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Abstract

Neuroimaging data has shown that activity in the lateral posterior parietal cortex (PPC) correlates 

with item recognition and source recollection, but there is considerable debate about its specific 

contributions. Performance on both item and source memory tasks were compared between 

participants who were given bilateral transcranial direct current stimulation (tDCS) over the 

parietal cortex to those given prefrontal or sham tDCS. The parietal tDCS group, but not the 

prefrontal group, showed decreased false recognition, and less bias in item and source 

discrimination tasks compared to sham stimulation. These results are consistent with a causal role 

of the PPC in item and source memory retrieval, likely based on attentional and decision-making 

biases.
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1. Introduction

Neuroimaging studies have consistently shown activity in the lateral posterior parietal cortex 

(PPC) during episodic memory retrieval (Kahn et al., 2004; Shannon and Buckner, 2004; 

Wagner et al., 2005). Specifically, the PPC was more active during retrieval of studied than 

unstudied items (Cansino et al., 2002; Henson et al., 2005; Wagner et al., 2005), and source 

memory judgments compared to item memory judgments (Dobbins et al., 2003; Hayes et al., 

2011; Hutchinson et al., 2012). Lesions to the PPC, however, did not produce amnesia (e.g. 

Haramati et al., 2008; for review see, Corbetta and Shulman, 2002); PPC damage primarily 

resulted in deficits in attention (Bays et al., 2010; Steinmetz and Constantinidis, 1995). 

Thus, the contributions of the PPC to memory accuracy is likely to reflect attentional 
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processes (Cabeza, 2008; Ciaramelli et al., 2008; Wagner et al., 2005). Because lesion 

studies are limited in that behavior can also reflect encoding deficits or functional recovery 

(Corbetta et al., 2005; Kolb et al., 2001) and neuroimaging studies are correlational, the goal 

of this experiment was to test the role of the PPC in memory retrieval by directly 

manipulating cortical activity in intact neurological populations using transcranial Direct 

Current Stimulation (tDCS). We compared performance on item and source memory tasks 

with active tDCS over the PPC to both sham tDCS and tDCS over the prefrontal cortex 

(PFC), another brain region that has been implicated in memory (Cansino et al., 2002; Rugg 

et al., 1999; Shimamura et al., 1995).

TDCS is a technique by which weak electrical currents are applied at the scalp by means of 

two electrodes, one stimulating electrode, often referred to as the “anode”, and one return 

electrode, typically referred to as the “cathode” (DaSilva et al., 2011; Reato et al., 2010). 

Application of tDCS has been shown to alter the likelihood of neuronal excitation in the 

cortex of non-human animals (Bikson et al., 2004; Reato et al., 2010) and humans (Antal et 

al., 2004; Nitsche and Paulus, 2000). Notably, the effects of tDCS can be modulated by the 

charge of the overlying electrode, such that excitability under the anode increases while the 

excitability under the cathode decreases, at least in the case of primary visual and motor 

cortices (Antal et al., 2004; Nitsche and Paulus, 2000). Interestingly, bilateral montages, 

which place the anode over the region of interest of one hemisphere and the cathode over the 

region of interest in the contralateral hemisphere, have been shown to have enhanced effects 

on behavior compared to unilateral montages, likely by attenuating interhemispheric 

inhibition (Vines et al., 2008). An additional benefit of a bilateral montage is that the current 

flow of tDCS is more restricted to the cortical regions of interest compared to unilateral 

montages (Vines et al., 2008), which is important because tDCS brings about network 

changes even in regions that are not stimulated (Keeser et al., 2011; Lang et al., 2005), 

suggesting that unilateral stimulation can modulate the contralateral hemisphere and lead to 

behavioral effects. Bilateral tDCS can therefore oppose such modulation and, in the case of 

the PPC, may be a better model for mnemonic contributions because changes to memory 

have been primarily noted in patients with bilateral lesions (Berryhill et al., 2007; Berryhill 

and Olson, 2008; Drowos et al., 2010; Simons et al., 2010). Thus, in our study we used 

bilateral montages, placing the anode over the left hemisphere and cathode over the right 

hemisphere, to determine the nature of the causal role of the PPC in item and source 

memory retrieval.

Previous research has shown that bilateral tDCS effectively alters attentional processes when 

applied over the PPC (Benwell et al., 2015; Giglia et al., 2011; Sparing et al., 2009), 

executive control processes when applied over the PFC (Leite et al., 2013; Nelson et al., 

2014; Nozari and Thompson-Schill, 2013), which we used as a control site, and has been 

used to dissociate the PPC and the PFC (Iuculano and Cohen Kadosh, 2013), suggesting the 

possibility that tDCS could manipulate these underlying processes during memory retrieval. 

It is worth noting, however, that the efficacy of tDCS has been questioned in recent meta-

analyses (Horvath et al., 2014a; Horvath et al., 2015), but these meta-analyses were limited 

by available published data, and did not have enough data to account for parameters known 

to effect tDCS such as stimulation duration (Antal et al., 2015) or task difficulty (Berryhill et 
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al., 2014). Thus, behavioral changes may be selective to the combination of tDCS and task 

parameters used, and should be interpreted as such.

