that preceded a 

remember cue (RpreR), to-be-remembered words that followed a forget cue (RpostF), and to-be-

remembered words that followed a remember cue (RpostR). Each list was followed by a short 

distractor task requiring subjects to continually subtract a small sum from a large sum for 

approximately 15 seconds to disrupt possible rehearsal (for instance, subtract 7 from 300, then 

subtract 7 from that number, etc.) followed by a free recall test. Participants were always 

instructed to recall only the to-be-remembered items in tests immediately following each list, as 

inhibition can be indexed indirectly by comparing RpostF and RpostR recall (higher retrieval 

inhibition should result in decreased proactive interference, leading to better recall of RpostF 

words as compared to RpostR words, the so-called “benefit” of forgetting).  

 Questionnaire Measures. 

 The Blood Injection Symptom Scale (BISS; Page et al., 1997). 
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The BISS was used as a screening instrument as well as the primary outcome measure of 

BII fears. The BISS is a 17 item questionnaire that assesses symptoms that occur in situations 

involving blood or injections, specifically faintness, anxiety, and tension (Page et al., 1997). The 

BISS elicits yes or no judgements regarding whether specific symptoms were experienced during 

one of the participant’s worst experiences involving blood or injections. In order to improve the 

psychometric properties of the measure a 4-point Likert scale was used in place of the yes/no 

judgement. The BISS was selected because it measures physical symptoms that occur in phobic 

situations while other relevant surveys only measure fear. The internal consistency as computed 

by alpha for the original scale was .86 in a large sample of psychology undergraduates. The 

standard instructions for the BISS request that a participant signify which symptoms they 

experienced during one of their worst experiences involving blood or injections. The current 

study subtly altered these instructions by asking participants whether they believed they would 

experience these symptoms if they were to encounter blood or injections in the following two 

days since the two primary sessions of the experiment were conducted only two days apart (and 

the memory of one of their worst experiences involving blood or injections was unlikely to have 

changed over the span of two days or was likely to be based on, and hence operationally 

redundant with, the BAT). The alpha for the initial administration of the revised scale in the 

present sample was .93. 

The Multi-Dimensional Blood/Injury Phobia Inventory (MBPI; Wenzel & Holt, 2003) 

 The MBPI was administered to be used as a measure of types of BII fears. The MBPI is a 

40-item questionnaire that assesses disgust, fear, worry, avoidance, and fainting associated with 

four stimuli associated with BII phobia (blood, injury, injections, and hospitals). The MBPI also 
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distinguishes between a “self” and an “other” focus—it measures, for instance, whether one is 

more disgusted by one’s own blood or by another person’s blood. The MBPI requires 

participants to indicate how typical an item is of them on a 4-point scale. 6 subscales of 

injections, hospitals, fainting, blood-self, blood-others, and injury can be calculated from the 

total MBPI score. The MBPI was selected because it measures disgust in addition to fear, which 

research suggests is a critical emotion associated with BII phobia (e.g., Page, 1994). Alpha in a 

large university sample was .96 for the total scale, .91 for the injection subscale, .86 for the 

hospital subscale, .90 for the fainting subscale, .90 for the blood-self subscale, .81 for the blood-

other subscale, and .74 for the injury subscale (van Overveld, Jong, & Peters, 2011). One should 

note that this study used alpha for the total scale, which is inappropriate for a multidimensional 

scale, as opposed to omega hierarchical (ωh; Zinbarg et al., 2005). Additionally, test-retest 

reliability after six to eight weeks was high—the total scale was .96 and all of the subscales were 

over .90. The internal consistency for the initial administration in the present sample was .92 for 

the injection subscale, .90 for the hospital subscale, .87 for the fainting subscale, .92 for the 

blood-self subscale, .85 for the blood-other subscale, and .82 for the injury subscale. ωh for the 

total scale was .65. 

Depression-Anxiety-Stress Scales 21 (DASS-21; Lovibond & Lovibond, 1995) 

 To test the hypothesis that tDCS has a direct effect on symptoms of anxiety and 

depression, the DASS-21 was administered.  The DASS-21 is a shortened version of the DASS 

which can be broken down into three scales measuring anxiety, depression, and stress (Lovibond 

& Lovibond, 1995). The anxiety scale measures symptoms of physical arousal, panic attacks, 

and fear, the depression scale measures symptoms of dysphoric mood, and the stress scale 



     67 
 

measures tension, irritability, and a tendency to overreact to stressful events. The DASS-21 

requires participants to indicate on a 4-point scale how frequently or how severely 21 different 

symptoms have been experienced over the past week. The alpha of the DASS-21 in a mixed 

sample of participants with different anxiety disorders, depression, and healthy control was .94 

for the depression scale, .87 for the anxiety scale, and .91 for the stress scale (Antony et al., 

1998). Another study found alphas of .88 for the depression scale, .82 for the anxiety scale, and 

.90 for the stress scale in a non-clinical sample (Henry & Crawford, 2005). The shortened scale 

was selected to reduce the burden of questionnaires on the participants. The present study subtly 

altered the instructions for the DASS-21 to elicit judgments over the past two days rather than 

over the past week in an effort to make it more sensitive to the effects of treatment given that the 

pre- and post-treatment assessments were conducted two days apart. The alpha for the initial 

administration of the revised scales in the present sample was .91 for the depression scale, .69 for 

the anxiety scale, and .78 for the stress scale.  

Data Analyses and Plan 

 Analyses were performed using Mplus version 8. To evaluate hypotheses regarding 

whether tDCS stimulation had an effect on the outcome variables measured at three time points, 

growth curve analyses were conducted. Specifically, the hypothesis that active as compared to 

sham stimulation would result in a decrease in fear and anxious symptomatology was tested by 

regressing treatment group on a linear growth curve of a composite variable made up of scores 

on the MBPI, the BISS, the DASS-21 scales, and SUDs during the BAT. Avoidance as measured 

by steps taken on the BAT exhibited extremely low or no variance at each time point due to 

ceiling effects (variances of .21, .02, and .00 at pre-treatment, post-treatment, and follow-up, 
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respectively), and there were no group differences found (pre-treatment[active M=3.86 SE=.08; 

sham M=3.76 SE=.12; F(1,40)=.46, p=.50], post-treatment[active M=4.00 SE=.00; sham 

M=3.95 SE=.05; F(1,39)=1.05, p=.31]). This occurred despite very low-demand instructions for 

completing the BAT. For this reason the number of steps taken on the BAT was excluded from 

the BAT score.1 BAT score in the following analyses should be conceptualized as a measure of 

fear rather than of avoidance. 

