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Anxiety-related attention bias (AB) is the preferential processing of threat observed in clinical and sub-clinical anxiety. Attention bias modification training (ABMT) is a computerized cognitive training technique designed to systematically direct attention away from threat and ameliorate AB, but mixed and null findings have highlighted gaps in our understanding of mechanisms underlying ABMT and how to design the most effective delivery systems. One neuromodulation technique, transcranial direct current stimulation (tDCS) across the pre-frontal cortex (PFC) may augment the effects of ABMT by strengthening top-down cognitive control processes, but the evidence base is limited and has not been generalized to current approaches in digital therapeutics, such as mobile applications. The present study was a single-blind randomized sham-controlled design. We tested whether tDCS across the PFC, vs. sham stimulation, effectively augments the beneficial effects of a gamified ABMT mobile app. Thirty-eight adults (Mage = 23.92, SD = 4.75; 18 females) evidencing low-to-moderate anxiety symptoms were randomly assigned to active or sham tDCS for 30-min while receiving ABMT via a mobile app. Participants reported on potential moderators of ABMT, including life stress and trait anxiety. ECG was recorded during a subsequent stressor to generate respiratory sinus arrhythmia (RSA) suppression as a metric of stress resilience. ABMT delivered via the app combined with tDCS (compared to sham) reduced AB and boosted stress resilience measured via RSA suppression, particularly for those reporting low life stress. Our results integrating tDCS with ABMT provide insight into the mechanisms of AB modulation and support ongoing evaluations of enhanced ABMT reliability and effectiveness via tDCS.
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INTRODUCTION

Anxiety disorders are among the most common and costly of mental health conditions in the United States (Kessler et al., 2005), but only a fraction of patients seek treatment, and a third of those do not respond to current treatment options (Bystritsky, 2006). Thus, recent research and clinical efforts have focused on identifying new targets of intervention and reducing barriers to accessing treatment (e.g., Barak et al., 2008; Rotheram-Borus et al., 2012; Kazdin and Rabbitt, 2013; Dennis and O'Toole, 2014).

A large body of evidence suggests that individuals evidencing elevated anxiety also show an attention bias (AB) for threat-relevant stimuli, or selective and exaggerated attention to and difficulty disengaging from threat-relevant stimuli (Bradley et al., 2000; Bar-Haim et al., 2007). Techniques such as computerized attention bias modification training (ABMT) have been developed both to examine the causal nature of AB (e.g., Mathews and MacLeod, 2002) and to serve as a computerized therapy-delivery system. Substantial evidence suggests that training anxious individuals to attend away from threat and toward non-threatening stimuli via ABMT reduces AB and anxiety severity in clinical and sub-clinical anxiety (e.g., Hakamata et al., 2010) and across ages including children (e.g., Eldar et al., 2008; Pergamin-Hight et al., 2016), although recent meta-analyses (Fodor et al., 2020) also document small effect sizes and raise questions about clinical relevance (e.g., Cristea et al., 2015). Thus, although more evidence is needed, ABMT, which is brief, accessible, cost-effective, and low-toxicity, is a promising new anxiety- and stress-reduction intervention for people experiencing both clinical and sub-clinical anxiety, and for whom intensive treatments may be too time-consuming and cost-prohibitive.

In addition, there remain significant gaps in our understanding of mechanisms that underlie ABMT, which limits the refinement of efficacious, personalized ABMT techniques. Recent neuroimaging and neurophysiological studies point to the potential mechanistic role of pre-frontal-cortex (PFC)-mediated changes in attention control (Cisler and Koster, 2010; Heeren et al., 2013; Dennis-Tiwary et al., 2016). Several models posit that anxiety-related AB may result from disruptions in the ability to recruit top-down attention control (e.g., MacLeod et al., 1986; Bishop et al., 2004; Cisler and Koster, 2010; Dennis-Tiwary et al., 2019), which would be signaled by reduced activation of the PFC, in particular the dorsal lateral PFC (DLPFC; Bishop, 2009; Browning et al., 2010).

Prior studies (e.g., den Uyl et al., 2018) have directly tested this causal hypothesis by manipulating recruitment of the PFC during ABMT procedures using transcranial direct current stimulation (tDCS). tDCS is a portable battery-powered device that delivers low-intensity (~2 mA) direct electric current through electrodes positioned over the scalp (Bikson et al., 2016; Woods et al., 2016). When this current reaches the neural tissue, the polarization of the resting membrane potential is shifted (Radman et al., 2009) modulating ongoing plasticity (Fritsch et al., 2010; Kronberg et al., 2017, 2020), for example plasticity produced by ABMT (Heeren et al., 2015). tDCS can be used both in academic and clinical centers and, when appropriate design steps are taken, at remote settings (e.g., work, home; Charvet et al., 2015). A sham-controlled approach allows comparison of active tDCS stimulation throughout ABMT, vs. a brief ramp up and ramp down at the start and end of the ABMT session. Sham has been shown to be indistinguishable from active tDCS from the participants' perspective (Gandiga et al., 2006), yet does not impact brain function (Nitsche et al., 2008). Thus, combining this approach with a cognitive intervention, like ABMT delivered to both active tDCS and sham groups, provides insight into the neural mechanisms underlying training efficacy.

