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Abstract

Introduction—List learning tasks are powerful clinical tools for studying memory, yet have been 

relatively underutilized within the functional imaging literature. This limits understanding of 

regions such as the Papez circuit which support memory performance in healthy, non-demented 

adults.

Method—The current study characterized list learning performance in 40 adults who completed a 

Semantic List Learning Task (SLLT) with a Brown-Peterson manipulation during functional MRI 

(fMRI). Cued recall with semantic cues, and recognition memory were assessed after imaging. 

Internal reliability and convergent and discriminant validity were evaluated.

Results—Subjects averaged 38% accuracy in recall (62% for recognition), with primacy but no 

recency effects observed. Validity and reliability were demonstrated by showing that the SLLT was 

correlated with the California Verbal Learning test (CVLT), but not with executive functioning 

tests, and high intraclass correlation coefficient across lists for recall (.91). fMRI measurements 

during Encoding (vs. Silent Rehearsal) revealed significant activation in bilateral hippocampus, 

parahippocampus, and bilateral anterior and posterior cingulate cortex. Post-hoc analyses showed 

increased activation in anterior and middle hippocampus, subgenual cingulate, and mammillary 

bodies specific to Encoding. In addition, increasing age was positively associated with increased 

activation in a diffuse network, particularly frontal cortex and specific Papez regions for correctly 

recalled words. Gender differences were specific to left inferior and superior frontal cortex.

Conclusions—This is a clinically relevant list learning task that can be used in studies of groups 

for which the Papez circuit is damaged or disrupted, in mixed or crossover studies at imaging and 

clinical sites.
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1. Introduction

Memory functions are thought to depend upon the integrity of the Papez circuit (Papez, 

1937), which includes the hippocampus, parahippocampal gyrus, medial temporal lobe 

(MTL), mammillary bodies, insula, and cingulate gyrus. Damage in portions of this circuit 

from lesions and disease can produce dysphoria and memory difficulties. In particular, 

widespread damage to these circuits, such as in Alzheimer’s disease, can result in amnesia 

or memory loss so severe that it interferes with an individual’s ability to engage in many 

independent activities of daily life (Scoville & Milner, 1957; Zola-Morgan, Squire, & 

Amaral, 1986). Given the important role of clinical memory evaluations, it is essential to 

design tasks that are sensitive and specific to functional aberrations within the Papez circuit. 

Unfortunately, traditional clinical measures of learning and memory have been underutilized 

in functional neuroimaging research, making it difficult to infer the relationship between 

brain activity and memory functions. A deeper understanding of the specific anatomical 

pathways that are engaged when performing clinically relevant memory tasks is important 

for improving diagnoses of specific types of memory difficulties, as well as for localizing 

affected regions for future treatments.

1.1. Long-Term and Short-Term Memory

Researchers have drawn distinctions between different forms of memory, such as short-term 

memory (STM) versus long-term memory (LTM; Glanzer & Cunitz, 1966; Atkinson & 

Shiffrin, 1968). This separation of STM and LTM is often referred to as the dual store model 

of memory (Baddeley, 1996; Clark & Wagner, 2003; Moscovitch, 1992; Talmi, Grady, 

Goshen-Gottstein, & Moscovitch, 2005). STM involves the temporary, short-term encoding 

and storage of a few items of information lasting seconds to minutes. STM plays a role in 

the process of rehearsing items held in memory, and is incorporated within the broader 

construct of executive functions such as organizing information to be encoded. In contrast, 

LTM is characterized as the encoding of information in long-term storage, lasting hours to a 

lifetime.

1.2. Neural Bases of Long-Term Memory

Functional imaging studies of list learning and LTM have implicated Papez circuit activity 

(e.g. MTL) during encoding (Axmacher, Elger, & Fell, 2009; Fernandez et al., 1998; Kim & 

Cabeza, 2007, Starkman, Giordani, Gebarski, & Schteingart, 2003; Strange, Otten, Josephs, 

Rugg, & Dolan, 2002; Wagner et al., 1998), consistent with lesion work in animals and 

humans (Baddeley et al., 2000; Broadbent, Clark, Zola, & Squire, 2002). Experiments using 

STM tasks often report frontal and parietal activation during encoding (Baker, Sanders, 

Maccotta, & Buckner, 2001; Dupont, Samson, Le Bihan, & Baulac, 2002; Fletcher, 

Stephenson, Carpenter, Donovan, & Bullmore, 2003; Guerin & Miller, 2009; Heinze, 

Sartory, Müller, de Greiff, Forsting, & Juptner, 2006; Marvel & Desmond, 2010), but not 
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within MTL/hippocampus. A recent meta-analysis found that most subsequent memory 

studies have reported activation only in STM circuits, or those thought to be involved in both 
LTM and STM (Kim, 2011). Thus, there is a lack of clarity on how neuroimaging probes, 

that could be ecologically translated to and valid in clinical settings, relate to activation of 

the Papez circuit and performance in STM and LTM.