 The composite score was created in order to control for Type 1 error. That is, using the 

multiple regression strategy analogous to protected t-tests recommended by Cohen, Cohen, West, 

and Aiken (2003), individual outcome variables were only to be analyzed if the effect were 

found to be significant for the composite variable. If each outcome variable were analyzed 

separately without the protection of first requiring the test conducted on the composite to be 

significant then Type 1 error rate would be inflated if not otherwise accounted for. Significant 

effects for the composite allow for follow-up tests on each outcome variable separately to 

determine which outcome variables contributed to the composite effect. The following analyses 

constrained the covariances between factors to zero, causing all factors to be orthogonal to one 

another. That is, models were fit with the assumption that the intercept and slope were 

independent from one another so that slope effects would not be potentially confounded with 

intercept effects. Missing data due to attrition and/or subjects missing a given time point were 

dealt with using full information maximum likelihood (FIML). Since there was substantial 

                                                            
1 The BAT score was itself a composite of anticipatory SUDs for each step of the BAT and SUDs 

on step one and two of the BAT, which was completed by all participants. 
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missing data at time 3 (N=12 of total 42), significant results were followed up with analyses 

excluding this time point. 

To evaluate whether stimulation group had an effect on inhibition as measured by DF and 

RIF, two separate analyses of variance were conducted with follow-up t-tests following 

significant interactions. Path analyses were conducted to test the hypothesis that retrieval 

inhibition as measured by RIF and DF mediated the relationship between stimulation group and 

exposure outcomes. Path analyses were also conducted evaluating the alternative hypothesis that 

the relationship was mediated by symptom severity as measured by the DASS-21. Approach 

behavior was not evaluated further as a mediator for the reasons discussed above. A statistical 

test of mediation was warranted due to the randomized experimental design of the present study 

and measurement of the independent variable, the dependent variable, and the mediator (e.g., 

Fiske et al., 1982). Mediation was assessed using the joint significance test method. This method 

involves testing the pathways between the IV and the mediator as well as the mediator and the 

DV with the logic that if both pathways are significant there is evidence for mediation. Although 

this method does not provide parameter estimates or the standard error of the mediator, it is the 

test with both the highest power and most accurate Type I error rates according to simulations 

conducted by MacKinnon and colleagues (2002).   

Results 

Treatment Trajectories 

 Scores on each outcome measure at each time point can be found in Table 3. A linear 

growth curve was fit to the composite scores at the three time points to estimate treatment 
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trajectory.  The analysis revealed a significant negative treatment slope (M=-.53, SE=.09, 

p<.001, 95% CI [-.71, -.35]) indicating improvement across measures from pre-treatment to one 

month follow-up. This analysis was conducted as a manipulation check to verify that exposure 

therapy was, in fact, successful in the present study. To further delineate the treatment effects 

additional linear growth curve analyses were run for each of the outcome variables separately. 

The pattern of results was consistent across measures—significant negative treatment slopes 

were found for scores on the MBPI (M=-10.14, SE=2.03, p<.001, 95% CI [-14.41, -6.20]), the 

BISS (M=-7.13, SE=2.17, p=.001, 95% CI [-11.38, -2.88]), the depression scale of the DASS-21 

(M=-1.96, SE=.90, p=.03, 95% CI [-3.73, -.19]), the anxiety scale of the DASS-21 (M=-1.74, 

SE=.70, p=.01, 95% CI [-3.11, -.37]) and for average BAT SUDs (M=-.18, SE=.08, p=.02, 95% 

CI [-.32, -.03]). The negative treatment slope for the stress scale of the DASS-21 approached 

significance (M=-1.39, SE=.81, p=.08, 95% CI [-2.97, .19]). Thus, each of the outcome measures 

separately demonstrated improvement from pre-treatment to one month follow-up. 

 Since there was substantial missing data at follow-up, analyses were also conducted to 

assess the slope between pre- and post-exposure treatment excluding follow-up. This was done to 

ensure that treatment effects weren’t being driven by the small number of participants at follow-

up. The negative treatment slope was also present between pre-and post-treatment for the 

composite (M=-.61, SE=.07, p<.001), scores on the MBPI (M=-11.64, SE=2.04, p<.001), the 

BISS (M=-9.67, SE=1.43, p<.001), the depression scale of the DASS-21 (M=-2.39, SE=.85, 

p=.005), the anxiety scale of the DASS-21 (M=-2.26, SE=.70, p=.001), the stress scale of the 

DASS-21 (M=-2.20, SE=.86, p=.01), and for average BAT SUDs (M=-.98, SE=.13, p<.001). A 

piecewise regression to analyze the maintenance period between post-treatment and follow-up 
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separately was also conducted, but one should be cautious in its interpretation as evidence of 

maintenance of gains would most likely be due to the small sample size (Figure 4, Table 4). The 

general pattern across measures suggest that while some treatment gains were maintained there 

was certainly regression back to pre-treatment scores. BAT SUDs, however, had decreased 

further at follow-up. 

Effects of Brain Stimulation on Treatment Trajectories 

No significant group differences were found for intensity of sensations during brain 

stimulation [active M=6.95 SD=5.07; sham M=5.67 SD=3.02; d=.31; F(1,40)=.99, p=.32], 

suggesting that sham stimulation can serve as a satisfactory, though perhaps not perfect, control 

for active stimulation. To determine whether brain stimulation moderated treatment trajectories, 

linear growth curves were regressed on treatment group (active vs. sham). Regressing the 

treatment slopes on treatment group revealed a significant interaction between the rate of change 

during treatment and treatment group (B=.24, SE=.11, p=.03, Figure 5) such that participants 

who received active stimulation tended to have less steep recovery slopes than those who 

received sham stimulation . That is, active brain stimulation resulted in less improvement 

following exposure therapy. This analysis also verified that the groups were not significantly 

different at baseline as the interaction between the intercept and group was not significant (B= -

.35, SE=.21, p=.10) 

The significant association between treatment trajectory and treatment group was broken 

down by each outcome variable separately. A significant association was found between rate of 

change during treatment and treatment group for BISS scores (B=4.48, SE=2.04, p=.03) such 

that participants who received active stimulation tended to have less steep recovery slopes than 
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those who received sham stimulation. The relationship approached significance for scores on the 

depression scale of the DASS-21 (B=2.51, SE=1.45, p=.09). The relationship was non-

significant for MBPI scores (B=3.72, SE=3.50, p=.29)2, scores on the anxiety scale of the DASS-

21 (B=.81, SE=1.25, p=.52), scores on the stress scale of the DASS-21 (B=1.09, SE=1.43, 

p=.45), and average BAT SUDs (B=-.01, SE=.08, p=.90). Table 5 provides group slopes for each 

measure and refer back to table 3 for outcome measure means by group and timepoint. 