Two recent studies provide evidence that tDCS nominally targeting the left DLPFC influences ABMT efficacy (Clarke et al., 2014; Heeren et al., 2015). For example, Clarke et al. (2014) showed that, among a non-anxious sample, those who received tDCS vs. sham (placebo) while completing ABMT showed changes in AB in either targeted direction - both toward and away from threat. This suggests that tDCS enhances AB plasticity, however directed. A subsequent study (Heeren et al., 2015) selecting for high trait anxiety adults (who did not show AB at baseline), found that combining ABMT and tDCS reduced an eye tracking index of AB (duration of gaze fixated on threat). However, another recent study focused on combining ABMT and tDCS among participants with alcohol dependence (den Uyl et al., 2018), no main effects or interactions on AB were found. Taken together, these studies document that the impact of tDCS on ABMT is mixed. However, particularly regarding anxiety, existing research suggest that tDCS augments the impact of ABMT on AB as a target cognitive process in the etiology and maintenance of anxiety but may interact with ABMT in an individual- and protocol-specific manner.

While computerized ABMT techniques significantly reduce treatment barriers, they are typically administered on a desktop computer in a laboratory or clinic setting, which remain difficult to access. In addition, traditional ABMT techniques are often described as repetitive and engagement and motivation by participants tends to be low (Dennis and O'Toole, 2014). To address these barriers, we have created a mobile version of ABMT that is more engaging than the traditional ABMT protocol and can be used on mobile devices. This commercially available mobile application or “app” (for iOS devices like iPhones), called Personal Zen, takes the core components of the gold-standard ABMT protocol and puts them in the context of an appealing game (see Dennis and O'Toole, 2014). It further incorporates video game-like features such as animated characters and sound effects. Like traditional ABMT, attention is still systematically redirected away from threat-relevant stimuli (angry faces).

We have recently demonstrated in two placebo-controlled studies with college students evidencing elevated trait anxiety that this user-friendly and engaging version of ABMT reduced anxiety, stress reactivity, and AB in a single, lab-based session (Dennis and O'Toole, 2014; Dennis-Tiwary et al., 2016). Moreover, in a placebo-controlled trial including pregnant women who used the app for 30–40 min a week for 1 month, stress reactivity measured via salivary cortisol and subjective anxiety were significantly reduced (Dennis-Tiwary et al., 2017). These data demonstrate that the app is an effective delivery system for ABMT.

Further, since the app has been shown to reduce anxiety in non-clinical samples, the next steps in this line of research are to combine tDCS with app-based ABMT, and explore individual differences contributing to ABMT efficacy. Prior ABMT studies (Pergamin-Hight et al., 2016; Egan and Dennis-Tiwary, 2018; Price et al., 2018) and studies utilizing Personal Zen as the delivery system for ABMT (Dennis-Tiwary et al., 2016, 2017) have further documented moderators of AB plasticity, including anxiety severity and life stress (Wald et al., 2017; Egan and Dennis-Tiwary, 2018), suggesting that in order to fully understand mechanisms in ABMT, such moderators should be explored.

The present study uses a single-blind, sham-controlled design to test whether tDCS administered during a gamified, mobile version of ABMT serves to boost beneficial effects. While prior studies have examined gamified ABMT (Dennis and O'Toole, 2014; Dennis-Tiwary et al., 2016) and tDCS (Clarke et al., 2014; Heeren et al., 2015) approaches separately, we build this literature by combining these techniques to test whether ABMT enhancement via tDCS generalizes to current approaches in digital therapeutics. We will test the hypothesis that participants receiving tDCS across the PFC, compared to sham tDCS, will show augmented benefits of ABMT, measured via reduced anxious mood, reduced AB, and enhanced stress resilience [measured via respiratory sinus arrhythmia (RSA) measured during a stressor]. Individual differences in anxiety severity and life stress will be explored as potential moderators of effects.



METHODS


Participants

Adults were screened to participate from a pool of undergraduate students and community members at an urban college campus. Participants were excluded if they reported history of epilepsy, irremovable metallic pieces in or around the head, head or neck tattoos, severe skin sensitivity or condition (e.g., eczema) affecting the face or scalp, latex allergies, history of head or traumatic brain injury, use of hearing aid devices, or pregnancy. An a priori power analysis (conducted via G*Power) showed that a sample size of 42 participants would be sufficient to detect medium effect sizes (f = 0.31 and above) across the two target within-subjects measures (pre-tDCS and post-tDCS) at 96% power. Total of 60 participants were recruited to account for potential data loss. Out of these individuals, seven participants were excluded at phone screen due to one or more of these criteria, 14 chose not to participate following the phone screen, and one participant was excluded before consenting due to presence of a fixed metal retainer in the mouth (see Figure 1 for a participant selection flowchart). The final sample of 38 [Mage = 23.92, SD = 4.75; 18 (47.4%) females] reported normal to moderate levels of anxiety according to self-report on the Depression, Anxiety, and Stress Scale (DASS-21; Henry and Crawford, 2005); M = 3.16, SD = 3.07, Min = 0.00, Max = 13.00). Sample demographics are presented in Table 1. Following informed consent, participants were randomly assigned to one of the two study groups: either active experimental group (n = 18) that receives active electrical stimulation or sham control group (n = 20) in which there is no stimulation. Prior to data collection, research personnel used an online random sequence generator to determine assignments, which alternated randomly between the two conditions (active tDCS, sham). The sequence was recorded in a log accessible by the research personnel administering the study procedures. For each participant, the assigned condition was implemented by setting a switch on the stimulator box to either “sham on” or “sham off,” which was done by the researcher out of view of the participant. Three participants were excluded from ECG analyses due to unusable recordings. The significance of findings did not change when these individuals were removed from other analyses.
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FIGURE 1. Flowchart demonstrating participant selection process for the study. tDCS is for transcranial Direct Current Stimulation.



