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A decision criterion establishes the minimum amount of memory evidence required for recognition. When a liberal criterion is set, items are recognized based on weak evidence whereas a conservative criterion requires greater memory strength for recognition. The decision criterion is a fundamental aspect of recognition memory but little is known about the underlying neural mechanisms of maintaining a criterion. We used continuous theta burst stimulation (cTBS) with the goal of inhibiting prefrontal cortex excitability while participants performed recognition tests. We hypothesized that inhibiting the right inferior frontal gyrus (rIFG), right middle frontal gyrus (rMFG), and right dorsolateral prefrontal cortex (rDLPFC) would cause participants to establish less conservative decision criteria without affecting recognition memory performance. Participants initially performed recognition memory tests while maintaining conservative decision criteria during fMRI scanning. Peak activity in the successful retrieval effect contrast (Hits > Correct Rejections) provided subject-specific cTBS target sites. During three separate sessions, participants completed the same recognition memory paradigm while maintaining conservative and liberal decision criteria both before and after cTBS. Across two experiments we failed to significantly alter decision criteria placement by applying cTBS to the rIFG, rMFG, and rDLPFC despite efforts to precisely target individualized brain areas. However, we unexpectedly improved discriminability following cTBS to the rDLPFC specifically when participants maintained a liberal criterion. Although this finding may guide future studies investigating the neural mechanisms underlying discriminability in recognition memory, cTBS proved ineffective at altering decision criteria.
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INTRODUCTION

When making a recognition memory judgment, individuals must compare the strength of memory evidence elicited by an item to a decision criterion. If the memory strength exceeds the decision threshold, then one will indicate that he or she recognizes the item—otherwise the item is considered novel. When items are recognized based on weak memory evidence, a liberal decision criterion is employed. Conversely, a conservative decision criterion is established when items require strong memory evidence for recognition. The appropriate placement of a decision criterion can improve the outcomes of memory-based decisions. For instance, a guard at a security checkpoint should establish a liberal criterion by stopping and questioning people who vaguely resemble a known criminal because questioning an innocent person is only a minor inconvenience. However, when the same guard is faced with the same memory evidence in situations that may require physical force, a conservative criterion should be established to avoid harming innocent people. Despite the importance of establishing a decision criterion based on memory evidence, little is known about how these criteria are set and the neural mechanisms that underlie them (Gold and Shadlen, 2007; Ratcliff et al., 2016).

There is evidence to suggest the prefrontal cortex plays a role in maintaining a conservative decision criterion. Patients with frontal lobe lesions tend to establish more liberal decision criteria as evidenced by increased false alarm rates during recognition memory (Parkin et al., 1996; Schacter et al., 1996; Swick and Knight, 1999; Verfaellie et al., 2004; Callahan et al., 2011; Biesbroek et al., 2015). A tendency to set liberal decision criteria is also observed in other patient populations associated with frontal lobe damage or dysfunction, including Alzheimer's disease (Budson et al., 2006; Waring et al., 2008; Beth et al., 2009; Deason et al., 2017) and schizophrenia (Moritz et al., 2008). Prefrontal cortex processes can also be disrupted through drug administration, such as with Δ9-tetrahydrocannabinol (THC) (Bossong et al., 2012), which demonstrated increased false alarm rates during recognition memory (Doss et al., 2018). Taken together, these studies strongly suggest that a dysfunctional prefrontal cortex impairs the ability to set conservative criteria.

Research in healthy individuals also supports the notion that maintaining a conservative criterion during recognition memory requires engagement of the prefrontal cortex. In particular, Aminoff et al. (2015) sought to manipulate criterion placement as participants performed recognition memory tests during fMRI scanning. An investigation of the successful retrieval effect, which contrasts hit trials against correct rejection trials (H > CR), yielded robust recruitment of widespread fronto-parietal regions when participants maintained a conservative criterion—but not when maintaining a liberal criterion. These findings directly oppose hypotheses that attribute increased BOLD activity in the H > CR contrast to differences in memory strength, since hit trials (on average) confer stronger memory evidence relative to correct rejection trials (Wheeler and Buckner, 2003; Kahn et al., 2004; Wagner et al., 2005; Vilberg and Rugg, 2009; Yu et al., 2012; Criss et al., 2013). However, the H > CR contrast also carries information about memory-based decisional processes: hit responses represent a decision that the memory evidence of an item exceeds the established criterion, whereas correctly rejected items do not carry enough memory evidence to surpass the decision threshold (O'Connor et al., 2010; Jaegar et al., 2013; Miller and Dobbins, 2014). Through an individual differences analysis, Aminoff et al. (2015) revealed that the more conservatively a participant responded the greater the fronto-parietal activity in the H > CR contrast. No such relationship existed between fronto-parietal activity and individual differences in memory strength. This finding provides compelling evidence that the observed fronto-parietal activity in the H > CR contrast is not only associated with the maintenance of a conservative criterion, but that the magnitude of the fronto-parietal activity correlates with the conservativeness of a decision criterion.