These analyses were also conducted looking only at pre- and post-treatment and the 

pattern of results remained the same. A significant interaction was found between rate of change 

during treatment and treatment group for the composite score (F(1,40)=5.57, p=.02) and for 

BISS scores (F(1,39)=4.49, p=.04). The interaction for scores on the depression scale of the 

DASS-21 was no longer significant (F(1,39)=2.34 p=.13). The relationship was also non-

significant for MBPI scores (F(1,39)=.24, p=.63), scores on the anxiety scale of the DASS-21 

(F(1,39)=1.90, p=.18), scores on the stress scale of the DASS-21 (F(1,39)=.36, p=.55), and 

average BAT SUDs (F(1,39)=1.11, p=.30). Again, regressions from post-treatment to follow-up 

were only interpreted with caution, however, significant positive slopes despite small sample size 

provided strong evidence of failure by the active group to maintain gains in the composite score, 

the BISS, the MBPI, and the depression scale of the DASS-21 (Table 6). Table 7 provides group 

slopes for each measure for both treatment and follow-up trajectories.  

                                                            
2 Separate analyses were later conducted for each subscale of the MBPI to ensure that an effect was not being 
masked by increased variance due to the MBPI being a multidimensional scale. There were no significant 
interactions between group and any of the subscales: injection (B=.87, SE=.91, p=.34); hospital (B=.18, SE=.76, 
p=.81); fainting (B=.01, SE=.25, p=.97); blood-self (B=.97, SE=.56, p=.08); blood-other (B=-.03, SE=.51, p=.96); injury 
(B=-.24, SE=.55, p=.66).  
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Effects of Brain Stimulation on Retrieval Inhibition 

A 2 (category) x 2 (exemplar) repeated measures ANOVA was run as a manipulation 

check to ensure that a RIF effect occurred in the present study. The interaction between category 

and exemplar was significant (F(1,41)=65.99, p<.001) and the difference between RP- and NRP- 

words approached significance (t(1,41)=-1.79 , p=0.08), which suggests that RIF occurred. To 

assess the effects of brain stimulation on retrieval inhibition as measured by the RIF task and to 

assess for potential difference in RIF category valence a 2 (group) x 2 (category valence) 

repeated measures ANOVA was run using inhibition index scores. Inhibition index scores were 

created by subtracting the number of RP- words recalled from the number of NRP- words 

recalled such that a positive index score signifies that unpracticed words from practiced 

categories were selectively forgotten and as such retrieval inhibition occurred. Two separate 

scores were computed: RIF in the neutral categories and RIF in the threat-ambiguous categories. 

The analysis revealed a significant main effect of group such that index scores were significantly 

higher in the sham stimulation group (M=.86 SE=.25) as compared to the active stimulation 

group (M=-.12 SE=.30; F(1,40)=6.30, p=.02) for overall RIF. The main effect of valence was not 

significant (F(1,40)=.03, p=.86) and the interaction between group and valence approached 

significance (F(1,40)=2.85, p=.09). To break down the interaction, two separate one-way 

ANOVAs were conducted for the neutral and threat-ambiguous categories3.  Significant group 

                                                            
3Unplanned analyses informed by Nuñez, Gregory, & Zinbarg (2015) were later conducted examining RIF effects in 
participants grouped into low, medium, and high anxiety groups based on scores on the anxiety scale of the DASS-
21. For participants with moderate levels of anxiety the interaction between RIF category valence and stimulation 
group approached significance (F(1,24)=4.00, p=.06). A significant group difference was found for these 
participants in non-threat RIF (F(1,24)=15.10, p=.001) and not in threat RIF (F(1,24)=.06, p=.82; Figure 7 and 8). 
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differences in RIF were found for the neutral categories (F(1,40)=10.71, p=.002) and not for the 

threatening categories (F(1,40)=.22, p=.64). For non-threatening categories inhibition index 

scores were significantly higher in the sham stimulation group (M=1.24 SE=.33) as compared to 

the active stimulation group (M=-.43 SE=.39). The effect for non-threatening categories remains 

significant even with a Bonferroni correction to control the inflated type I error rate due to 

conducting multiple tests since the interaction only approached significance. Thus it appears that 

brain stimulation caused a reduction in retrieval inhibition for neutral categories and when 

averaging across neutral and threat categories (Figure 6).   

Retrieval inhibition was also assessed using a DF task. The DF effect is typically 

demonstrated through enhanced recall of words following a forget instruction as compared to 

words following a remember instruction (the “benefit” of forgetting) and by decreased recall of 

words preceding a forget instruction as compared to words preceding a remember instruction 

(the “cost” of forgetting). Since recall for to-be-forgotten words (words preceding forget 

instructions) was only elicited at time 2, the “benefit” of forgetting index was used in the present 

study to indicate the presence of retrieval inhibition due to the resolution of proactive 

interference. A manipulation check revealed that the “benefit” of directed forgetting was present 

across groups at each time point: participants remembered significantly more words following a 

forget cue than words following a remember cue at both time 1 (t(1,41)=3.92, p=.000) and time 2 

(t(1,39)=3.83, p=.000). 

Since the DF task was administered twice, a repeated measures ANOVA was conducted 

to assess the effect of brain stimulation on retrieval inhibition as measured by the DF task. The 

2(group) x 2(cue) x 2(time) repeated measures ANOVA yielded a group by cue by time 



     75 
 

interaction that approached significance (F(1,38)=3.19, p=.08). To further elucidate this 

relationship paired T-tests were conducted comparing recall of words that followed forget 

instructions at time 1 and time 2 and recall of words that followed remember instructions at time 

1 and time 2 for the two treatment groups. Recall following forget instructions was significantly 

worse on day 1 (following stimulation; M=11.48, SE=1.65) than day 2 (M=14.24, SE=1.58; t=-

2.8, p=.03) for the active group, and was not significantly different for the sham group (M=13.32 

SE=1.72; M=13.11 SE=1.44; t=.21, p=.88; Figure 9). Recall following remember instructions 

were not significantly different on day 1 and day 2 for either the active (t=-1.02, p=.32) or the 

sham group (t=-1.47, p=.16; Figure 10). As such, although the interaction only approached 

significance, the DF data provides some support for the RIF finding that active brain stimulation 

resulted in a decrease in retrieval inhibition.    

Of note, the RIF and DF effects at time 1 were virtually completely uncorrelated with one 

another (r=-.01, p=.96). To shed more light on the relationship between RIF and DF correlations 

were run between components of the effect that theoretically should be related. The DF effect 

(difference in recall for words following forget instructions and words following remember 

instructions) was positively correlated with recall of words in the RIF task that were tested last in 

their categories (r=.31, p=.05). Recall of these items requires one to overcome output 

interference, which is essentially a specialized case of proactive interference. As such, resolution 

of proactive interference could potentially be a common mechanism between RIF and DF. 

Additionally, failure to forget in RIF (recall of to-be-forgotten words) was positively correlated 

with DF recall of pre-remember cue words (r=.47, p<.01). Pre-remember cue recall is indicative 
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of resistance to retroactive interference, which, taken together with lower adaptive forgetting 

indexed by failure to forget, could suggest a shared difficulty in updating memory.   