Table 1. Descriptive statistics on self-reported questionnaires, attention bias, disengagement, and RSA.
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This study was approved by the Institutional Review Board (IRB) of Hunter College, CUNY (Protocol 334490) and registered on clinicaltrials.gov (Identifier NCT04348812). The clinical trial protocol approved by the IRB.



Materials and Procedure

ECG was recorded throughout the entire session. Participants first completed an AB assessment (the dot probe task) followed by self-report questionnaires. Next, tDCS was applied and administered for 30 min which included 25 min of ABMT and a 5-min break. Participants then completed an ECG baseline and AB assessment, followed by a stressful anagrams task. Finally, a third AB assessment concluded the study session. Self-reported state anxiety and mood was assessed before and after the tDCS administration and the anagrams task. In total, each study session took ~2.5–3 h to complete.


Transcranial Direct Current Stimulation (tDCS)

tDCS was administered using a Soterix 1X1 tDCS Limited Total Energy (LTE) Stimulator while participants completed the ABMT app. Direct current was administered via two 5 × 5 cm pads (SnapPad), pre-saturated with a 0.9% saline solution (9 g of salt per liter) and positioned using the OLE system corresponding to (10–20 international system) F3 Anode and F4 Cathode. The OLE montages maximizes anodal-directed current to lDPFC (Seibt et al., 2015) while stimulating across PFC and have been suggested optimal in prior trials of ABMT (Shahbabaie et al., 2018) and in trials of other anxiety-linked psychiatric disorders (Brunoni et al., 2017). The OLE approach, being automated by the head-gear (Seibt et al., 2015), also translates to home-use consistent with the broader deployable goals of our research program (Kasschau et al., 2016; Dobbs et al., 2018). The intensity of tDCS was 2 mA with a 30-s ramp up/down time. Stimulation began ~2 min before the initiation of ABMT to allow for acclimation to stimulation before training began. If participants reported adverse effects/discomfort that did not abate during the ramp-up period, the acclimation period was extended until discomfort alleviated, after which participants began ABMT while tDCS was simultaneously administered at 2 mA or the maximum intensity that participants indicated was tolerable. In the sham condition identical protocol was followed except stimulation current was ramped up (30-s) and down (30-s) at the beginning and end of the session. Because the researchers (trained personnel) were required to operate the tDCS device in order to deliver stimulation to participants properly, the design was single-blind, as only participants were blinded to whether they received the active or sham tDCS.



Mobile, Gamified Attention Bias Modification Training (ABMT)

During the neuromodulation procedure, all participants received the active version of the ABMT app, commercially available under the name Personal Zen. Participants sat comfortably at a table and were given an iPod Touch or used their iOS device (e.g., iPhone) to practice the app to ensure understanding (see Dennis-Tiwary et al., 2017). The following instructions were provided: “In this attention training app, two animated characters will appear on the screen. Shortly after, they will burrow into a hole. One of them will cause a path of grass to rustle behind it. With your finger, trace the path of the rustling grass, beginning from the burrow. Trace the grass as smoothly, quickly, and accurately as possible. At no point should you feel rushed, you should be comfortable.” Then, they were allowed to complete one practice round under the guidance of the experimenter who answered any questions about the app. For every trial, two cartoon characters (sprites), one showing an angry expression and one showing a neutral/mildly pleasant expression, appeared simultaneously on the screen for 500 ms. Next, both sprites simultaneously “burrowed” into the grass field (see Dennis-Tiwary et al., 2017 for images of the app; Dennis-Tiwary et al., 2016). Then, a trail of grass appeared in the location of the non-threat character for every trial. The grass remained until participants responded by correctly tracing the grass path starting from the point at which the sprite burrowed out of sight. Participants were instructed to play the app for two 12.5 min sessions (~25 min of app play total), separated by a 5-min break. Each session consisted of ~40–45 app rounds (varied based on user speed) with 12 trials per round. Number of training trials were consistent with previously documented effective “dosages” of the app (Dennis and O'Toole, 2014; Dennis-Tiwary et al., 2016, 2017).



The Dot Probe

The dot probe task (Mathews and Mackintosh, 1998; Bar-Haim et al., 2007) was administered immediately prior to and following administration of tDCS/ABMT procedure to measure AB. The dot probe followed parameters of the Tel-Aviv University/National Institute of Mental Health protocol. Stimuli for the dot probe task are pictures of 20 different individuals (10 males, 10 females) from the NimStim stimulus set (Tottenham et al., 2009) with one female taken from the Matsumoto and Ekman (Matsumoto and Ekman, 1989) set. Stimuli were programmed using E-Prime version 2.0 (Schneider et al., 2002).

During each trial, two pictures were presented, either angry-neutral face pairs or neutral–neutral face pairs (depicting the same individual). The pictures were shown above and below a fixation cross, with 14 mm between them. The task included 120 trials [80 threat (angry faces) and neutral faces (TN) and 40 non-threat both neutral faces (NN)]. Each trial comprised: (a) 500 ms fixation, (b) 500 ms face-pair cue, which then disappears, (c) probe (target) in the former location of one of the faces until a response is made via the left or right mouse button to indicate the direction in which the arrow is pointing, and (d) 500 ms inter-trial interval. Participants were asked to respond as quickly and as accurately as possible whether the arrow was pointing to the left or the right. Probes were equally likely to appear on the top or bottom, in the location of the angry or neutral face cues and pointing to the left or the right.