One potential explanation for the robust activity in the H > CR contrast when a conservative criterion is maintained is that suppressing a prepotent familiarity response may require cognitive control processes related to response inhibition (see Aminoff et al., 2015). In particular, there is strong evidence indicating that the right inferior frontal gyrus (rIFG) is implicated in response inhibition (Wager et al., 2005; Chambers et al., 2009; Bari and Robbins, 2013) and may serve as a cognitive braking system (Aron et al., 2014, 2015). Other prefrontal areas, such as the dorsolateral prefrontal cortex (DLPFC), may also play a role in maintaining task goals to prepare for inhibiting a response (Jahfari et al., 2010; Swann et al., 2013). If maintaining a conservative criterion requires preparing for or executing response inhibition, then the rIFG and surrounding prefrontal areas provide promising sites for further investigation.

Functional MRI studies are of course limited in their ability to draw causal inferences between brain activity and behavior. However, the advent of neurostimulation techniques, such as repetitive transcranial magnetic stimulation (rTMS), offers a direct means of testing whether overt behavior can be altered by targeted cortical stimulation. Previous rTMS research demonstrated that offline continuous theta burst stimulation (cTBS) serves as an effective inhibitor of cortical excitability for up to 60 min in the hand area of the motor cortex (Huang et al., 2005). Although it is unclear whether offline cTBS has equivalent inhibitory effects when applied to areas within the prefrontal cortex (Grossheinrich et al., 2009), a handful of studies have successfully manipulated cognitive performance by applying offline cTBS to prefrontal regions. For example, Verbruggen et al. (2010) disrupted response inhibition and dual-task performance after applying cTBS to the rIFG. Georgiev et al. (2016) applied cTBS over the rDLPFC, which led to slower response times during a perceptual decision-making task. Additionally, Cho et al. (2010) reduced impulsivity in a delayed discounting task after applying cTBS to the rDLPFC. These studies provide evidence that offline cTBS can affect decision-making performance in a seemingly inhibitory manner.

Given that cTBS appears to inhibit prefrontal cortex excitability, we attempted to causally manipulate criterion placement by applying cTBS to brain regions that Aminoff et al. (2015) identified as being associated with the magnitude of a conservative decision criterion—namely, the rIFG, rMFG, and rDLPFC. We hypothesized that cTBS to the rIFG, rMFG, and rDLPFC would inhibit the function of networks implicated in criterion placement without affecting recognition memory accuracy. More specifically, we predicted that individuals would establish less conservative criteria when a conservative criterion is advantageous. In situations where a liberal criterion is advantageous, we expected no changes in criterion placement. This finding would suggest that the rIFG, rMFG, and rDLPFC play a crucial role in maintaining conservative decision criteria but are non-essential for maintaining liberal decision criteria during recognition memory. Importantly, this approach can provide more concrete evidence to support previous observations of increased fronto-parietal activity during successful retrieval—but only when a conservative criterion is maintained (e.g., Aminoff et al., 2015)—and help explain why individuals with damaged and/or dysfunctional prefrontal cortices generally set liberal decision criteria relative to healthy controls.