Mediation Analyses 

A path analysis was conducted to assess whether RIF scores mediated the relationship 

between brain stimulation and BISS scores. Total and non-threat RIF and BISS scores were 

assessed as a mediator and the outcome variable, respectively, because they interacted 

significantly with treatment group in the previous analyses. The standardized regression 

coefficient between stimulation group and RIF scores was significant (β=-.37, p=.02). However, 

the standardized regression coefficient between RIF scores and change in BISS scores was not 

significant (β=-.04, p=.84). Treatment group was previously found to have a significant effect on 

non-threat RIF scores (F(1,40)=10.71, p=.002). The standardized regression coefficient between 

non-threat RIF scores and change in BISS scores adjusted for treatment group was not significant 

(β=.17, p=.30). Since only one pathway is significant for both total and non-threat RIF the joint 

significance testing method failed to provide evidence for mediation.  

DF as a mediator was also assessed. Treatment group was previously found to have an 

effect on the change in DF score that approached significance (F(1,38)=3.19, p=.08). The 

standardized regression coefficient between change in BISS scores and change in DF score 

adjusted for treatment group was significant (β=-.33, p=.04; Figure 11). Change in DF was 

measured as the change in the proportion of words recalled following forget and remember cues 

from time 1 to time 2. The joint significance testing method suggests that if the pathways 

between the IV and the mediator and between the mediator and the DV adjusted for the IV are 

significant then there is evidence for mediation. The present path analysis falls just short of this 
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standard for an alpha level of .05 at path a, however, especially considering that about 30% of 

the total effect of BISS outcomes between groups appears to be accounted for by DF, one can 

certainly argue that there is fairly strong evidence of partial mediation. The alternative 

hypotheses that the relationship between brain stimulation and BISS outcomes could be mediated 

by depressive or anxiolytic symptom change or by approach behavior during the BAT were not 

tested further as no significant pathways were found previously between Treatment Group and 

change in DASS-21 scores or BAT avoidance.   

Discussion 

In the present study an anodal bipolar tDCS montage over the right DLPFC caused 

decreases in both treatment gains and retrieval inhibition in participants receiving a single in vivo 

exposure therapy session for BII fear. Path analyses suggest that retrieval inhibition capabilities 

may have partially mediated the relationship between stimulation and treatment outcomes. As 

such, the study paradoxically accomplished its primary aims while two of three hypotheses were 

incorrect. Hypothesis one (that active tDCS in conjunction with exposure therapy as compared to 

sham tDCS with exposure therapy would result in better outcomes) and two (that active tDCS 

would result in an increase in inhibition scores as compared to sham stimulation) were both met 

with opposite results, and hypothesis three (that retrieval inhibition would mediate the 

relationship between stimulation condition and outcomes) was partially supported. Nonetheless, 

the study successfully demonstrated the power of tDCS to affect in vivo exposure therapy 

outcomes and indicated that this causal relationship is likely mediated by retrieval inhibition.  In 

having accomplished these aims the present study makes two important contributions to the 

literature—it opens the door for further assessment of a novel method of improving exposure 
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therapy and provides some preliminary empirical support for retrieval inhibition as a mechanism 

of action in exposure therapy. 

Addressing Unexpected Results 

Considering the heterogeneity in stimulation techniques in the literature, it is not 

altogether surprising that the present results are in the opposite direction from what was 

hypothesized. Promising results for extinction learning, symptom reduction, and inhibition 

changes have been found using a variety of different montages and pulse generator placements, 

current intensity, stimulation duration, and experimental procedures (e.g., applying stimulation 

before, during, or after extinction learning). Refer back to table 1 for a selection of relevant 

findings with the montages used to illustrate the difficulty in predicting the effects of a given 

montage.  

This heterogeneity issue is further complicated by the lack of concrete evidence 

demonstrating the neural mechanisms of tDCS. As mentioned earlier, the present study does not 

make claims (causal or otherwise) about the relationship between targeted brain regions and 

outcomes. To do so would be imprudent; the state of our current understanding of the 

mechanisms of tDCS is preliminary at best. Perhaps most importantly for the present study, it is 

unclear whether tDCS current can shift polarity in deep brain structures as it passes from the 

anode to the cathode or whether these areas could be activated through transynaptic activation. 

Perhaps target structures such as the vmPFC are not effected at all by tDCS to the DLPFC. 

Extrapolating from the present findings and prior research, one could posit that in the current 

study perhaps resting membrane shifts in the DLPFC caused the vmPFC to be inhibited, which 

then could have resulted in a lack of vmPFC control over the amygdala during extinction 
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learning. However, the present data should not be interpreted as empirical support for this 

possibility. Additionally, as a true neuromodulator tDCS may have differing effects on mood and 

behavior depending on whether enough sessions have been administered to induce a more 

permanent change in neural pathways. 

tDCS Effect on Fear 

Although the BISS and MBPI are both measures of facets of BII fears, it is notable that 

stimulation only significantly affected BISS scores. This is interesting in that the BISS measures 

physical symptoms one might experience when confronted by fearful stimuli whereas the MBPI 

measures more verbalized fear and worry, as well as disgust, avoidance, and fainting. The lack of 

a significant interaction of group and MBPI scores could be due to increased variance associated 

with the multidimensional nature of the measure, however, separate analyses for each subscale 

rule out this possibility. As such, it appears that while active tDCS plus exposure therapy stunted 

improvement of participants’ physical experiences, it is unclear whether there is a relationship 

between stimulation and fear cognitions and behaviors. 

Considering the role of habituation in exposure therapy may explain this pattern of 

results. The present study has focused on inhibitory learning as a primary mechanism of change 

in exposure therapy, and indeed, the present results support this conceptualization. However, 

acknowledging the important role of inhibitory learning does not mean that other processes are 

not also contributing to exposure therapy success. There is considerable debate in the literature 

over whether exposure therapy techniques should primarily aim to enhance inhibitory learning, 

as per inhibitory learning theory, or fear reduction during exposure, as per Emotional Processing 

Theory. The present study can perhaps be taken as evidence that these two theoretical 
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perspectives need not be at odds. Perhaps the impaired reduction in physical fear symptoms 

occurred because active tDCS actually hampered within-session habituation. The experience of 

habituating can itself be inhibitory learning. For instance, the experience of encountering blood 

during an exposure and finding that one does, in fact, eventually habituate could create an 

association (blood-habituation) that would inhibit the original fear association of blood and, for 

instance, sweating and nausea. This is referred to as expectancy violation in inhibitory learning 

theory (Craske et al., 2014).  Perhaps in the present study, participants were better able to 

retrieve this inhibitory learning about habituation post treatment if they did not receive active 

stimulation, since active stimulation hampered retrieval inhibition abilities. Thus, these 

participants could have potentially experienced less habituation and also been less able to 

retrieve inhibitory learning about habituation. Additionally, one could reasonably expect that 

higher level processing of the fear reduction in exposure, such as explicit verbal 

acknowledgement that, for instance, one is now less afraid of needles, would require more 

sessions with a therapist, while the experience of a decrease in physical symptoms is readily 

apparent. Indeed, the present study did not include any therapeutic processing following 

exposure.  