The PPC has been argued to support memory retrieval by way of attentional mechanisms 

that influence what mnemonic information is sought after (Cabeza et al., 2008; Ciaramelli et 

al., 2008; Wagner et al., 2005), or decision-related mechanisms that influence criterion 

setting (Aminoff et al., 2015; Dobbins et al., 2012; Donaldson et al., 2010; Pisoni et al., 

2015; Sestieri et al., 2013; Wagner et al., 2005). Patients with PPC damage have shown 

deficits in orienting attention to external stimuli (Corbetta and Shulman, 2002), leading to 

the hypothesis that the contents of retrieval, as relevant internal stimuli, reorient attention in 

a manner that enhances the processing of task-relevant information, and this is mediated by 

the parietal cortex (Cabeza et al., 2008; Ciaramelli et al., 2008; Wagner et al., 2005). 

Consistent with this hypothesis, patients with parietal lesions had less confidence in their 

memories (Davidson et al., 2008; Simons et al., 2010), were less likely to report detailed 

memories either through spontaneous recall (Berryhill et al., 2007; Berryhill et al., 2010) or 

subjective “remember” responses (Davidson et al., 2008; Drowos et al., 2010), had less false 

memories for associated words (Drowos, et al., 2010), and were less likely to use memory 

cues to support retrieval (Ciaramelli et al., 2010). Thus, attention may support the ability to 

select what information will be retrieved, and the experience associated with recovering such 

selected information. Correspondingly, evidence from fMRI and event-related potentials 

(ERPs) studies converged to implicate the PPC in memory processes that were supported by 

attentional functions. For example, because “new” items are unstudied, they should not elicit 

retrieval-related activity but may elicit attentional processing, and studies have shown 

greater activation in the PPC for falsely recognized new (unstudied) items compared to 

correctly rejected new items (Kahn et al., 2004; Wheeler and Buckner, 2004), high 

confidence compared to low confidence false recognition of strongly related lures (Kim and 

Cabeza, 2007), high confidence correct compared to low confidence correct old and new 

judgments (Kuchinke et al., 2013), and invalidly cued compared to validly cued correct old 

and new judgments (Jaeger et al., 2013; O’Connor et al., 2010). Also consistent with the 

idea that the parietal cortex is involved in attentional selection of mnemonic information, 

ERPs over parietal areas were increased for specific recollections such as when a probe was 

self-generated compared to imagined (Leynes, 2012), was endorsed as accompanied with 

greater details (Vilberg and Rugg, 2009), and was identical to what was studied compared to 

when changed (Ally et al., 2008).

In a related hypothesis, the PPC may subserve decision-making aspects of memory tasks. 

Evidence for a role of the PPC in decision-making can be seen from work showing that, 

during a sensory task, neurons in the primate parietal cortex responded based on the 

accumulation of attentional sensory information that formed the basis for a response 

decision (Platt and Glimcher, 1999; Shadlen and Newsome, 1996). Memory researchers 

have hypothesized that the human parietal cortex may play a similar role in memory; parietal 

neurons may modulate based on the accumulation of mnemonic (old and new) information 

as a basis for a goal directed response (Donaldson et al., 2010) or that attention serves to 

establish a decision bias (Dobbins, et al., 2012). From this perspective, the reduced 

confidence, recollected detail, and associative false recognition in patients with PPC damage 

(Berryhill et al., 2007; Davidson et al., 2008; Drowos et al., 2010; Simons et al., 2010) 
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reflects an inability to incorporate attended information as a basis for a decision. In line with 

a decision-making role for the parietal cortex in retrieval, one study used a paradigm that 

yields high rates of false alarms and showed tDCS over the parietal cortex increased false 

recognition (Pergolizzi and Chua, 2015), whereas another study used a standard item 

recognition paradigm and showed decreased false recognition (Pisoni et al., 2015). These 

opposing effects on false recognition when different paradigms were used are consistent 

with decisional aspects of retrieval and the idea that task demands can differentially 

influence or bias item recognition judgments. Thus, if the role of the parietal cortex in 

memory is via attention and/or decision processes, then, in a combined item and source 

memory task, the parietal cortex may play a role in prioritizing attention to source 

recollection (because source information is the most task-relevant), which could lead to 

improved source recollection or biased responding based on criterion setting toward features 

that are weighted more or less importantly according to task demands.

We compared the effects of tDCS over the PPC to effects of sham tDCS and tDCS over the 

PFC because the PFC has also been implicated in memory tasks (for review see; Mitchell 

and Johnson, 2009; Preston and Eichenbaum, 2013; Rugg et al., 2002; Simons and Spiers, 

2003), and potentially dissociating the roles of the PPC vs. PFC is of interest. The PFC has 

been argued to support memory retrieval under conditions when retrieval is difficult and 

demands executive control, such as establishing strategies to search for specific information 

(Nolde et al., 1998), monitoring and evaluating memories (Rugg et al., 1999), or inhibiting 

irrelevant or competing memories (Shimamura et al., 1995). In general, source memory 

retrieval is considered to be more difficult, due to requiring the recovery of greater 

information than item memory retrieval, which is a justification as to why activity in the left 

or bilateral PFC is consistently shown to be increased during source memory judgments 

compared to item recognition judgments (e.g. Cansino et al., 2002; Dobbins and Han, 2006; 