MATERIALS AND METHODS

Participants

Prior to the cTBS experiment, 352 participants (126 males; aged 18–38; M = 20.1 ± 2.5 SD) conducted the initial prescreen task. Participants received an invitation to partake in the neuroimaging and neurostimulation phases of the experiment if they discriminated between old and new images above chance, sufficiently shifted criteria between the conservative and liberal conditions, and met all of the eligibility requirements for MRI and TMS (See Procedure). 20 participants did not receive an invitation due to below chance discriminability performance; an additional 150 participants did not receive an invitation because they did not adequately shift between conservative and liberal decision criteria. The 182 eligible participants received an invitation to participate in the study on a rolling basis; enrollment consisted of participants who replied quickest to the invitation.

Ultimately, a total of 36 participants (9 males; aged 18-26; M = 20.0 ± 1.7 SD) successfully completed all three cTBS sessions between Experiment 1 and Experiment 2. The first experiment consisted of 20 participants (5 males; aged 18–23; M = 19.7 ± 1.6 SD) with the exclusion of four additional participants due to computer malfunction (1), procedural error (1), or incomplete stimulation (2) during at least one of the three cTBS sessions. After observing a surprising trend (see Results) we conducted a follow-up in Experiment 2 with 16 participants (4 males; aged 19–26; M = 20.5 ± 1.8 SD). Two additional participants withdrew from the second experiment.

Participants enrolled in the study via the University of California Santa Barbara (UCSB) paid research participation website. Participants received $10/h for performing the prescreen task and $20/h for conducting the MRI and cTBS sessions. The study received approval from the UCSB Human Subjects Committee Institutional Review Board and all subjects gave written informed consent.

Procedure

Both Experiment 1 and Experiment 2 consisted of a prescreen recognition memory task, an fMRI scanning session, and three cTBS sessions. The prescreen recognition memory task identified participants that discriminated between studied and unstudied face stimuli and adaptively shifted between conservative and liberal decision criteria. We intentionally made discriminability difficult to motivate subjects to bias his or her responses, but required above chance discriminability performance to ensure participants correctly conducted the recognition memory task.

In addition to performing above chance on the recognition memory task, participants also needed to adaptively shift their decision criteria. There are vast individual differences in the placement of a decision criterion during a recognition memory test (Aminoff et al., 2012; Kantner and Lindsay, 2012, 2014; Kantner et al., 2015; Frithsen et al., 2017). Therefore, we needed to identify when participants establish a conservative decision criterion relative to a more liberal decision criterion. Additionally, Aminoff et al. (2015) found that individuals who failed to shift their decision criteria did not exhibit robust fronto-parietal activity in the H > CR contrast, even in situations where maintaining a conservative criterion is advantageous. To test whether cTBS disrupts maintaining a relatively more conservative decision criterion and to ensure we obtain robust fMRI activation in the H > CR contrast for precise individualized cTBS targeting, we only invited individuals to participate in the study if they adaptively shifted criteria during the initial prescreen recognition memory tests. Once selected, participants performed recognition memory tests while maintaining a conservative decision criterion during fMRI scanning. The fMRI analyses provided subject-specific cTBS target sites based on each participant's peak voxel activity in the H > CR contrast within the rIFG (Experiments 1 and 2), rMFG (Experiment 1), and rDLPFC (Experiment 2). Finally, participants conducted recognition memory tests both before and after cTBS on three separate visits.

Recognition Memory Task

The recognition memory task followed the same procedure for the initial prescreen, fMRI, and cTBS phases of the experiment unless otherwise specified (Figure 1). During the study session, participants passively viewed a series of 100 novel face images displayed in the center of a computer screen with a black background. Each study image appeared rapidly for 300 ms followed by a 200 ms blank screen interstimulus interval to intentionally induce low discrimination levels, thus making criterion shifting more advantageous. Every participant viewed a random series of images drawn from the 10k US Adult Faces database (Bainbridge et al., 2013) and images did not repeat across sessions.
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FIGURE 1. In the recognition memory task, participants studied 100 face images, followed by liberal and conservative test blocks (100 trials per block) after a 10-minute delay.