Another potential explanation for the group differences in physical symptoms of fear lies 

in the unique nature of BII phobia. Unlike most fear experiences, people with BII phobia often 

experience a vasovagal response—that is, vasovagal responders’ heart rate and blood pressure 

drop rapidly at the sight of the feared stimuli, while a typical responders’ heart rate and blood 

pressure will increase (e.g., Alboni et al., 2008).Vasovagal responders with BII fear will often 

even faint at the sight of blood. Perhaps the unique physical experiences of people with BII fears 
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are addressed fairly completely by exposure therapy, allowing for active tDCS to have had a 

stunting effect. Though purely speculative, the effect sizes from pre- to post- treatment for the 

sham group support this interpretation (d=.43 for MBPI, d=.97 for BISS).  

RIF vs. DF and Partial Mediation 

The differential pattern of results found for retrieval inhibition as measured by RIF and 

DF may provide a more nuanced view of the mechanisms underlying exposure therapy. The 

present study found that active tDCS as compared to sham resulted in less RIF and DF, however, 

statistical evidence for mediation was only found for DF. That is, it seems that tDCS certainly 

affects both indices of retrieval inhibition, but perhaps only DF has a mediating effect on 

physical symptoms associated with BII fears. This is informative in that RIF and DF initiate 

retrieval inhibition by different methods.  

As discussed in the introduction, RIF and DF both measure the strength of one’s ability to 

inhibit retrieval of memories. RIF measures the extent to which recall of certain information 

results in inhibition of related information, while DF measures the extent to which effortful 

inhibition of information can resolve proactive interference. RIF is related to exposure therapy in 

that retrieval of extinction memories should inhibit retrieval of the original fear memories such 

that the original fear memories will become harder to recall, that is, retrieval of CS-noUS should 

inhibit the recall of CS-US when the CS is presented alone. DF is related to exposure therapy in 

that effortful forgetting of fear memories might also result in enhancement of the retrievability of 

extinction/exposure memories. That is, purposeful forgetting of the CS-US association would 

result in inhibition of the CS-US association, which would cause the CS-noUS association to be 

more easily recalled due to a lack of proactive interference from the CS-US association. With 
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DF, inhibition is being induced purposefully rather than occurring due to retrieval competition 

with the CS-noUS association. With RIF, retrieval competition causes inhibition while with DF 

retrieval competition does not occur due to active inhibition.  

While it is possible that these processes may only differ in how they are initiated while 

the inhibitory process itself may be the same, the present results seem to suggest that they are in 

fact distinct processes—the RIF and DF effects in the present study were virtually completely 

uncorrelated with one another. However, follow-up tests suggested that RIF and DF might both 

require resistance to proactive interference and that low RIF and DF may be indicative of a 

shared difficulty in updating memory, which would likely interfere with exposure therapy. As 

such, there is evidence to suggest that the RIF and DF processes may share some similarities but 

are largely distinct. 

tDCS evidently disrupted both processes, but the relationship between BISS scores and 

stimulation was mediated by disruption in one’s ability to effortfully inhibit information. The 

data suggest that participants who received sham stimulation were more effective in effortfully 

inhibiting fearful associations with BII stimuli, which then allowed for easier recall at test of the 

new, non-fearful BII associations generated during exposure (due to less retrieval competition 

from the fearful associations). The lack of a significant mediating relationship with RIF is 

especially interesting in that RIF seems to more accurately mirror the processes emphasized by 

the inhibitory learning theory of exposure therapy. However, the finding that tDCS affects RIF is 

still promising. There are several reasons why this effect may not have been reflected in the 

BISS scores. The DF analyses may have yielded significant results where RIF did not simply 

because error from individual differences was accounted for in DF as it was administered twice. 
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RIF and DF certainly differ in memory requirements—DF requires inhibition during working 

and short term memory, whereas RIF also taps long term memory processes. Perhaps repeated 

applications of tDCS would be required to augment long term memory and consolidation of 

inhibitory learning whereas immediate effects can be seen for short term memory. Stimulation 

timing may also play a role. In order to augment long term memory enough for the effects to 

show up in exposure therapy outcomes perhaps stimulation should occur during consolidation of 

extinction learning rather than prior to extinction learning.    

Other notable RIF findings. 

One should note that retrieval inhibition effects were also in the opposite direction from 

what would be expected based upon the literature. In the Penolazzi et al. (2014) study, cathodal 

stimulation of the right DLPFC diminished the RIF effect while anodal and sham stimulation 

resulted in typical RIF. Though this seems to be the opposite of what was found in the present 

study, this again raises the issue of tDCS montage consistency—the present study used a 

bilateral montage to induce frontal asymmetry while the Penolazzi et al. (2014) study used a 

reference electrode, presumably somewhat isolating the right DLPFC. The Anderson et al. 

(2015) findings in which the effect of tDCS on RIF was dependent upon prior RIF scores could 

potentially provide an explanation for the present data—it is likely that undergraduate students at 

a prestigious university have high baseline levels of RIF, which would suggest that cathodal 

stimulation of the left DLPFC would then lower RIF abilities. However, Anderson et al. (2015) 

also used a reference electrode. Conversely, Silas & Brandt (2016) demonstrated significant 

decreases in the DF effect using the equivalent but opposite montage of that of the present study; 

they applied anodal stimulation to the left DLPFC and cathodal stimulation to the right DLPFC. 
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However, the present study employed double the current intensity of Silas and Brandt (2 mA vs. 

1 mA; 2016). These discrepancies again highlight the vast importance of delineating the 

mechanisms of tDCS and the effects of various tDCS parameters in order to be able to obtain a 

specific desired result.  

The present RIF findings are consistent with prior work demonstrating differences in RIF 

for threatening and non-threatening categories (Nuñez, Gregory, & Zinbarg, 2015). While the 

overall RIF effect was significant, when broken down by category only non-threat RIF was 

significantly affected by stimulation. Figure 6suggests that this difference is likely due to an 

overall smaller RIF magnitude for threat categories. That is, there was less of a RIF effect to be 

lost due to active tDCS to begin with, as it appears that even participants who received sham 

stimulation had more trouble inhibiting threatening exemplars than non-threatening exemplars. 

This is in line with the Nuñez, Gregory, and Zinbarg (2015) findings that people with middling 

levels of state anxiety will exhibit normal RIF for non-threatening categories and impaired RIF 

for threatening categories. However, one might also expect that the participants would have been 

experiencing a relatively high level of state anxiety as they had just completed the BAT, were 

undergoing tDCS, and were aware they would soon receive exposure therapy. If such were the 

case, the results from Nuñez, Gregory, and Zinbarg (2015) would suggest that participants would 

exhibit normal RIF for threat categories and mildly impaired RIF for non-threat categories.  