Hayes et al., 2011; Slotnick et al., 2003). Furthermore, patients with PFC damage have 

deficits accurately recovering source information (Ciaramelli and Spaniol, 2009; Duarte et 

al., 2005; Janowsky et al., 1989b; Schacter et al., 1984; Simons et al., 2002), increased false 

recognition (Curran et al., 1997; Schacter et al., 1996a), increased susceptibility to 

interference (Shimamura et al., 1995), and in some cases confabulation, a disorder where 

patients confidently remember things that did not happen (Ciaramelli and Ghetti, 2007; Kan 

et al., 2010; Moscovitch and Melo, 1997), suggesting general issues when attributing or 

distinguishing the source of retrieved memories. Neuroimaging and neuropsychological 

literature taken together, therefore, suggest tDCS over the PFC should alter the ability to 

discriminate source information and reject false information, with the caveat that retrieval 

must be difficult for such processes to alter behavior. This is important as one experiment 

has shown that tDCS over the PFC only altered accurate recollection on a task that was more 

cognitively demanding compared to other less demanding tasks (Gray et al., 2015), 

suggesting PFC contributions can be unnecessary or obscured when the task is not 

sufficiently difficult.

In this experiment, we applied active tDCS over the PPC or the PFC, or sham tDCS, during 

an item recognition task followed by source judgment. If the role of the PPC in retrieval is 

related to attentional shifts towards recollected information or decision biases (Cabeza et al., 

2008; Ciaramelli et al., 2008; Dobbins et al., 2012; Donaldson et al., 2010), then tDCS over 
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the PPC should lead to reduced false recognition and changes in bias, as indexed by models 

of memory processing. Bias in item memory tasks could be indicated by favoring a “new” 

response compared to an “old” response, and bias in source memory tasks could be indicated 

by favoring one source over the other. If the role of the PFC in retrieval is related to retrieval 

difficulty, then tDCS over the PFC may enhance source accuracy because of the increased 

demand to recollect details (e.g. Janowsky et al., 1989b; Schacter et al., 1984; Schacter et 

al., 1996a), but only if source retrieval is sufficiently difficult.

2. Materials and Methods

2.1 Participants

Participants were 58 undergraduate students (34 female) from Brooklyn College of the City 

University of New York. Eligibility was determined by a self-report questionnaire to rule out 

use of psychoactive medications, chronic skin conditions, pregnancy, metallic implants or 

history of neuropsychiatric disorder or seizures. All subjects had normal or corrected-to-

normal vision and learned English before age 5. Two participants withdrew due to minor 

discomfort from the effects of stimulation. Two additional participants were excluded from 

the analyses, one due to poor performance, resulting in near 100% false recognition, another 

due to experimenter error while administering stimulation. The results reported are from the 

54 remaining participants (31 female). The remaining participants were 18 to 31 years of age 

(mean age 19.6 years, SD 3.06 years). Each participant received course credit and gave 

written, informed consent in a manner approved by the Human Research Protection Program 

(HRPP) of the City University of New York.

2.2 Transcranial direct current stimulation protocol

Stimulation was applied via one anode and one cathode rubber electrode each encased in a 

35 cm2 saline-soaked sponge pocket. Direct current was delivered through a battery-driven 

constant current stimulator with a maximum output of 2mA (1×1 Transcranial Direct 

Current (tDCS) Low-Intensity Stimulator Model 1224-B, Soterix Medical, USA). To target 

the PPC, we used a bilateral montage, placing the anode over site CP3 and cathode over site 

CP4 of the International 10–20 System for EEG electrode placement (Pergolizzi and Chua, 

2015). To target the PFC, we again used a bilateral montage, placing the anode over site F3 

and cathode over site F4 according to the International 10–20 System for EEG electrode 

placement. A bilateral montage was chosen because it has been shown to produce additive 

effects on performance compared to unilateral stimulation (Vines et al., 2008), and to avoid 

distributing stimulation through distal brain regions. Computer simulations were conducted 

using tDCS Explore software (Soterix Medical, New York, NY) (Kempe et al., 2014) which 

confirmed that the CP3/CP4 and F3/F4 montages targeted the posterior parietal and 

prefrontal cortex, respectively, and that there was minimal overlap in stimulation (Figure 1).

Participants were randomized to receive 20 minutes of prefrontal (N=18), parietal (N=18) or 

sham (N=18) stimulation. During prefrontal and parietal stimulation, the Soterix device 

applied a constant current of 2mA (current density of 0.06 mA/cm2) for 20 minutes, with an 

additional 1 minute for ramp up at the beginning and ramp down at the end of stimulation. 

For sham stimulation, the Soterix device has a built in switch to initiate a 1 minute ramp up 
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to the set current of 2 mA immediately followed by ramp down to 0.1 mA. The device 

repeats this 1-minute ramp up/ramp down at the end of the stimulation period. This allows 

participants to experience similar sensory effects of active stimulation (Gandiga et al., 2006). 

Our subjects were also provided a questionnaire following stimulation to report sensations 

and judge whether the believed they were in the active or sham condition. Twelve of 18 

sham participants incorrectly guessed they were receiving actual stimulation, compared to 

11 of 18 parietal participants and 13 of 18 prefrontal participants correctly guessing that they 

received active stimulation.

2.3 Materials and Stimuli

The experiment was conducted on a Dell Optiplex 980 PC connected to a 22” VGA monitor 

running Psychopy v.1.74.02 (Peirce, 2007) . Stimuli consisted of 300 nouns selected from 

the MRC Psycholinguistic Database (Coltheart, 1981) with a mean length of 5.8 letters. 