After the study session, participants completed a test session that consisted of two test blocks in which participants made “old” (previously studied) or “new” (unstudied) recognition judgments. Prior to each test block, explicit instructions informed participants of the base rate probabilities of encountering a previously studied item. In the low probability (conservative criterion) condition, only 30% of the test items appeared during the study phase, making it advantageous to respond “new” more often. In the high probability (liberal criterion) condition, 70% of test items appeared during the study phase making “old” responses more advantageous. Each block consisted of 100 test trials: conservative test blocks contained 30 old images and 70 new images, while liberal test blocks contained 70 old images and 30 new images. Every test image appeared in the center of a computer screen surrounded by an orange or blue frame to remind participants of the relevant test contingencies (conservative or liberal criterion). The images remained on screen until the participant made a response. During each trial, instructions appeared at the bottom of the screen to indicate whether the “0” or “1” keyboard button represented an “old” or “new” response. The order of test liberal/conservative test blocks, frame color associations, and keyboard assignments were randomized across participants. In total, the recognition memory task spanned 10 to 15 min. Administration of the task occurred within MATLAB version R2016B and incorporated open source code from Psychophysics Toolbox, v3 (Brainard, 1997).

Signal Detection Theory

We used signal detection theory (SDT) to assess recognition memory performance. For each test block, we computed hit rates (number of items correctly identified as “old” relative to the total number of old stimuli) and false alarm rates (number of items incorrectly called “old” relative to the number of new stimuli) and obtained measures of discriminability (d'), criterion placement (c), and criterion shifting (C) through the following equations (Stanislaw and Todorov, 1999; Macmillan and Creelman, 2005):
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where z gives the density of the standard normal distribution. In the three instances that a participant attained a false alarm rate of 0% an addition of 0.5 to the numerator of the rate prevented an infinite normalized value (see Macmillan and Kaplan, 1985).

Although criterion placement and discriminability are behaviorally-independent processes, there is a statistical relationship between the optimal criterion placement and the extent of discriminability (Macmillan and Creelman, 2005). In other words, as discriminability increases, the optimal criterion placement for a recognition memory test (with a biased probability) will approach 0. To control for the influence of discriminability on criterion placement, we residualized c against d' across all participants within each cTBS session. This yielded normalized c values to ensure statistical independence between c and d' (see Aminoff et al., 2012). All subsequent analyses used the normalized c values to assess criterion placement and shifting.

Deriving Subject-Specific cTBS Targets

Participants selected from the prescreen initially conducted a modified version of the recognition memory task during fMRI scanning. In this version, participants studied 60 face images and performed two conservative testing blocks—both to precisely identify regions supporting conservative criterion placement, and because the H > CR contrast does not reveal robust activity when a liberal criterion is set (Aminoff et al., 2015). Each test block contained 100 test trials with 30 old and 70 new images that appeared for 3 s with random jitter to ensure separability of hemodynamic responses (interstimulus intervals of 0–6 s). Participants responded via a two-button response box held in the right hand.

A Siemens 3T PRISMA MRI scanner collected all imaging data using a 64 channel head and neck coil. An initial magnetization-prepared rapid gradient echo (MPRAGE) sequence acquired T1-weighted anatomical images (208 slices; TE = 2.22 ms; TR = 2,500 ms; FoV = 241 mm2; voxel size: 0.9 mm3). A subsequent [image: image]-weighted gradient recall echo (GRE) field map scan (48 oblique slices; TE1 = 4.92 ms; TE2 = 7.38 ms; FoV = 192 mm2; voxel size: 3 mm3) provided estimates of magnetic field inhomogeneities. Functional image acquisition employed a [image: image]-weighted multi-band echo planar imaging (mbEPI) sequence sensitive to the BOLD contrast (48 oblique slices; TE = 35 ms; TR = 400 ms; FoV = 192 mm2; voxel size: 3 mm3; multiband factor = 8). Total scanning time lasted approximately 30 min.

All fMRI preprocessing and statistical analyses occurred using the FMRI Brain Software Library (FSL), v5.0 (Jenkinson et al., 2012). Each functional scan underwent motion correction and realignment to the middle volume using FSL MCFLIRT. FSL FUGUE unwarped geometric deformations due to motion and field inhomogeneities. Temporal preprocessing of voxelwise timeseries included both high pass filtering (0.01 Hz) and prewhitening. The data underwent spatial smoothing using a 5 mm3 full-width at half-maximum (FWHM) Gaussian kernel. Coregistration of functional data to each individual's T1-weighted anatomical image enabled cTBS target identification in subject space.