Interestingly, grouping participants into low, medium, and high levels of anxiety based 

on the anxiety scale of the DASS-21 visually reveals that a while a very similar pattern exists for 

participants in the sham group (Figure 7), participants in the active group appear quite different 

(Figure 8). Participants in the active group who reported moderate levels of anxiety experienced 
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on average a complete absence of the RIF effect for non-threatening words while for participants 

in the sham group who reported moderate levels of anxiety the RIF effect for non-threatening 

categories received a substantial boost. However, RIF for threatening categories appears 

remarkably similar between the groups. This could potentially explain why RIF did not have a 

mediating effect on BISS scores—perhaps tDCS would need to augment RIF for threatening 

categories for this to occur. However, there is also high variance between participants in the low 

anxiety and in the high anxiety groups, so high or low anxiety may be more indicative of a 

general disruption in retrieval inhibition that can manifest in either enhanced or dampened RIF.  

Alternative Mediation Hypotheses 

Though there was certainly more evidence found for the retrieval inhibition hypothesis of 

mediation than for the alternative hypotheses, this should not be taken to mean that symptom 

reduction and approach behaviors do not play an important role in exposure therapy. Indeed, 

retrieval inhibition accounted for about 30% of the total effect between BISS outcomes and 

stimulation groups, which leaves plenty of room for approach behavior as well as other 

mediators to play a role. Aside from the dangers of accepting null hypotheses, limitations of the 

present study could have masked the potential effects of approach behavior and symptom 

reduction. The number of steps taken on the BAT was intended to be used as the primary 

indicator of approach behavior, but this measure had to be abandoned due to little or no variance 

at any of the three time points. With regards to direct symptom reduction, a relatively low alpha 

level for the anxiety scale of the DASS-21 could have masked mediating effects. Approach 

behavior and direct symptom reduction should be further investigated as possible mediators in a 

study utilizing a much more difficult BAT task and more reliable symptom measures.    
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Limitations and Future Directions 

 Though a promising first step, the present study included several important limitations. 

Perhaps the most notable of these is the small sample size which did not allow for testing of the 

opposite bipolar montage. While there is reason to hope that inducing relative left frontal 

asymmetry could produce therapeutic effects of tDCS, this is not guaranteed, especially in light 

of the limited understanding of the mechanisms of tDCS. This lack of understanding is, in itself, 

a limitation—one cannot draw conclusions regarding involvement of different brain areas and 

neural pathways based upon the present study. 

The present study is also limited in its use of a non-clinical sample and setting. A 

treatment effect size of d=.9 following only 30 minutes of therapy regardless of stimulation 

condition is certainly impressive, and speaks to the potency of exposure therapy. However, this 

does not necessarily mean that clinical populations would have a comparable response to the 

same treatment. Though treatment seeking patients would likely be more motivated than 

undergraduate students with BII fears, they would also experience higher levels of fear and 

impairment and likely would struggle more in completing exposures. Other aspects of the present 

study were also somewhat inconsistent with real-world exposure therapy. For instance, in order 

to maximize time with participants and minimize error, a common exposure hierarchy was used 

for all participants whereas in treatment therapists generally develop a unique hierarchy with 

each patient.  

Investigating only BII fears is also limiting. As mentioned earlier, people with BII fears 

often exhibit the opposite physiological response from people with other fears, which calls to 

question whether there is something unique about this population which may affect their 
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response to tDCS. Even more significantly, it is relatively rare for a person who purely suffers 

from BII fears, or any other specific phobia, to seek out exposure therapy. Indeed, comorbidity 

tends to be the rule rather than the exception, especially in the most severe populations who 

would likely benefit most from a means of enhancing exposure therapy outcomes. Furthermore, 

an exposure therapy treatment enhancement would ideally be useful for anyone who would 

benefit from exposure therapy, including people with more complex disorders, such as 

obsessive-compulsive disorder, which require more complex treatment. Future studies should 

investigate whether tDCS can enhance, for instance, ERP treatment. 

Future studies would also benefit from employing additional treatment sessions. 

Exposure therapy is most typically employed over 8 to 16 weekly sessions, and the most severe 

patients sometimes even spend months in a residential treatment center receiving daily exposure 

therapy. Additional sessions of exposure therapy would not only have made the present study 

more generalizable to a typical course of treatment, but also would have allowed for additional 

tDCS applications, which may have resulted in larger effects of stimulation on treatment 

trajectories. Greater retention at follow-up would have provided better means to assess whether 

there was an enduring effect of stimulation on maintenance trajectories. The present study also 

would have benefitted from a more sensitive BAT, the use of physiological indices of fear, and 

perhaps from varying the timing of stimulation to investigate whether consolidation of inhibitory 

learning can be affected by tDCS plus exposure.  

The present findings certainly warrant further investigation, both despite and due to these 

limitations. Fortunately, a follow up study is currently being planned that will aim to address 

many of the limitations discussed above. tDCS will be investigated as an adjunct to ERP in a 
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residential treatment center for OCD. The planned study will utilize new multifocal tCS 

(transcranial stimulation; the current is no longer direct as multiple electrodes are used) 

technology that allows for penetration to the mPFC. Though the mechanisms are still unclear, 

initial EEG and fMRI data suggest that multifocal tCS with the anode over Fpz causes activation 

of the mPFC, and that greater specificity can be achieved (e.g., Ruffini et al., 2014). This will 

hopefully eliminate the need to test opposite bipolar montages, although this could be 

accomplished with the traditional tDCS unit due to the high availability of participants. The 

residential study will also address limitations related to treatment generalization and allow for 

multiple applications of tCS in addition to daily exposure. This study will also provide an 

opportunity to assess the utility of non-invasive brain stimulation in severe and complex 

psychopathology and with treatment non-responders.  

Implications and Conclusion 

 Despite limitations and unexpected results, the present study nonetheless is the first to 

successfully demonstrate the power of tDCS to modify in vivo exposure therapy outcomes, and 

to show that this relationship is likely mediated by retrieval inhibition. Accordingly the present 

study also provides empirical evidence suggesting that retrieval inhibition is an important 

mechanism of exposure therapy. 

This new knowledge could have important implications for exposure-based therapy 

practices, both with and without adjunctive brain stimulation. For instance, the present results 

suggest that an inhibitory learning approach to exposure therapy may indeed enhance outcomes 

when used in conjunction with traditional practices to induce habituation. The present study also 

opens the door for development of a cost-effective, safe, and painless means of enhancing 
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exposure therapy. If future research can build upon the present study to identify a montage that 

causes therapeutic augmentation of exposure therapy outcomes, tDCS could begin to be used in 

residential treatment centers, outpatient clinics, and potentially even private homes. As such, the 

present study offers hope for improved patient care and accessible means of assisting those who 

struggle to engage in or fail to benefit from exposure therapy, as well as the potential for more 

efficient and painless exposure for all patients.  
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Figure 1. Typical directed forgetting procedure and outcomes. Forget-remember is the list that 

includes an instruction to forget the preceding words half way through. Remember-remember is 

the list that includes an instruction to remember the preceding words half way through. Control is 

the list that includes a forget instruction but the preceding items were shapes rather than words. 