Nouns were of moderate concreteness (M=577.3), familiarity (M=529.02) and imageability 

(M=600.6). Stimuli were divided into two lists of 150 words, further subdivided into three 

sets of 50 words matched for concreteness, familiarity and imageability. These were 

counterbalanced to three possible item types: 1) old/living, 2) old/bigger, or 3) new. All 

participants received 100 old words (words that were presented at study) and 50 new words 

at test.

2.4 Procedure

The experimental session began with a study session of 100 words. Participants were 

instructed to try to remember the words for later testing, and also to make a decision about 

the word. Participants were presented with the cue word “living” or “bigger” for 0.5s, 

followed by a 4s presentation of the word to be studied. Cues appeared at the top of the 

screen and study words were presented in the center of the screen. All stimuli were 

presented in white letters on grey background presented in Arial font. During “living” trials, 

participants were instructed to decide if the word represented something that was living. 

During “bigger” trials they were instructed to decide if the word was bigger than a shoebox 

(size judgment). All participants indicated their decisions by pressing keys “1” for yes or “2” 

for no. Trials were presented in random order. Following study, the electrodes were placed 

on participants’ heads for administering tDCS (∼15min). Stimulation was administered for 

five minutes before beginning the recognition test. The period of five minutes was chosen 

based on evidence that approximately 3–5 minutes of stimulation is necessary to observe 

measurable changes in performance (Nitsche and Paulus, 2000).

During the recognition test, participants were presented with all 100 studied (“old”) words 

randomly intermixed with 50 unstudied (“new”) words. To assess item recognition and 

source recollection, we used a sequential response method; participants first made old/new 

item judgments on a 4-point confidence scale pressing buttons “1”, “2”, “3”, or “4” as 

follows: 1= Definitely Old, 2= Probably Old, 3= Probably New, 4= Definitely New. Each 

item judgment was followed by a source judgment on a 4-point confidence scale: 1= 

Definitely Living, 2=Probably Living, 3= Probably Bigger, 4= Definitely Bigger. If 

participants recognized the item as new, they were instructed to guess the source. All 

responses were self-paced.
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2.5 Data Analysis

Memory performance for words studied under the bigger and living cues, and overall, were 

initially analyzed using conventional item and source memory measures, by examining hits 

and false alarms in the case of item memory and source accuracy in the case of source 

memory. Hits were calculated as the proportion correct out of: 1) items encoded under 

“bigger” judgments, 2) items encoded under or “living” judgments, and 3) out of all old 

items irrespective of encoding judgment. Because false alarms were not encoded, and 

therefore couldn’t be attributed to a specific source task, false alarms by source were 

calculated as the proportion of new items called: 1) “old” and “bigger”, and 2) called “old” 

and “living”; false alarm rate was also calculated overall as the proportion of new items 

called “old” irrespective of subsequent source attribution out of all new items.” Analysis of 

source trials were conditionalized on item memory; “source correct” trials represented when 

the participant correctly recognized an “old” item (i.e., a hit) and subsequently correctly 

attributed the source to the “bigger” or “living” study cue, whereas “source incorrect” trials 

represented when the participant correctly recognized an “old” item (i.e., a hit) and 

subsequently inaccurately attributed the source to the “bigger” or “living” study cue. One-

way ANOVAs were performed to test for effects of stimulation group (PPC, PFC, and 

sham), followed by Bonferroni adjusted post-hoc tests when significant. Two-way ANOVAs 

were performed to test the effects of source (“bigger” or “living”) and stimulation group 

(PPC, PFC, and sham) on performance. In some cases, assumptions of normality were 

violated and are reported in the results. For such cases Kruskal-Wallis tests were performed 

followed by Mann-Whitney U tests for the following comparisons: PPC vs. sham, PPC vs. 

PFC, PFC vs. sham. Comparisons were considered significant at p<0.05.

Our main analyses used multinomial processing models to provide separate estimates of 

item and source memory in a manner that does not assume process-pure tasks (Batchelder 

and Riefer, 1990). These multinomial models assume that multiple cognitive processes can 

result in the same response. For example, a participant could make a correct source “bigger” 

judgment because: 1) the item was experienced as old and recollected as “bigger”, 2) the 

item was experienced as old but lacked recollection and was guessed to be “bigger”, or 3) 

the item was guessed to be old and guessed to be “bigger”. Conventional analyses used 

above, which calculate “bigger” responses conditional on “old” responses, do not 

disentangle these possible experiences and decision processes, therefore, confounding item 

memory, source memory, and response bias. The family of multinomial processing tree 

models proposed by Batchelder and Riefer (1990), which we applied to our data, include 

parameters that are allowed to differ for: 1) probabilities of item detection of the “bigger” 

old items (Dbigger) or “living” old items (Dliving); 2) probabilities of source discrimination 

for items from the “bigger” source (dbigger) or the “living” source living (dliving); and 3) 

responses biases as indicated by the probability of responding “old” to a undetected old 

items and new items (b), the probability of guessing that an item belongs to the source 