Quantifying Attention Bias (AB)

AB was measured via the dot probe task. Dot probe trials with incorrect responses were excluded from further processing and analyses. Responses faster than −2.5 SD from an individual's mean and slower than +2.5 SD from an individual's mean were removed. The average response time was 535 (SD = 101) milliseconds and the overall accuracy rate prior to training was 0.99 (SD = 0.01). AB was calculated in two ways. First, to quantify overall attention capture by threat, a threat bias score was computed as the average RTs for neutral probes in TN trials minus RTs for angry probes in TN trials. Second, to quantify the more specific effortful top-down inhibition of attention, a difficulty disengaging score was computed as the average RTs for neutral probes in TN trial minus RTs for neutral probes in the NN trials.



Anagrams Task

Participants completed an anagrams task (Bishop, 2009) consisting of 40 medium to difficult mixed letter words (i.e., anagrams; e.g., RISECET = RECITES). Fourteen of the anagrams were not solvable as real words (i.e., IUTRUCE). Participants received the following instructions verbatim: “For this task you will be asked to solve 40 anagrams. You will have 3 min to complete this task. When you have solved an anagram press the spacebar to proceed. Please do this task as quickly and as accurately as possible.” Participants were also told that the solutions must be English words, and none of the solutions were proper nouns. Anagrams were presented on the computer and participants were asked to write down their solutions on a sheet of paper. After 3 min elapsed, participants received the following instructions: “Your time is up. Please hand your score sheet to the research assistant.”



Electrocardiogram (ECG)
 
ECG Application

ECG was recorded via a Biopac MP150 wireless system (Biopac Systems, CA, USA). Three sticker-based electrodes were applied, one to each clavicle and one on the left rib and were connected via three leads to a transmitter attached to a Velcro strap which participants wore around their waists. ECG data was wirelessly transmitted to a computer to allow for ambulatory recording with Acqknowledge v4.4 software. ECG was recorded continuously during the entire study session with the exception of questionnaire completion. Manual event-markers indicated the beginning and ending of each task.



ECG Processing and RSA Quantification

The ECG data was segmented during recording based on the onset and offset of the two baseline tasks and the anagrams tasks. Mindware 3.14 software was later used to process data, reject artifacts, and compute scores. Inter-beat intervals (IBI) were defined as the temporal distance between R-spikes, which represent the contraction of the ventricles of the heart. ECG recordings were segmented into 30-s sections, which were each manually inspected for missing or incorrectly labeled R-spikes. Segments with >10% artifacts were not included in computed scores, consistent with criteria used in previous studies (e.g., Blandon et al., 2008). Spectral analyses used a Hamming window, and heart rate variability (HRV) in the high-frequency band of spontaneous respiration in adults was targeted to quantify RSA (0.120–0.420 Hz) consistent with prior studies (e.g., Denver et al., 2007). RSA was calculated via Mindware software using the Porges (Porges, 1985) method which applies an algorithm resulting in natural log transformed variance in heart rate period while accounting for respiration in units of ln(ms)2. Finally, we examined sample-level change in autonomic arousal in response to the stressor (anagrams task) vs. baseline as a manipulation check to supplement the test of increase in subjective anxiety (STAI-S). We generated low frequency HRV (LF-HRV, 0.040–0.120 Hz) and quantified arousal via the ratio between low and high frequency (LF/HF). Prior research has documented an increase in LF/HF ratio during acute laboratory stressors (Castaldo et al., 2015).

RSA suppression (ΔRSA) was quantified using residual scores, which have been used in prior studies comparing biological responses to emotional stimuli or events like a stressor (e.g., Myruski et al., 2017). Residual scores offer an advantage in comparison to subtraction scores such that residuals are more resistant to bias due to baseline inter-correlation (Weinberg et al., 2015). To quantify stress resilience for each participant, ΔRSA scores were computed by generating residuals with baseline RSA as the predictor and RSA in the anagrams task as the outcome. More negative ΔRSA scores indicated greater stress resilience, or greater ability to flexibly engage regulatory processes in the face of a challenge.




Self-Report Measures
 
tDCS Sensation Scales

Participants completed the Sensation Scale (developed by the researchers) to rate their level of discomfort due to tDCS [1 = no sensation; 2 = slight sensation; 3 = tingly; 4 = slightly uncomfortable; 5 = very uncomfortable]. For all participants, this scale was completed a minimum of four times as follows: First directly after application of the tDCS apparatus, again once stimulation reached 2 mA prior to the onset of the 30-min stimulation period, again during a break approximately half-way through the 30-min stimulation period, and finally, after tDCS removal. For cases in which participants' initial sensation rating was “very uncomfortable” (5), additional Sensation Scales were administered as stimulation levels were adjusted or participants habituated to the stimulation sensation. If participants opted to reduce the level of stimulation, which was only done prior to the onset of the 30-min stimulation period, current was set to 1.5 mA and another Sensation Scale was administered after 60 s. If sensation rating fell below “very uncomfortable” (5) at that point, stimulation was again increased to 2 mA to aim for uniformity in voltage across participants. In these cases, an additional Sensation Scale was administered after increasing stimulation back to 2 mA. If participant rating remained at “very uncomfortable” (5), the study session was discontinued to avoid undue participant distress.