An event-related general linear model (GLM) identified within-subject activity related to successful retrieval. Each test block contained 4 regressors of interest: hits, correct rejections, misses, and false alarms. Nuisance regressors included trials with no old/new response in addition to head motion parameters derived from MCFLIRT realignment. FSL FEAT provided model estimates to compute H > CR contrasts for each individual.

The H > CR contrast provided subject-specific cTBS target sites based on the peak voxel within each ROI. We anatomically-defined rIFG and rMFG ROIs according to the Harvard-Oxford Cortical Structural atlas in FSL, using probability maps with a threshold of 30% for the combined right pars opercularis and pars triangularis maps (rIFG) and the rMFG map. For Experiment 1, sought to ensure that individual variation in the location of the peak voxel within the H > CR contrast would be encompassed by our large anatomical ROIs; in Experiment 2, we functionally defined the rDLPFC ROI from the Aminoff et al. (2015) group-level H > CR contrast (see Results), specifically for the conservative criterion condition of the recognition memory test for faces. FSL FLIRT registered each ROI to a participant's native brain space.

To ensure replication of the fMRI findings from Aminoff et al. (2015), we performed a group-level mixed-effects analysis of variance for the H > CR contrast. The resulting Z statistic maps underwent whole-brain voxelwise thresholding at Z > 3.1 and cluster correction (p < 0.05) using Gaussian random field theory.

cTBS

Participants attended three cTBS sessions each separated by at least 48 h to ensure that the effects of stimulation from one session did not carry over to another session. The location of the target site differed for each of the three cTBS sessions. In the first experiment participants received cTBS to the rIFG, rMFG, or occipital vertex (sham stimulation). The second experiment followed the same procedures except participants received cTBS to the rDLPFC instead of the rMFG (see Results). The order of stimulation over the three sessions occurred pseudo-randomly across participants to include all six possible order combinations. The cTBS stimulation intensity remained fixed at 35% of the maximum stimulator output because rIFG stimulation inadvertently contracts the temporalis muscle and the chosen intensity level minimized discomfort. During cTBS to the rMFG and rDLPFC a researcher held the TMS coil handle at a 45° angle relative to the head's midline with the handle pointing posteriorly and to the right. The TMS coil handle pointed posteriorly while aligned parallel to the head's midline during cTBS to the rIFG and occipital vertex. Participants unknowingly received sham stimulation that involved a slight tilting of the TMS coil away from the scalp to mitigate cTBS effects on the occipital vertex.

To precisely stimulate the functionally defined cTBS target sites, participants wore a headband with an infrared tracking device and earplugs to protect against hearing loss from the ambient TMS noise. A pointer tool registered the position of the tracking device in the participant's headband to the participant's T1-weighted anatomical image using a Polaris infrared optical tracking system (Northern Digital Inc., Waterloo, ON, Canada) in conjunction with the Brainsight TMS navigation system, v2.3.9 (Rogue Research, Montreal, QC, Canada). This allowed for real-time tracking of the position of the TMS coil relative to the cTBS target sites within each participant's brain leading to precise stimulation of the target site. A 70 mm figure of eight coil delivered cTBS in bursts of 50 Hz triplets at a rate of 5 Hz for 40 s (600 total pulses) using a Magstim Rapid2 stimulator unit (Magstim Inc., Morrisville, NC).

During each of the three cTBS session, participants performed the recognition memory task twice, once before cTBS and again after stimulation. Following the first study phase, a 10-min delay ensued where participants sat in a chair while researchers provided information about the cTBS procedure for that session. Participants then completed the first test phase and immediately began the study phase of the second run. After the second study phase, researchers applied cTBS during another 10-min delay period. Afterwards, participants performed the second recognition memory test phase (Figure 2).
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FIGURE 2. During each of the three cTBS sessions, participants initially conducted the recognition memory task without cTBS stimulation. Then participants performed the recognition memory task again with cTBS applied during the delay period.



Statistical Analysis

We tested the effects of cTBS stimulation on criterion placement and discriminability using linear mixed models, implemented with the lme4 package (Bates et al., 2015) in R. In Experiment 1, deviation contrasts specified fixed effects, which modeled mean differences in d' and normalized c as functions of criterion condition (liberal > conservative), task time (post- > pre-cTBS), and cTBS target site (rIFG > sham and rMFG > sham). We additionally modeled three-way interactions between criterion, time, and cTBS target contrasts, along with all marginal two-way interactions. Thus, the fixed effects models took the following form:
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The Experiment 2 models remained identical in form with the substitution of rDLPFC for rMFG. In all cases, we specified a random effect on the model intercept across subjects to account for baseline variation in c and d'.