“bigger” when the item is detected (a), and the probability of guessing that an item belongs 

to the source “bigger” when the subject has guessed that the item is old (g). Thus, Dbigger, 
Dliving, dbigger, dliving, b, a and g provide seven possible parameters to estimate when 

modeling underlying cognitive processes in our data.
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Batchelder and Riefer (1990) proposed several nested models that restrict parameters based 

on different psychological assumptions. Using a data-driven approach, we first tested which 

of Batchelder and Riefer’s (1990) models best fit the data while allowing for parameter 

estimates to vary between stimulation groups. For different models, we tested whether 

inclusion of different factors contributed to a model’s goodness-of-fit assessed by G2 – the 

log-likelihood ratio statistic that is compared to the critical value of a chi-square distribution 

(Batchelder and Riefer, 1990; Riefer and Batchelder, 1988). For simplicity, we report data 

from the best fitting model (Model 5c, see Batchelder and Riefer, 1990), which allowed 

detection for “bigger” items to differ from detection of “living” items (Dbigger does not equal 

Dliving), set source discrimination for “bigger” and “living” as equal (dbigger, dliving), source 

guessing biases (g, a) as equal, and allowed item guessing bias (b) to freely vary [G2(3) = 

1.40, p> 0.05]. This resulted in five parameters – correct item detection for items studied 

with the bigger source (Dbigger) or the living source (Dliving); correct source discrimination 

(d); and guessing during item detection (b) or source discrimination (g) – which were 

estimated for each participant individually. We compared the individual estimates of each 

parameter using one-way ANOVAs, followed by Bonferroni adjusted post-hoc tests when 

significant. Modeling, individual parameter estimates, and model fits (G2 derivations) were 

done using Microsoft Excel Solver (Dodson et al., 1998; Dodson and Shimamura, 2000).

3. Results

3.1 Item and Source memory performance

Overall, participants performed well on the item detection and source discrimination tasks 

(Table 1). For item memory, there were no differences in overall hit rate between groups, 

F(2,51) = 0.788, p< 0.46, partial η2 = 0.030 (Figure 2). Data from the false alarm rate did 

not meet the assumptions of ANOVA and violated homogeneity of variance (p< 0.015); 

therefore, we performed a Kruskal-Wallis test and showed a significant difference in false 

alarms between the stimulation groups, χ2(2) = 7.483, p < 0.024 (Figure 2). Post-hoc Mann-

Whitney U tests indicated the distributions for PPC and sham stimulation differed 

significantly (mean ranks of PPC and sham stimulation were 23.69 and 13.31, respectively; 

U = 68.50, Z = −2.962, p< 0.002). However, PFC stimulation did not significantly differ 

from PPC (U = 141.50, Z = −0.65, p< 0.521) or sham stimulation (U = 115.50, Z = −1.472, 

p< 0.143). For source discrimination, there were no differences in conditionalized source 

accuracy between groups, F(2,51) = 1.396, p> 0.257, partial η2 = 0.052.

Turning to trials studied under different sources, items studied under the “bigger” cue had a 

greater hit rate than items studied under the “living” cue, F(2,51) = 22.174, p< 0.0001, 

partial η2 = 0.303, but there were no differences based on stimulation group (Table 1). False 

alarms were attributed to the “bigger” source more often for sham stimulation than the other 

stimulation groups, as indicated by a source by stimulation group interaction, F(2,51) = 

5.140, p< 0.009, partial η2 = 0.168 (Table 1). Bonferroni adjusted post-hoc comparisons 

indicated sham and PPC stimulation significantly differed for false alarms called “bigger”, 

with the sham stimulation group falsely endorsing more items as “bigger”; p< 0.005, 95% 

CI of the difference [0.014, 0.097], but not false alarms called “living”, p< 0.841, 95% CI of 
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the difference [−0.024, 0.061]; and neither the PPC or sham stimulation groups differed 

from the PFC stimulation group.

Furthermore, during correct source attributions there was a significant interaction between 

stimulation group and source “bigger” or source “living” judgments, F(2,51) = 3.354, p< 

0.043, partial η2 = 0.116, driven by within-group differences such that the sham group 

showed better source accuracy for bigger than living items, t(17) = 2.655, p< 0.017, 95% CI 

of the difference [0.022, 0.197], whereas the PFC, t(17) = 0.441, p< 0.665, 95% CI of the 

difference [−0.077, 0.118], and PPC groups; t(17) = −1.148, p< 0.267, 95% CI of the 

difference [−0.113, 0.033], were equivalently accurate for either source. Thus, there 

appeared to be a general response bias toward “bigger” source attributions in the sham group 

(Table 1).

3.2 Multinomial processing models

To separately estimate item detection, source discrimination and response biases without 

assuming that item and source tasks are process-pure, we took a multinomial processing 

model approach (Batchelder and Riefer, 1990). Table 2 shows the mean of the parameter 

estimates for an individual’s model based on stimulation group. Comparisons of stimulation 

groups revealed similar item detection and source discrimination between groups. Item 

detection did not differ between groups for either bigger items (Dbigger), F(2,51) = 1.020, p< 

0.368, partial η2 = 0.038, or living items (Dliving), F(2,51) = 0.444, p< 0.644, partial η2 = 

0.017. Source discrimination (d) did not differ between groups either; F(2,51) = 1.193, p< 

0.312, partial η2 = 0.045.