The Depression, Anxiety, and Stress Scale (DASS-21)

The DASS-21 (Henry and Crawford, 2005) is a 21-item questionnaire that measures the severity of symptoms across three domains: depression, anxiety, and stress. Each subscale contains 7 items, scored on a 0–3 scale, and with scores ranging from 0 to 21 for each subscale. The anxiety subscale was used for the present study to evaluate the impact of individual differences anxiety symptoms on effects of tDCS combined with ABMT. A score of 4–5 indicates mild anxiety. Participants' anxiety scores ranged from 0 to 17, with most (82%) reporting normal levels of anxiety. The DASS-21 was used to measure anxiety, depression, and stress for study recruitment.



State Trait Anxiety Inventory (STAI)

The STAI (Spielberger, 1983) is a 40-item questionnaire that assesses state (20 questions) and trait (20 questions) anxiety symptom severity. Respondents are asked to indicate the degree to which each statement reflects how they feel right now and in general using a Likert-type scale ranging from 1 (not at all) to 4 (very much so). The STAI yields total scores on two scales reflecting state and trait anxiety. The state anxiety score was used in the current study to evaluate changes in mood related to the stressor, and the trait anxiety score to assess individual differences in anxiety.



Recent Life Changes Questionnaire (RLCQ)

The RLCQ (Miller and Rahe, 1997) consists of 91 items listing different life events experienced in the past 12 months that can cause stress and assigns a numerical value (ranging from 18 to 123) to the level or magnitude of stress the event typically causes (e.g., a vacation receives a score of 24, whereas the death of a spouse is scored 119). Scores for every item endorsed were summed and used in analyses below to examine the impact of life stress on effects of tDCS combined with ABMT.



Analog Mood Scale (AMS)

The AMS (MacLeod et al., 2002) is a brief measure of positive and negative mood consisting of three questions (i.e., “How anxious are you?,” “How sad are you?,” and “How happy are you?”). Participants were asked to indicate their present mood by identifying a location on a horizontal line divided into 30 equally sized sections labeled 1 (not at all) to 30 (very much). The AMS anxiety question was used in the current study to quantify changes in mood induced by tDCS administration and the anagrams task. Ratings were collected at baseline, following tDCS/ABMT administration, immediately prior to the stressor, and immediately following the stressor.



tDCS Adverse Effects Questionnaire

At the conclusion of the study session, participants completed the tDCS Adverse Effects Questionnaire (Brunoni et al., 2011) regarding their current physical, cognitive, and emotional state. Participants reported the severity of 10 adverse effects such as headache, burning sensation, trouble concentrating, and acute mood change on a scale from 1 (absent) to 4 (severe). If an adverse effect was present [rating of 2 (mild) and above], participants reported the degree of relatedness the effect had to tDCS stimulation on a scale from (1) none to (5) definite.






RESULTS


Descriptive Statistics

Table 1 presents descriptive statistics for study variables, separately for each tDCS group (active, sham). No baseline group differences reached significance, and tDCS groups were similar in age and gender. Further, there were no significant differences between the active and sham groups regarding in adverse events (p's > 0.05).

Table 2 shows correlations among study variables (DASS-Anxiety, dot probe attention bias, dot probe disengagement, state anxiety, RSA at baseline, and baseline AMS). Measures of anxiety were significantly positively inter-correlated. Threat bias was not significantly correlated with any measures of anxiety, but RSA at baseline was significantly negatively correlated with post-stressor state anxiety.


Table 2. Correlations between scores of self-reported questionnaires, Attention Bias (AB), Disengagement (DIS), and Respiratory Sinus Arrhythmia (RSA) separated by time points.
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Dot Probe Reliability

Split-half reliability was examined by generating mean RTs by condition (neutral probes in TN trials, angry probes in TN trials, neutral probes in NN trials) and AB scores (threat bias, difficulty disengaging), separately for even and odd trials for each dot probe task (before and after tDCS/ABMT). Pearson correlations were conducted between even and odd versions of each mean RT and AB score metric. Spearman-Brown correction (rsb) was applied to correlation coefficients to account for fewer (half) trials used to compute RT means, with corrected r values above 0.70 indicating acceptable reliability. For the both dot probe tasks, strong and significant correlations emerged for all even and odd mean RT associations [first dot probe task: neutral probes in TN trials (r = 0.96, p < 0.001, rsb = 0.98), angry probes in TN trials (r = 0.97, p < 0.001, rsb = 0.98), neutral probes in NN trials (r = 0.96, p < 0.001, rsb = 0.98); second dot probe task: neutral probes in TN trials (r = 0.97, p < 0.001, rsb = 0.98), angry probes in TN trials (r = 0.86, p < 0.001, rsb = 0.92), neutral probes in NN trials (r = 0.98, p < 0.001, rsb = 0.99)]. However, AB scores derived separately from even and odd trials were not significantly correlated for the first dot probe [threat bias (r = 0.06, p = 0.77, rsb = 0.11), difficulty disengaging (r =0.24, p = 0.26, rsb = 0.39)]. For the second dot probe, difficulty disengaging AB score did show significant correlation across split halves (r = 0.47, p = 0.03, rsb = 0.64), but threat bias did not (r = −0.30, p = 0.18, rsb = −0.86). This poor reliability of AB measures is consistent with the previous literature (Schmukle, 2005; Kappenman et al., 2014; Rodebaugh et al., 2016).