Typical recall performance by list type and position is presented in the box on the right, with a 1 

indicating words that occur in the first half of a list and a 2 indicating words that occur in the 

second half of a list.  
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Figure 2. tDCS montage used in the present study. The box labeled “A” represents the anode and 

is located over f3. The box labeled “C” represents the cathode and is located over f4.   
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Figure 3. Threat adapted retrieval induced forgetting procedure with concurrent tDCS 

administration. tDCS= transcranial direct current stimulation. 
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Figure 4. Piecewise trajectories of the composite measure, the MPBI, the BISS, the DASS-21, 

and the BAT. All measures have been Z-standardized. Note that slopes may appear slightly 

different graphically than those reported in tables and the text as analyses used FIML to address 

missing data at follow-up, and this is not reflected in the sample means. Comp= composite. 

MBPI= Multi-Dimensional Blood/Injury Phobia Inventory. BISS= Blood Injection Symptom 

Scale. DASS= Depression-Anxiety-Stress Scales 21. BAT= fear during Behavioral Approach 

Task. FIML= Full Information Maximum Likelihood.  
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 Figure 5. Piecewise slopes for the composite measure by group.  
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Figure 6. RIF scores by RIF type and group. RIF scores were created by subtracting recall of 

unpracticed words from practiced categories (RP-) from recall of unpracticed words from 

practiced categories. Positive scores are indicative of RIF having occurred. RIF= retrieval 

induced forgetting.  
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Figure 7. RIF scores by RIF type and anxiety level for participants who received sham 

stimulation. Participants were designated as low anxiety if they scored a standard deviation 

below average on the anxiety subscale of the DASS-21. Participants were designated as high 

anxiety if they scored a standard deviation above average on the anxiety subscale of the DASS-

21. RIF scores were created by subtracting recall of unpracticed words from practiced categories 

(RP-) from recall of unpracticed words from practiced categories. Positive scores are indicative 

of RIF having occurred. RIF= retrieval induced forgetting. ntRIF= non-threat RIF. tRIF= threat 

RIF. DASS= Depression-Anxiety-Stress Scales 21. 
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Figure 8. RIF scores by RIF type and anxiety level for participants who received active 

stimulation. Participants were designated as low anxiety if they scored a standard deviation 

below average on the anxiety subscale of the DASS-21. Participants were designated as high 

anxiety if they scored a standard deviation above average on the anxiety subscale of the DASS-

21. RIF scores were created by subtracting recall of unpracticed words from practiced categories 

(RP-) from recall of unpracticed words from practiced categories. Positive scores are indicative 

of RIF having occurred. RIF= retrieval induced forgetting. DASS= Depression-Anxiety-Stress 

Scales 21. 
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Figure 9. Recall for words following forget instructions in the DF task by time point and group. 

DF= directed forgetting. F= forget. The y-axis has been truncated to better display the slopes. 
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Figure 10. Recall for words following remember instructions in the DF task by time point and 

group. DF= directed forgetting. F= forget. The y-axis has been truncated to better display the 

slopes. 
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Figure 11. Standardized regression coefficients for the relationship between stimulation and 

change in BISS scores as mediated by change in DF scores. BISS= Blood Injection Symptom 

Scale. DF= directed forgetting. 
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Table 2  
Participant Descriptive Statistics  
    active tDCS sham tDCS 

     

Age  Mean ± SD, (N) Mean ± SD, (N) 

  18.6 ± .59, (21) 18.9 ± 1.38, (21) 

Gender  % (N) % (N) 

 Male  38, (8) 38, (8) 

 Female 62, (13) 62, (13) 

Race  % (N) % (N) 

 White/Caucasian 57.1, (12) 42.9, (9) 

 Asian/Asian American 28.6, (6) 33.3, (7) 

 Black/African American/African 5.8, (1) 0.0 (0) 

 Other/Multiracial 9.5, (2) 23.8, (5) 

BISS  Mean ± SD, (N) Mean ± SD, (N) 

  31.8 ± 17.0, (21) 29.0 ± 13.8, (21) 

      
Note. tDCS= transcranial direct current stimulation. BISS= Blood Injection Symptom 
Scale. Percentages may not add up to 100% due to rounding. 
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Table 3           

Outcome Measures by Timepoint and Group 

   Pre Treatment  Post Treatment  1-month FU 

   M (SD) SE  M (SD) SE  M (SD) SE 

Composite                     

 Active  0.14 (0.61) 0.13  -0.32 (0.61) 0.13  0.01 (0.27) 0.13 

 Sham  0.52 (0.74) 0.16  -0.24 (0.64) 0.14  -0.18 (0.39) 0.14 

MBPI           

 Active  53.10 (28.61) 6.24  41.15 (30.57) 6.83  59.75 (15.90) 7.95 

 Sham  55.38 (29.29) 6.39  42.81 (28.46) 6.21  42.63 (21.27) 7.52 

BISS           

 Active  19.76 (14.24) 3.11  13.30 (12.95) 2.90  16.75 (4.19) 2.10 

 Sham  24.71 (12.94) 2.82  12.10 (11.37) 2.48  16.38 (11.11) 3.93 

DASS-D           

 Active  6.76(7.99) 1.74  5.90(7.36) 1.65  9.50(7.26) 3.63 

 Sham  11.33(10.35) 2.26  7.62(9.04) 1.97  8.00(7.14) 2.52 

DASS-A           

 Active  4.76(4.43) 0.97  3.50(3.89) 0.87  3.00(4.12) 2.06 

 Sham  9.33(6.33) 1.38  6.10(5.61) 1.22  6.25(4.63) 1.64 

DASS-S           

 Active  8.76(6.06) 1.32  7.20(5.23) 1.17  11.50(6.54) 3.27 

 Sham  12.67(7.82) 1.71  9.91(7.05) 1.54  11.75(4.18) 1.48 

BAT           

 Active  0.42 (1.05) 0.23  -0.39 (0.55) 0.12  -0.35 (0.43) 0.21 

  Sham   0.70 (0.97) 0.21   -0.46 (0.39) 0.09   -0.58 (0.25) 0.09 

           
Note. Composite and BAT variables are standardized. FU= Follow up. MBPI= Multi-Dimensional 
Blood/Injury Phobia Inventory. BISS= Blood Injection Symptom Scale. DASS-D= depression scale of 
the Depression-Anxiety-Stress Scales 21. DASS-A= Anxiety scale of the Depression-Anxiety-Stress 
Scales 21. DASS-S= stress scale of the Depression-Anxiety-Stress Scales 21. BAT= fear during 
Behavioral Approach Task.   
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Table 4    

Piecewise Regressions Examining Trajectories of Change    

        