Both bias parameters showed significant effects of PPC stimulation (Figure 3). The data for 

the parameter for item guesswork (b) did not meet the assumptions of ANOVA and violated 

homogeneity of variance, p< 0.023; consequently, the Kruskal-Wallis test showed a 

significant between group difference in parameter b; χ2(2) = 7.307, p < 0.026; which 

resulted from a significant difference between parietal and sham stimulation; U = 72.00, Z = 

−2.847, p< 0.004, with the parietal group being less likely to endorse an undetected item as 

“old.” The ANOVA for source guesswork (g) was also significant; F(2,51) = 4.530, p< 0.015 

partial η2 = 0.151, with Bonferroni adjusted post-hoc tests indicating parietal stimulation 

was significantly different from sham; p< 0.013, 95% CI of the difference [−0.249, −0.023], 

but no differences between prefrontal and sham stimulation; p< 0.195, 95% CI of the 

difference [−0.199, 0.027]. Parameter g, ranged from 0–1, where 0.5 indicated no bias and 

greater values indicated a bias toward attributing the source to the “bigger” cue. As can be 

seen in Table 2, the parietal group showed a bias toward “living” whereas the sham group 

was biased toward “bigger”, and the prefrontal group showed no evidence of bias with 

values at 0.5.

4. Discussion

This experiment tested contributions of the PPC to memory performance by applying tDCS 

over the PPC and comparing it to tDCS over the PFC and sham during an item and source 

memory paradigm. There were no differences between stimulation groups for item and 

source accuracy. However, tDCS over the PPC altered item and source biases compared to 
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sham tDCS, with decreased false recognition and less of a bias towards identifying items as 

studied under the “bigger” context. There was no detectable effect of tDCS over the PFC on 

item and source memory or bias compared to sham tDCS or tDCS over the PPC. We 

interpret these findings in support of theorized functional contributions of the parietal 

cortices to memory via attentional and decision-making processes.

Manipulating activity of the PPC was specifically associated with response bias effects 

compared to the sham group, and this occurred during both item and source memory 

judgments as evidenced by differences in parameter estimates for item (b) and source biases 

(g) from multinomial processing models and a decrease in false alarm rate to new items. In 

particular, the sham group was more likely to guess that an item was “old” (b, an item bias) 

and also to attribute both correctly detected items and guesses to the “bigger” source (g, a 

source bias), and stimulation over the PPC comparatively lessened these biases. Retrieval 

orientation toward recollection has been shown to decrease false alarms and alter source bias 

without effecting item or source accuracy (Budson et al., 2005; Dodson and Schacter, 2002; 

Gallo et al., 2004; Israel and Schacter, 1997). In terms of brain activity, orienting toward 

source recollections compared to item detection has shown a greater fMRI signal in the PPC 

(Dobbins et al., 2003). Thus in our experiment, it is likely that tDCS over the PPC led to 

more orienting towards recollection, and resulted in decreased false alarms and decreased 

source bias. A role for the parietal cortex in retrieval orientation is consistent with broader 

theories of parietal function, in that the parietal cortex is believed to play a role in the 

attentional control of memory and support top-down selection of relevant features based on 

retrieval goals (Cabeza et al., 2008; Ciaramelli et al., 2008; Jaeger et al., 2013), in this case 

resulting in orientation towards recollection.

There is some evidence in our experiment that participants in the PPC group oriented 

attention toward distinctive recollections, not just to recollection in general, which led to 

changes in our bias measures. It has been shown that individuals can use a heuristic to 

remember distinctive information and reduce false recognition (without effecting true 

recognition; McDonough and Gallo, 2008), a metacognitive strategy called the 

distinctiveness heuristic (Budson et al., 2005; Dodson and Schacter, 2002; Israel and 

Schacter, 1997). In the source memory literature, source attributions can reflect biases about 

the expected memorability derived from certain events (Johnson and Raye, 1981), such as 

experiencing that words spoken by oneself are more vividly remembered than those spoken 

by an other (e.g., Johnson et al., 1981). Consequently, when falsely recognizing items as old, 

subjects attribute the source to the “other” weaker source, referred to as the “it-had-to-be-

you” effect (Johnson et al., 1981). In other words, when using the distinctiveness heuristic, 

items that lack source information are attributed to the less distinctive source. Turning to the 

current findings, “bigger” items were better remembered (greater hits) than “living” items 

across all groups, suggesting “bigger” was the more distinctive source, and “living” was the 

weaker source. One possibility is that parietal tDCS may have resulted in more use of the 

“it-had-to-be-you” strategy compared to sham. The sham group showed a bias towards the 

“bigger” source, which is inconsistent with the “it-had-to-be-you” effect, but with parietal 

tDCS we showed that the bias towards the “bigger” source that had been evident in the sham 

group was removed and shifted towards the “living” source. This may have been based in a 

variant of the “it-had-to-be-you” effect in the parietal group, whereby the less distinctive 
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“living” source became more often endorsed for new items that inherently lacked source 

information. Thus, the distinctiveness heuristic can account for the opposing source bias 

between the PPC (more toward “living”) and sham groups (more toward “bigger), and the 

reduction in false recognition in the PPC group. This is similar to results from Gallo et al. 

(2004) that showed use of the distinctiveness heuristic for pictures over words decreased 

false recognition and biased source attributions following false alarms toward the weaker 

source (words). Indeed, the distinctiveness heuristic has been related to increased electrical 

activity over lateral parietal cortex (Budson et al., 2005). In our experiment, it is possible 

that PPC stimulation facilitated retrieval orientation toward recollection of distinctive source 

details, which in turn decreased false recognition and shifted source bias toward the weaker 

source, by invoking something akin to the distinctiveness heuristic.