Manipulation Check: Stressor Effects

To confirm that the anagrams task induced subjective anxiety, we conducted a simple within-subjects paired t-test between state anxiety (STAI-state) assessed immediately following the stressor (M = 37.54, SD = 11.85) compared to state anxiety immediately prior to the stressor [(M = 32.95, SD = 10.03), t(36) = −3.35, p = 0.002; d = 0.55] and at baseline [(M = 33.33, SD = 10.39), t(36) = −2.36, p = 0.024; d = 0.39]. Both t-tests reached significance while controlling for multiple comparisons (Bonferroni's adjusted p = 0.025), confirming the induction of anxiety. A paired t-test was also conducted to examine changes in HRV (LF/HF ratio), however no significant change in HRV was detected following the stressor (M = 10.89, SD = 2.12) in comparison to baseline (M = 11.28, SD = 3.57), t(34) = 1.39, p = 0.173; d = 0.24.



Manipulation Check: ABMT Effects Independent of tDCS

To test whether ABMT, independent of tDCS, reduced two key targets of ABMT – AB (threat bias and difficulty disengaging) and subjective anxiety (AMS-anxiety) - we conducted two 2(Time: pre, post) × 2(Sex: male, female) repeated measures ANOVAs separately for each of the three DVs. Bonferroni's correction was applied to control for multiple comparisons for follow-up tests.

There was a significant effect of Time on AMS-anxiety, F(1, 34) = 9.95, p = 0.003, ηp2 = 0.226, showing reduced subjective anxiety over time in the sample as a whole (pre: M = 9.11, SD = 7.56; post: M = 5.40, SD = 5.43).

No significant effects emerged for AB metrics (p's > 0.10).



Effects of tDCS Combined With ABMT

To test the main study hypothesis that participants receiving tDCS across the PFC, compared to sham tDCS, will show augmented benefits of ABMT, measured via reduced AB, reduced anxious mood (AMS- anxiety), and enhanced stress resilience (greater RSA suppression), we conducted two 2 (tDCS Group: active vs. sham) × 2 (Sex: male, female) ANCOVAs with pre-tDCS measures of each DV as the covariate, separately for each AB score (threat bias and difficulty disengaging) and AMS-anxiety. Because RSA suppression is calculated as a differences score using residuals scores involving baseline RSA, baseline RSA was not used as a covariate, and an ANOVA with tDCS Group and Sex as the between-subjects factors was conducted instead for RSA as the dependent variable. Bonferroni's correction was applied to control for multiple comparisons for follow-up tests.

The main effect of tDCS Group, F(1, 31) = 5.18, p = 0.030, ηp2 = 0.143, showed that AB, measured as difficulty disengaging, following ABMT was significantly lower in the active vs. sham Group, (active: M = −12.65, SD = 21.88; sham: M = 3.58, SD = 22.62; p = 0.030, ηp2 = 0.127; Figure 2). There were no significant effects on other metrics of AB (p's > 0.10), and analyses with subjective anxiety and RSA suppression as the dependent variables did not reach significance (p's > 0.10).
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FIGURE 2. AB following ABMT, as measured via difficulty disengaging from threat, was significantly lower in the active vs. sham Group. Error bars represent ±1 SE.




Exploratory Analyses of Moderators of Efficacy

To further examine individual differences in the impact of tDCS combined with ABMT on target outcomes, we conducted six hierarchical linear regressions via the SPSS PROCESS macro to test for the moderating effect of trait anxiety (STAI trait) and life stress (recent life changes over the past year) on the DVs (AMS-anxiety, AB, and RSA suppression). Step 1 was tDCS Group (active, sham); Step 2 was the moderator (recent life stressor or trait anxiety scores); and Step 3 was the interaction between the two. For AMS-anxiety and AB, pre-stressor baseline measures were included in the model as covariates. To account for multiple comparisons, the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) was applied. All p-values reported below are raw and were significant using a false discovery rate of 0.10.

There was a significant main effect of tDCS Group on RSA suppression, such that those in the active group showed significantly greater RSA suppression overall [β = 0.95, p = 0.016; Table 3]. Lower levels of recent stressful life events also significantly predicted greater RSA suppression [β = 1.43, p = 0.020] for the sample as a whole. Finally, there was a significant interaction [R2change = 0.18, p = 0.013] such that active tDCS was associated with increased RSA suppression for low levels of recent stressful life events [β = 0.92, t(31) = 2.11, p = 0.043, Figure 3].


Table 3. Regression model – effects of group and life stress on RSA suppression.
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FIGURE 3. Active tDCS was associated with greater RSA suppression, but only for those with low levels of recent life changes.


No other regression analyses reached significance (model p's > 0.10).



Exploratory Analyses of AB Mediation of Anxiety

We also conducted mediation analyses via the SPSS PROCESS macro to test whether AB (threat bias and difficulty disengaging) mediated the association between tDCS Group (active vs. sham) and outcomes (AMS-anxiety and RSA suppression). No models reached significance (model p's > 0.10).




DISCUSSION

The current study tested whether tDCS across the PFC augmented the efficacy of mobile, gamified ABMT for anxiety-related AB. It extends previous studies by using an alternative delivery system for AMBT, a mobile, gamified app, and by identifying underlying mechanisms that drive individual difference in response to ABMT. In the sample as a whole, ABMT reduced subjective anxiety after, compared to before, app play. While this may indicate a beneficial effect of the app, these findings should be interpreted with caution because there was no non-ABMT control group to confirm this interpretation. Consistent with our predictions, adding tDCS (compared to sham) reduced AB measured as difficulty disengaging attention from threat, but neither of the other two main outcomes (anxiety, stress resilience) were significantly different between groups. Exploratory analyses showed that combined tDCS and ABMT boosted stress resilience measured via RSA suppression, particularly among those reporting lower life stress. Results provide important experimental evidence for potential mechanisms of ABMT, and advance our understanding and identification of treatment moderators, both of which support the aim of developing more personalized treatment approaches for anxiety.