Linear mixed models do not yield p-values for parameter estimates due to inherent difficulties in estimating denominator degrees of freedom. However, the restricted maximum likelihood approach to model estimation yields a posterior distribution over the parameters, allowing us to construct empirical confidence intervals via simulation. We performed 1,000 iterations of posterior simulation to approximate 95% CIs around each parameter estimate. Any CI spanning zero is considered non-significant. We also report effect size approximations of Cohen's d, obtained by dividing contrast parameter estimates by the square root of the total random effects variance of the model (Westfall et al., 2014).

RESULTS

The Successful Retrieval Effect

Group-level (N = 36) whole-brain fMRI analyses of the H > CR contrast yielded significant differential activity across widespread fronto-parietal cortices (Figure 3). These results are consistent with the results of Aminoff et al. (2015) for participants who maintained a conservative decision criterion during recognition memory of faces (Table 1). The individualized cTBS target sites derived from subject-level fMRI analyses of the H > CR contrast are depicted in Figure 4.
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FIGURE 3. Whole-brain statistical Z-map of Hits > Correct Rejections, estimated over two recognition memory tests requiring participants to maintain a conservative decision criterion (N = 36). Thresholding at Z > 3.1 and cluster correction (p = 0.05) determined significance.




Table 1. fMRI local maxima for Hits > Correct Rejections when participants (N = 36) maintained a conservative criterion during recognition memory tests (see also Figure 3).
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FIGURE 4. Location of cTBS in the rIFG (red), rMFG (yellow), and rDLPFC (blue). The coils represent the subject-specific target sites for the 20 participants in Experiment 1 (black) and the 16 participants in Experiment 2 (white).



cTBS Effects on Discriminability and Criterion Placement

Average behavioral performance during the pre-cTBS memory tests in Experiment 1 revealed participants successfully shifted their decision criteria in response to the conservative (c = 0.81, SD = 0.32) and liberal (c = 0.13, SD = 0.53) probability manipulation (p < 0.001, d = 1.84) (Figure 5; left). Experiment 2 revealed similar results in the conservative (c = 0.64, SD = 0.30) and liberal (c = 0.01, SD = 0.36) criterion conditions (p < 0.001, d = 3.50) (Figure 5; right). Although participants on average maintained a slightly conservative bias in the liberal condition, the important distinction is that participants shifted to a relatively more liberal criterion. Mean discriminability remained low in Experiment 1 (d' = 0.36, SD = 0.37) and Experiment 2 (d' = 0.36, SD = 0.35) for the pre-cTBS memory tests, making it strategic to shift decision criteria (Figure 6).
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FIGURE 5. The pre-/post-cTBS normalized c values for Experiment 1 (left) and Experiment 2 (right). Gray lines indicate individual subject performance and red lines represent group averages fitted with 95% confidence intervals.
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FIGURE 6. The pre-/post-cTBS'd values for Experiment 1 (left) and Experiment 2 (right). Gray lines indicate individual subject performance and red lines represent group averages fitted with 95% confidence intervals.



Experiment 1

As predicted, applying cTBS to regions previously associated with criterion placement did not affect d'. The criterion manipulation also did not affect discriminability nor did performing the task pre- vs. post-cTBS. Figure 7 (left) displays the posterior mean parameter estimates and mean discriminability across factor levels for d' fitted with 95% confidence intervals; Table 2 (left) contains a summary of all model-level statistics.
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FIGURE 7. Posterior mean of parameter estimates across fixed effects for d' models, fitted with 95% confidence intervals for Experiment 1 (left) and Experiment 2 (right). Estimates not intersecting zero are statistically significant.