    B SE p 95% CI d  
Comp        

 Treatment -0.61 0.07 >.0001 (-0.74, -0.48) -0.90  

 Follow-up 0.10 0.11 .3200 (-0.10, 0.31)  0.30  
MBPI        

 Treatment -11.64 2.04 >.0001 (-15.64, -7.64) -0.40  

 Follow-up 6.33 6.16 .3040 (-5.74, 18.41)  0.22  
BISS        

 Treatment -9.67 1.43 >.0001 (-12.47, -6.88) -0.70  

 Follow-up 2.63 2.08 .2070 (-1.45, 6.71)  0.30  
DASS-D        

 Treatment -2.39 0.85 .0050 (-4.06, -0.72) -0.24  

 Follow-up 1.11 1.73 .5200 (-2.28, 4.50) 0.21  
DASS-A        

 Treatment -2.26 0.70 .0010 (-3.63, -0.89) -0.37  

 Follow-up 0.37 1.61 .8200 (-2.78, 3.53) 0.07  
DASS-S        

 Treatment -2.20 0.86 .0100 (-3.88, -0.51) -0.29  

 Follow-up 3.06 1.84 .1000 (-0.55, 6.67) 0.48  
BAT        

 Treatment -0.98 0.13 >.0001 (-1.24, -0.71) -1.00  

 Follow-up -0.06 0.04 .1390 (-0.15, 0.02)  -0.15  

        
Note. d was calculated by dividing pre- and post-treatment difference scores by the 
standard deviation at pre-treatment to most accurately assess effect size (e.g., 
Cummings & Finch, 2001). Follow-up effect sizes were calculated for the difference 
between post-treatment and 1-month follow-up scores. Composite and BAT variables 
are standardized. Comp= composite variable. MBPI= Multi-Dimensional Blood/Injury 
Phobia Inventory. BISS= Blood Injection Symptom Scale. DASS-D= depression scale of 
the Depression-Anxiety-Stress Scales 21. DASS-A= Anxiety scale of the Depression-
Anxiety-Stress Scales 21. DASS-S= stress scale of the Depression-Anxiety-Stress Scales 
21. BAT= fear during Behavioral Approach Task. 

 

  



     105 
 

Table 5 

Growth Curve Slope Estimates by Group 

     

  B SE p 

     

Comp     

 Active -0.32 0.13 0.02 

 Sham -0.71 0.09 0.00 

MBPI     

 Active -7.94 2.18 0.00 

 Sham -11.76 2.89 0.00 

BISS     

 Active -1.21 0.71 0.09 

 Sham -9.61 2.70 0.00 

DASS-D     

 Active 1.67 .34 0.00 

 Sham -3.32 0.98 0.00 

DASS-A     

 Active -1.20 0.79 0.13 

 Sham -2.91 0.74 0.00 

DASS-S     

 Active -0.85 1.21 0.48 

 Sham -1.96 1.14 0.09 

BAT     

 Active -0.12 0.05 0.02 

 Sham -0.17 0.12 0.17 

     
Note. Composite and BAT variables are 
standardized. Comp= composite variable. MBPI= 
Multi-Dimensional Blood/Injury Phobia 
Inventory. BISS= Blood Injection Symptom Scale. 
DASS-D= depression scale of the Depression-
Anxiety-Stress Scales 21. DASS-A= Anxiety scale 
of the Depression-Anxiety-Stress Scales 21. 
DASS-S= stress scale of the Depression-Anxiety-
Stress Scales 21. BAT= fear during Behavioral 
Approach Task. 
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Table 6  
Piecewise Mixed Regressions Examining Impact of tDCS 
on Trajectory of Change  

       

  Interaction with Group   

  B SE p   

Comp       

 Treatment 0.30 0.12 0.02   

 Follow-up 0.24 0.19 0.22   

MBPI       

 Treatment 1.90 4.05 0.64   

 Follow-up 21.75 5.36 0.00   

BISS       

 Treatment 6.00 2.71 0.03   

 Follow-up 1.16 3.22 0.72   

DASS-D       

 Treatment 2.68 1.66 0.11   

 Follow-up 3.05 3.50 0.38   

DASS-A       

 Treatment 1.96 1.38 0.16   

 Follow-up -0.93 3.21 0.77   

DASS-S       

 Treatment 1.12 1.72 0.52   

 Follow-up 2.47 4.12 0.55   

BAT       

 Treatment 0.33 0.26 0.20   

 Follow-up -0.01 0.07 0.85   

       
Note. Estimates for the interaction between treatment 
trajectory including follow-up and treatment condition. 
Non significant p values for follow-up interactions should 
not be taken as meaningful evidence of maintenance of 
gains due to small sample size and to avoid accepting the 
null hypothesis. Composite and BAT variables are 
standardized. Comp= composite variable. MBPI= Multi-
Dimensional Blood/Injury Phobia Inventory. BISS= Blood 
Injection Symptom Scale. DASS-D= depression scale of the 
Depression-Anxiety-Stress Scales 21. DASS-A= Anxiety scale 
of the Depression-Anxiety-Stress Scales 21. DASS-S= stress 
scale of the Depression-Anxiety-Stress Scales 21.  BAT= fear 
during Behavioral Approach Task.  
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Table 7  
Treatment and Follow-up Slopes by Group  

        

   Treatment    Follow-up  

  B SE p  B SE p 

Comp         

 Active -0.46 0.10 0.00  0.23 0.11 0.04 

 Sham -0.76 0.08 0.00  0.02 0.15 0.88 

MBPI         

 Active -10.58 2.76 0.00  11.95 0.76 0.00 

 Sham -12.57 3.03 0.00  -0.18 3.77 0.07 

BISS         

 Active -6.64 1.77 0.00  3.52 1.00 0.00 

 Sham -12.62 2.04 0.00  2.33 2.75 0.40 

DASS-D         

 Active -1.03 1.17 0.38  2.76 0.43 0.00 

 Sham -3.71 1.18 0.00  0.22 2.80 0.94 

DASS-A         

 Active -1.27 1.20 0.29  -4.64 2.97 0.12 

 Sham -3.24 0.65 0.00  0.19 2.46 0.94 

DASS-S         

 Active -1.62 1.24 0.19  4.92 3.47 0.16 

 Sham -2.76 1.18 0.02  1.92 2.26 0.40 

BAT         

 Active -0.81 0.19 0.00  -0.07 0.03 0.03 

 Sham -1.15 0.18 0.00  -0.06 0.07 0.37 

         
Note. Non significant p values for follow-up interactions should not be taken as 
significant evidence of maintenance of gains due to small sample size and to avoid 
accepting the null hypothesis. Composite and BAT variables are standardized. Comp= 
composite variable. MBPI= Multi-Dimensional Blood/Injury Phobia Inventory. BISS= 
Blood Injection Symptom Scale. DASS-D= depression scale of the Depression-Anxiety-
Stress Scales 21. DASS-A= Anxiety scale of the Depression-Anxiety-Stress Scales 21. 
DASS-S= stress scale of the Depression-Anxiety-Stress Scales 21. BAT= fear during 
Behavioral Approach Task.  
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