Following early enthusiasm for ABMT, due to robust effect sizes emerging from well-controlled randomized clinical trials (Hakamata et al., 2010), subsequent RCTs showed mixed and null findings (Kruijt et al., 2019), leading to significant debate about the clinical utility of AB (Emmelkamp, 2012) and the potential heterogeneity of both AB and of ABMT response (Dennis-Tiwary et al., 2019). Our study documented that targeted stimulation of the PFC in combination with ABMT specifically reduced difficulty disengaging from threat, an aspect of AB closely linked to inhibitory cognitive control processes, but not threat bias, which is more closely linked to attention capture by threat (Cisler and Koster, 2010). This differential finding strengthens the evidence base that changes in PFC-mediated cognitive control processes may underlie the positive effects of ABMT, particularly on AB.

Current findings are also in line with previous data suggesting that PFC activation may modulate difficulty disengaging attention from threat among high-anxious individuals. For instance, highly trait-anxious individuals reporting poor attention control (as a proxy of the reduced PFC activity) exhibit more delayed disengagement from threat (Derryberry and Reed, 2002). Consistently, at the neural level, cortical structures centered around the pre-frontal cortex and its functionally related structures (i.e., anterior cingulate cortex and orbitofrontal cortex) may mediate delayed disengagement from threat through individual differences in the ability to down-regulate the influence of limbic structures and maintain attention on task-relevant stimuli (Bishop, 2009; Blair et al., 2012). This hypothesis makes sense in the context of previous work demonstrating that the activation of the PFC is functionally related to a down-regulation of amygdala activity during the presentation of threatening stimuli (Bishop et al., 2004). Future studies should examine the impact of tDCS across the PFC during ABMT using neuroimaging techniques such as fMRI to explore whether such activation is associated with modulation of PFC—amygdala connectivity during the dot-probe task or of specific regions of the cortex, such as the lateral PFC (Browning et al., 2010).

As predicted, we also found that tDCS combined with ABMT led to greater RSA suppression in response to a stressor. Larger magnitude RSA suppression is considered an adaptive physiological response reflecting the ability to flexibly shift between parasympathetic and sympathetic nervous system engagement in the service of coping with an emotional challenge. This finding is novel and suggests that downstream indices of affective regulation may be impacted directly by tDCS. In particular, bifrontal tDCS may target cortical pathways responsible for descending control of the autonomic nervous system, which include the insular cortex and anterior cingulate cortex as identified in human imaging studies (see Cechetto, 2014 for a review).

Importantly, these effects were particularly robust among those reporting low levels of current life stress. In contrast, active tDCS did not predict greater RSA suppression among those with relatively high recent life stress, potentially due to the deleterious effect of life stressors both severe (e.g., Valerio, 2004) and moderate (Jarczok et al., 2013) on ANS activity which may have overshadowed any bolstering effects of tDCS. This finding points to the need for more research exploring the impact of treatment moderators, both general and specific to either ABMT or tDCS. Such an evidence base is a necessary first step toward truly personalized treatment approaches and clinical specificity in identifying those who are most likely to benefit from both treatment approaches (Heeren et al., 2015; Price et al., 2018; Dennis-Tiwary et al., 2019).

This study was unique in its use of mobile, gamified ABMT combined with tDCS, which cannot be directly compared with prior studies combining tDCS and ABMT (Clarke et al., 2014; Heeren et al., 2015). However, the evidence base for this particular app is promising (Dennis and O'Toole, 2014; Dennis-Tiwary et al., 2016, 2017; Sprunger, 2018), and with the growth of evidence-based digital therapeutics that reduce barriers to treatment access (Kazdin and Blase, 2011; Kazdin and Rabbitt, 2013), it remains a key goal to empirically test the generalizability of digital mental health interventions, including mobile applications. Empirical support for gamified ABMT and tDCS is particularly relevant to inform future investigations of home-based interventions. Recent research has supported the utility of adapted tDCS protocols for self-administered use at home (Brietzke et al., 2020; Stein et al., 2020), further lowering barriers to treatment accessibility.

In addition to the relatively small sample size, and challenges in the reliable assessment of AB (e.g., Waechter and Stolz, 2015), several limitations should be noted. First, while our stressor manipulation check showed that subjective anxiety significantly increased due to the anagrams task, sample-level HRV did not significantly increase. This pattern could be due to differences in stress resilience (RSA suppression) induced by tDCS combined with ABMT, which may have reduced our ability to detect sample-level change as measured by the LF/HF ratio. Next, while tDCS was compared to sham stimulation, ABMT was not compared to a placebo control. While this limited our ability to examine interactions between ABMT and tDCS, we were able to demonstrate that across both tDCS conditions, subjective anxiety was reduced over time (after vs. before using the app), consistent with previous studies (Dennis and O'Toole, 2014; Dennis-Tiwary et al., 2016, 2017). This suggests that regardless of neurocognitive changes induced by tDCS, ABMT may reduce subjective negative mood specifically, but future research with a placebo control is needed. Moreover, we did not investigate the effects of tDCS without ABMT, and thus cannot rule out the possibility that tDCS alone, without ABMT, reduces AB and promotes RSA suppression. Relevant to this question, however, a prior study (Coussement et al., 2019) tested whether tDCS alone induced plasticity in AB, reasoning that strengthening cognitive control via tDCS might directly reduce AB, which is thought to be characterized by inadequate cognitive control. This study reported null findings, suggesting that tDCS alone is not sufficient to modify AB. On the other hand, participants in this study, much like the present study and a prior study combining tDCS and ABMT (Clarke et al., 2014), did not exhibit elevated AB at baseline, which may indicate that the presence of significant AB is a necessary condition for AB plasticity especially in the absence of interventions intended to train AB, such as ABMT (e.g., Mogoaşe et al., 2014; Heeren et al., 2015). Indeed, findings of Clarke and colleagues (Clarke et al., 2014) showed an effect of tDCS on training to avoid threat and to attend to threat (the latter at the level of a trend), indicating that tDCS may more broadly influence the modification of both AB toward and away from threat. Thus, results should be interpreted with caution and future research could benefit from including both control conditions simultaneously for ABMT and tDCS, to directly cross both the presence/absence of ABMT with tDCS, and to examine the effects of each alone.