Table 2. Model-level statistics ford' in Experiment 1 (left) and Experiment 2 (right).
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With respect to normalized c, we observed a significant main effect of criterion condition, such that participants set a more liberal decision criterion when target probability remained high (b = −0.64, 95CI = [−0.74, −0.54], SE = 0.05, t = −12.53, d = 1.37). Contrary to expectation, however, cTBS failed to affect one's criterion placement. Rather than decreasing the conservativeness of decision criteria, we found a marginal trend toward more stringent decision criteria following rIFG stimulation, as revealed by an interaction between criterion condition and cTBS to the rIFG, relative to sham (b = 0.10, 95CI = [−0.04, 0.24], SE = 0.07, t = 1.35, d = 0.21). A similar trend existed in the three-way interaction between our criterion manipulation, pre-/post-cTBS tests, and stimulation of the rIFG target (b = 0.12, 95CI [−0.02, 0.26], SE = 0.07, t = 1.63, d = 0.25). Summaries of model-level statistics are shown in Figure 8 (left) and Table 3 (left). This intriguing trend compelled us to collect more data to test whether the observed difference is truly a null result or merely an underpowered effect.
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FIGURE 8. Posterior mean of parameter estimates across fixed effects for normalized c models, fitted with 95% confidence intervals for Experiment 1 (left) and Experiment 2 (right). Estimates not intersecting zero are statistically significant.




Table 3. Model–level statistics for normalized c in Experiment 1 (left) and Experiment 2 (right).
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Experiment 2

Since cTBS to the rMFG proved completely ineffective at affecting decision criteria, we switched our anatomically-defined rMFG ROI to a functionally-defined rDLPFC ROI for subsequent data collection (in case the broad rMFG ROI encompassed brain areas unrelated to maintaining a conservative criterion). Analyses on an additional 16 participants also revealed no significant interactions between task time, cTBS target site (rIFG > sham, rDLPFC > sham), and criterion condition. Results from Experiment 2 suggest that the trending interaction of pre-/post-cTBS, criterion condition, and rIFG stimulation (relative to sham) in Experiment 1 is likely a true null result (b = −0.02, 95CI = [−0.11, 0.07], SE = 0.05, t = −0.49, d = 0.07). Figure 8 (right) displays the posterior mean parameter estimates across factor levels for normalized c fitted with 95% confidence intervals; Table 3 (right) contains a summary of all model-level statistics.

Although we predicted no differences in discriminability, a significant interaction emerged between cTBS target site and criterion condition (Figure 7 (right); Table 2 (right)). Relative to sham, cTBS to the rDLPFC improved d' performance—specifically in the liberal condition (v = 0.17, 95CI—[0.03, 0.30, SE = 0.07, t = 2.44, d = 0.45). Although this is merely a two-way interaction (i.e. is agnostic to pre-/post-stimulation differences), it is nevertheless a moderately strong effect, and it raises the intriguing possibility that changing our target site from the rMFG to a more localized rDLPFC region directly affected a recognition memory network.

DISCUSSION

This study attempted to further illuminate neural mechanisms underlying the maintenance of a conservative decision criterion during recognition memory. Patients with damaged and/or dysfunction frontal lobes oftentimes establish overly liberal decision criteria when making recognition judgments (Biesbroek et al., 2015; Deason et al., 2017). In healthy individuals, widespread fronto-parietal BOLD activity is present in the H > CR contrast of recognition memory tests when maintaining a conservative decision criterion, but not a liberal criterion (Aminoff et al., 2015). These findings suggest that a conservative criterion may require an intact and functional prefrontal cortex. In particular, we investigated whether regions involved in response inhibition, such as the rIFG (Aron et al., 2014), mediate a conservative criterion by suppressing one's tendency to classify familiar items as old. We tested whether cTBS to the rIFG, rMFG, and rDLPFC (regions where increased BOLD activity tracks with the conservativeness of a decision criterion; Aminoff et al., 2015) causes participants to establish less conservative decision criteria during recognition memory. Participants initially conducted a recognition memory test while maintaining a conservative decision criterion during fMRI scanning. Despite obtaining subject-specific target sites based on peak BOLD activity in the H > CR contrast and using high-definition TMS equipment, cTBS to these sites did not significantly affect criterion placement.