Alternatively, instead of shifting retrieval orientation towards recollection, it is possible that 

tDCS over the parietal cortex altered memory-related decision-making processes. An 

extension to the attention to memory model proposes a decision-biasing framework in which 

parietal regions engage top-down attentional modulation in service of decision criteria 

(Dobbins et al., 2012), which could account for our findings of shifts in item and source 

bias. The source memory task demands may have directed attention toward specific 

mnemonic features, leading to an actual decision bias (criterion). This parallels work in 

visual attention which defines top-down processes specifically as biases generated by task 

demands that originate in the PPC and spatially direct attention to specific stimulus features 

(Beck and Kastner, 2009). In the domain of memory, patients with parietal lesions have 

shown deficits in subjective aspects of memory (Davidson et al., 2008; Drowos et al., 2010; 

Simons et al., 2010), which may reflect issues with forming criteria or experiencing a bias 

about recollection requirements. Consistent with this idea, neuroimaging has suggested 

parietal activity tracks response bias more than memory strength (Aminoff et al., 2015) and 

transcranial magnetic stimulation of the PPC altered source bias without altering source 

accuracy (Sestieri et al., 2013).

The decision-biasing framework may explain differences between previously reported tDCS 

studies of the parietal cortex in memory. In a prior experiment, we showed that tDCS over 

the parietal cortex increased false recognition (Pergolizzi & Chua, 2015), whereas in this 

experiment, and in another experiment (Pisoni et al., 2015), tDCS over the parietal cortex led 

to decreased false recognition. These seemingly opposing results may be consistent with a 

parietally-mediated decision-biasing mechanism. Bias is characterized as being influenced 

by task demands, and the demands and biases in our previous experiment were quite 

different from the current experiment (Pergolizzi and Chua, 2015). We previously used the 

Deese-Roediger-McDermott (DRM) task, in which subjects study lists of semantically 

related words that converge on a critical lure, and then are tested on old and new words, as 

well as the critical lure (Deese, 1959; Roediger and McDermott, 1995). This paradigm 

typically produces high rates of false recognition and false recall (Gallo, 2010), and results 

in a liberal bias (Miller and Wolford, 1999). One hypothesis underlying increased false 

recognition in the DRM paradigm is reliance on gist processing at encoding (e.g., Brainerd 

et al., 1998; Schacter et al., 1996b). If tDCS over the PPC biases retrieval orientation based 

on task demands, it can be argued that the DRM paradigm can lead to a bias toward 

reinstating gist processing at retrieval, causing more words to appear similar and thereby 
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increase false recognition. This is the opposite of source tasks, which bias towards 

reinstating verbatim recollection. Given this interpretation, future work comparing the 

influence of different encoding/retrieval tasks (e.g. DRM and source memory procedures) on 

retrieval performance following stimulation of the PPC would be especially informative.

There were differences between the PPC and sham groups for both false alarms and 

responses biases, but there was no difference when compared to the PFC group. Because our 

results were significant when comparing tDCS over the PPC to a passive control group (i.e., 

sham), but not an active control group (i.e., PFC), this raises the possibility that the effects 

could be due to participants’ expectations about the effects of stimulation or the sensations 

of the stimulation. Although this is a possibility, it seems unlikely because a similar 

proportion of participants in each group believed they were receiving stimulation. It is more 

likely that increased variability with active tDCS stimulation requires additional power to 

detect differences (Datta et al., 2012). This may also explain why we failed to detect 

differences in the PFC group compared to the sham group. Future work with larger sample 

sizes could help address this issue.

Limited power may play a role in why we failed to see effects of tDCS over the PFC in item 

and source accuracy, but the lack of effects may also relate to the nature of the task. One 

experiment showed increased recollection accuracy with tDCS over the PFC at retrieval, but 

this was only true in the most demanding retrieval task and not in less demanding tasks 

(Gray et al., 2015). A related finding reported that anodal tDCS over the PFC selectively 

improved performance on a more demanding working memory task compared to a less 

demanding task and to sham (Gill et al., 2015). Given that source accuracy in the current 

study was relatively high, it may be that task demands were not sufficient when combined 

with tDCS over the prefrontal cortex to produce effects.

Recent meta-analyses of tDCS work has raised the question about whether tDCS leads to 

replicable effects in healthy, adult populations, and have suggested that the effects of single 

sessions of tDCS are close to zero in cognitive tasks (Horvath et al., 2014, 2015; Tremblay 

et al., 2014). Although we report data from a single study, a study by Pisoni et al. (2015) 

reported decreased false alarms with tDCS over the parietal cortex compared to over the 

temporal cortex, demonstrating that decreased false alarms on a standard item recognition 

paradigm replicate across labs and stimulation conditions. Notably, they used a slightly more 

posterior montage, yet the effects on behavior were similar. Although a read of the meta-

analyses may leave one feeling pessimistic about the effects of tDCS, the meta-analyses are 

limited by the lack of comparable data, and there were often 2–3 studies in each domain 

examined (Horvath et al., 2015). It seems likely that tDCS can have consistent effects, and 

that inconsistent effects represent the need to identify additional variables that may 

determine the direction of the effects of tDCS. Indeed, in our own lab, we have shown both 

increased (Pergolizzi and Chua, 2015) and decreased false recognition with tDCS over the 