While AB assessment has been widely used to assess threat bias with substantial prior literature supporting the validity of the measure, the psychometric properties of these AB measures has started to be re-evaluated for their low internal consistency (Kappenman et al., 2014) and test-retest reliability (Schmukle, 2005; Rodebaugh et al., 2016; Molloy and Anderson, 2020). However, in the current study, one AB score, difficulty disengaging measured post-ABMT, did show significant split-half reliability, and this was the outcome which yielded significant main effect of tDCS Group (active vs. sham). This highlights that reliable behavioral measures may be a critical prerequisite to detecting effects of combined tDCS and ABMT on AB.

A further limitation is that the current design was single- not double-blind, and we did not include a procedure to ask participants to guess whether they received active or sham stimulation. We did, however, confirm that adverse effects did not significantly differ between groups. We also did not compare distinct tDCS montages, as has been done in prior research which compared anodal stimulation across the left vs. right dlPFC (Heeren et al., 2015), or examine alternative position of the reference electrode (cathode), which may influence the current flow pattern through the brain (Bikson et al., 2010). While high-definition tDCS [HD-tDCS; (Datta et al., 2009)] allows targeting of specific cortical regions such as lDLPFC (Nikolin et al., 2015; Shen et al., 2016; Hill et al., 2018; Martínez-Pérez et al., 2019), we adopted an approach activating PFC which is broadly implicated in ABMT, and also to support future home-use of tDCS (Shaw et al., 2017) in combination with mobile ABMT. Further, other neurostimulation techniques using low-intensity transcranial electrical stimulation (e.g., Guleyupoglu et al., 2013) such as transcranial pulsed current stimulation (tPCS), transcranial alternating current stimulation (tACS), and transcranial random noise stimulation (tRNS) are presumed to engage distinct biophysical targets. We selected tDCS for the present study since it has been most rigorously examined in comparison to tRNS and tACS (Elmasry et al., 2015), and has been the focus of the few ABMT studies using neurostimulation (Clarke et al., 2014; Heeren et al., 2015). However, future investigations could examine differences across these techniques in terms of enhancement of ABMT efficacy.

Because tDCS is thought to boost learning (O'Shea et al., 2014; Buch et al., 2017; Kronberg et al., 2020), it is important to distinguish between effects of tDCS on acute states (such as stress) and effects related to treatment such as ABMT. That is, it may be that tDCS boosts response only if an individual is already primed to benefit from a particular treatment (Bikson and Rahman, 2013), making tDCS an enhancer of responsiveness. A complementary question about the enhancement perspective on tDCS is whether moderators – such as anxiety and life stress explored in the current study – serve as general predictors of who responds to ABMT, and thus will also predict who responds best to tDCS combined with ABMT. On the other hand, it is unknown whether some moderators specifically that predict relative benefit of active tDCS vs. sham, rather than overall responsiveness. Identification of the latter would represent a key inclusion criterion in a pivotal trial of tDCS vs. sham.

Another limitation was that participants evidenced on average low to moderate levels of anxiety and received only a single session of ABMT. Both of these factors may have reduced our ability to detect additional effects of ABMT, which has shown mixed efficacy across studies with different populations and methods (e.g., Cristea et al., 2015) and may be most effective when administered over multiple, weekly sessions for clinically relevant elevations in AB and anxiety (e.g., Hakamata et al., 2010). Lower levels of anxiety severity, along with the relatively small sample size, might also have limited our ability to detect whether changes in AB mediated the effects of tDCS on target outcomes. Moreover, while AB is evidenced in both clinical and non-clinical anxiety (Bar-Haim et al., 2007), much of the compelling evidence for ABMT efficacy includes patients diagnosed with social anxiety or generalized anxiety disorders (Hakamata et al., 2010; Mogoaşe et al., 2014). Thus, it remains unclear whether current study findings can generalize to clinical populations. Moreover, the relatively low-to-moderate levels of anxiety severity in the current sample may have also limited our ability to detect moderating effects of anxiety on the efficacy of ABMT and/or tDCS. At the same time, by documenting the potential for tDCS to augment effects of ABMT even among those with relatively few anxiety symptoms, current findings suggests that ABMT can be enhanced to be broadly effective across the full spectrum of anxiety. Future research should include a broader range of anxiety severity including the clinical range, and explore additional moderators of efficacy.

Taken together, findings document that tDCS across the PFC combined with mobile ABMT reduced AB measured as difficulty disengaging attention from threat and boosted stress resilience measured via RSA suppression, particularly among those reporting lower life stress. Results lay the groundwork for crucial assessments of dose response parameters and more targeted examination of treatment mechanisms, as well as the identification of treatment moderators and the development of more personalized treatment approaches.
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