There are several possible reasons why cTBS did not cause participants to establish less conservative decision criteria during recognition memory tests. First, our hypothesis that the rIFG, rMFG, and rDLPFC are necessary for maintaining a conservative decision criterion could simply be incorrect. Many studies investigating the neural substrates of criterion placement are correlational; thus, there may not be a direct causal relationship between our targeted regions and the maintenance of a conservative decision criterion. However, it would be difficult to reconcile this conclusion with results from studies showing that frontal lobe damage is commonly associated with more liberal decision criteria (but see Verfaellie et al., 2004; Hwang et al., 2007). Another possibility is that we did not target the appropriate regions within the rIFG, rMFG, and rDLPFC. We obtained subject-specific target sites via the H > CR contrast from a relatively short fMRI scanning session, which may not have provided the precise target sites of neural hubs that drive the maintenance of a conservative decision criterion. Future studies should consider obtaining subject-specific target sites via functional connectivity analyses from longer scanning sessions. There are also inherent technical difficulties with TMS that may explain our null findings, even if we targeted the correct brain regions. Sandrini et al. (2011) outline several technical considerations that affect the efficacy of TMS, including the type of stimulation protocol, intensity of stimulation, and the orientation of the coil handle.

Even if the most robust TMS protocol and coil positioning technique is employed, individual differences in anatomy and cortical excitability may cause wide variability in behavioral changes across participants. For instance, the efficacy of cTBS on inhibiting the primary motor cortex is quite variable (Suppa et al., 2016) despite being one of the few brain regions that give a measurable output via motor evoked potentials. The frontal cortex is also highly interconnected, which may contribute to more inter-individual variability in the effects of cTBS. For instance, Lee and D'Esposito (2012) observed that individuals with greater functional connectivity between the left and right IFG tended to have less of a decrement in working memory performance following cTBS to the left IFG. The authors suggested that the right IFG might play a compensatory role that reduces the behavioral detriments caused by left IFG inhibition. It is possible that inhibiting a small region within the right prefrontal cortex is easily compensated for since maintaining a conservative criterion may involve a widespread bilateral fronto-parietal network (Aminoff et al., 2015). Lastly, our participants conducted the recognition memory task several times, including prescreen and MRI sessions. It is possible that performing the task multiple times allow participants to develop efficient strategies that make it more difficult to disrupt behavior with cTBS. Nevertheless, due to the vast procedural parameter space that may vary the efficacy of neurostimulation, it is inappropriate to conclude that the rIFG, rMFG, and rDFLPC are unnecessary for maintaining a conservative decision criterion during recognition memory. Rather, it may simply be the particular cTBS technique itself that failed to affect decision criteria (whether or not the targeted regions are indeed implicated in maintaining a decision criterion), and we caution against its use in future investigations of the neural mechanisms underlying decision criteria.

Surprisingly, we did observe a significant interaction where participants improved d' performance specifically when maintaining a liberal criterion following cTBS to the rDLPFC. This finding is difficult to interpret because criterion placement should not influence discriminability (Macmillan and Creelman, 2005). Thus, an improvement in d' should be observed in both the conservative and liberal criterion conditions if cTBS indeed manipulated the discriminability of items at test. Due to our small sample size (N = 16) and the unpredicted nature of this finding, we hope to further investigate the robustness of this effect. If this finding is upheld with future research, it adds more complexity to the debate over whether the H > CR contrast is a function of retrieval itself (i.e. memory strength) or an epiphenomenal process such as criterion setting.

Although the present investigations failed to manipulate criterion placement with cTBS, other TMS methods may ultimately prove more successful. We suggest future studies employ online TMS protocols to ensure target sites are being stimulated while participants perform recognition memory tasks with decision criterion manipulations. We employed an offline cTBS approach in hopes of conducting a future study in which participants perform post-stimulation recognition tests during fMRI scanning. However, our null results suggest that cTBS to the rIFG, rMFG, and rDLPFC are ineffective at manipulating criterion placement during a recognition memory test.

CONCLUSION

Offline cTBS to the rIFG, rMFG, and rDLPFC proved ineffective at altering decision criteria during recognition memory tests. This is not to suggest that these frontal regions are uninvolved in the maintenance of a conservative decision criterion or that TMS generally cannot affect criterion placement. However, we do not recommend using offline cTBS to manipulate decision criteria during recognition memory. An unexpected finding of increased memory accuracy (d') when maintaining a liberal criterion following cTBS to the rDLPFC could motivate future research investigating prefrontal neural networks involved in recognition memory.
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