PPC. As outlined above, consideration of the task structure and the retrieval orientation set 

by the task, led to an alternative explanation; the parietal cortex serves to bias attention in a 

task-relevant manner. Future work should test this hypothesis more directly.
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It is worth noting that there are some general limitations to the scope of our findings based 

on the use of tDCS. First, tDCS has limited spatial resolution in its delivery of current to the 

cortex, and current is thought to flow throughout multiple subregions of the lateral parietal 

and prefrontal cortex (Figure 1). Although we applied tDCS over the PPC and PFC and 

made inferences about these broad areas of cortex, we must acknowledge that the each area 

consists of several subregions. Indeed, several studies have shown dissociable memory 

processes in ventral and dorsal aspects of the parietal and the prefrontal lobe (Ciaramelli et 

al., 2008; Dobbins et al., 2002; Dobbins and Wagner, 2005; Herron et al., 2004; Johnson et 

al., 2013; Yu et al., 2012), and our interpretations are more consistent with the proposed 

functions of the dorsal PPC (e.g. Cabeza et al., 2011; Hutchinson et al., 2009; but see King 

and Miller, 2014). Second, the use of unilateral or bilateral montages can result in different 

patterns of behavioral performance over a given region (Tremblay et al., 2014). We chose a 

bilateral montage based on its usefulness in eliciting behavioral changes specific to 

attentional and executive processes implicated in the PPC and PFC, respectively (PPC: 

Benwell et al., 2015; Giglia et al., 2011; Sparing et al., 2009; PFC: Leite et al., 2013; Nelson 

et al., 2014; Nozari and Thompson-Schill, 2013). As a result our results are best understood 

as the consequence of simultaneous stimulation of the left hemisphere and right hemisphere, 

and correspondingly downstream monitoring and attention processes.

5. Conclusions

This experiment demonstrates that manipulating brain activity in the PPC has a causal effect 

on item recognition and source memory performance, primarily through attentional and 

decision processes. By administering an item and source memory paradigm while delivering 

tDCS to the PPC or PFC, we showed that parietal regions alter item and source memory 

biases based on task demands. Future work should further test the consequences of tDCS 

over the parietal cortex under conditions that lead to different biases. This would clarify the 

role of the parietal cortex and help illuminate the nature of differences across various tDCS 

studies.
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Highlights

• We examined the role of prefrontal and parietal cortices in item and 

source memory

• Transcranial Direct Current Stimulation (tDCS) was applied during 

memory retrieval

• TDCS over the parietal cortex decreased false alarms compared to 

sham

• TDCS over the parietal cortex altered item and source biases compared 

to sham

• The parietal cortex directly contributes to decision biases in memory
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Figure 1. 
Computational models of cortical currents during tDCS using A) montage CP3/CP4 

(parietal) and B) montage F3/F4 (prefrontal). Arrows indicate the direction of current flow. 

The model depicts current flow from the anode placed on the left hemisphere to the cathode 

placed on the right hemisphere, as used in the current study. Active stimulation was 

administered for twenty minutes at 2mA.
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Figure 2. 
Mean proportion of hits and false alarms for item recognition. There was a significant main 

effect for false alarms, driven by a significant difference between sham and parietal 

stimulation. Errors bars represent SEM. *p<0.05
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Figure 3. 
Mean bias parameters estimated individually using Multinomial Model Parameter Estimates. 

A) Item bias estimated by parameter b. Higher values indicate a bias toward calling items 

“old”. The sham and parietal group significantly differed from one another. B) Source bias 

estimated by parameter g. A value of 0.5 represents a neutral bias. Values greater than 0.5 

indicate a bias toward attributing the source as “bigger”. The sham and parietal group 

significantly differed from one another. Errors bars represent SEM, *p<0.05
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Table 1

Mean (SEM) Proportion Responses for Item and Source Memory Performance for Each Stimulation Group.

tDCS Group Memory Measure Bigger Living All

Sham

Item Hits 0.84 (0.03) 0.77 (0.03) 0.81 (0.03)

Item False Alarms 0.10 (0.01) 0.06 (0.01) 0.16 (0.02)

Source Correct 0.78 (0.02) 0.67 (0.04) 0.73 (0.03)

Parietal
(PPC)

Item Hits 0.84 (0.02) 0.76 (0.02) 0.80 (0.02)

Item False Alarms 0.04 (0.01)* 0.04 (0.01) 0.09 (0.02)*

Source Correct 0.74 (0.03) 0.78 (0.03) 0.76 (0.02)

Prefrontal
(PFC)

Item Hits 0.79 (0.03) 0.73 (0.04) 0.76 (0.03)

Item False Alarms 0.06 (0.01) 0.07 (0.01) 0.13 (0.03)

Source Correct 0.71 (0.03) 0.69 (0.04) 0.70 (0.03)

Item Hits reflect proportion correct out of all items encoded under “bigger” or “living” judgments, or out of “all” old items irrespective of encoding 
judgment. Item False Alarms reflect proportion called “old” and “bigger”, called “old” and “living”, or called “old” irrespective of subsequent 
source attribution out of all new items. Source Correct reflect item hits encoded as “bigger” and subsequently correctly attributed as” bigger”, item 
hits encoded as “living” and subsequently correctly attributed as “living”, or all item hits subsequently correctly attributed to their respective 
source.

*
indicates a significant difference between parietal and sham stimulation (p<0.05).
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