1.3. Considering Impact of Encoding Strategies on Memory Performance Variability

LTM is impacted negatively by many diseases; in order to serve more specific clinical 

purposes, tasks that help to focus on LTM processes are highly desirable. As STM and LTM 

operate together in healthy individuals, designing experiments to specifically target Papez 

circuit activity supporting LTM (e.g., Strange, Otten, Josephs, Rugg, & Dolan, 2002) is an 

important step. This can lead to validated behavioral paradigms for use in clinical 

populations, either with or without functional imaging. Several strategies have previously 

been used to focus on LTM functions and diminish the influence of STM functions on 

performance, including minimizing the variance in task performance that could be attributed 

to executive functioning or short term memory. To this end, the current study provided 

semantic cues during list learning to help organize encoding and retrieval. This promotes 

more consistent memory performance by minimizing individual variability in the 

contributions of executive functioning (STM) to subsequent recall (Bermingham, Hill, 

Woltz, & Gardner, 2013). Semantic organization and processing strategies are also 

consistent with deeper encoding and more robust hippocampal activation (Craik and 

Lockhart, 1972; Flegal, Marín-Gutiérrez, Ragland, & Ranganath, 2014; Fliessbach, Buerger, 

Trautner, Elger, & Weber, 2010; Otten, Henson, & Rugg, 2001; Park, Uncapher, & Rugg, 

2008; Woodard et al., 2005). We sought to further enhance the clinical utility of the current 

paradigm by including a behavioral measure of subsequent memory in which a wide range 

of performance is possible, thereby ensuring the sensitivity of our task to memory 

impairments.

1.4. Task Development Strategies to Focus on Individual Differences in LTM

The current study also employed a Brown-Peterson (BP) paradigm, in which subjects 

performed a distractor task following each initial list learning phase, in order to prevent 

immediate rehearsal and reduce STM processes that might facilitate consolidation of later 

items in the list (Berman, Jonides, & Lewis, 2009; Jarrold, Tam, Baddeley, & Harvey, 2010; 

Lewandowsky, Geiger, & Oberauer, 2008; Luria, 1971). This has been shown to reduce 

memory performance advantages for later list items (known as the recency effect), while 

leaving the performance advantage for early list items (primacy effect) intact (Brown, 1958; 

Peterson & Peterson, 1959). The recency effect is believed to depend strongly on STM, 

while the primacy effect is believed to depend more significantly on LTM (Glanzer & 

Cunitz, 1966; Atkinson & Shiffrin, 1968). Reducing the recency effect allows for greater a 

contribution from LTM during behavioral evaluations of subsequent memory. Moreover, the 

BP manipulation allowed us to more deeply explore the relationship between behavioral 

performance measures (e.g. subsequent recall, primacy effect) and functional activation 

related to encoding.
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We hypothesized that the Semantic List Learning Task (SLLT) would reveal robust 

activation of the Papez circuit (especially in MTL regions) during encoding of words. By 

comparing patterns of brain activation during encoding with those observed during silent 

rehearsal, we sought to identify brain regions specific to LTM encoding relative to STM 

processes during rehearsal and retrieval. We also expected that greater MTL activation 

during encoding would predict words that would later be recalled. Additionally, when 

comparing behavioral data from our task and other list learning/cognitive measures used in 

clinical settings, we expected to show convergent validity with memory tasks and 

discriminant validity with executive functioning tasks. We also evaluated the hypothesis that 

increasing age, even in a healthy and relatively younger sample, would be associated with 

greater frontal activation, including more diffuse patterns of activation.

2. Materials and Methods

2.1. Participants

Forty healthy adult subjects (21 males, 19 females) between the ages of 18 and 65 completed 

a semantic list-learning task during fMRI. Participants were a mean age of 38.4 years (SD = 

17.3), with a mean level of education of 15.7 years (SD = 1.7). For the majority of 

individuals, intellectual functioning (mean estimated IQ = 114, SD = 10) was assessed using 

the Shipley Institute of Living Scale-Vocabulary Test (Shipley, 1940). Demographic 

information is provided separately for males and females in Supplemental Table 1. 

Participants were recruited through a university website designed to recruit local subjects, 

and through print advertisements in the community. Participants gave their written informed 

consent prior to participation in the study. A battery of neuropsychological tests was 

completed before scanning, and subjects were compensated $30–60, depending on the 

combined duration of both sessions. Subjects were screened for neurological (e.g., cognitive 

decline, dementia), psychiatric (DSM-IV), and medical disorders consistent with our prior 

work (Langenecker et al., 2007a; Langenecker & Nielson, 2003). Additionally, subjects 

were screened for low/no nicotine use (less than 10 cigarettes per week) and minimal 

alcohol use (fewer than 14 alcoholic drinks per week).

2.2. The Semantic List Learning Task

The Semantic List Learning Task (SLLT) has three block types: Encoding, Distraction, and 

Silent Rehearsal (see Figure 1). During each of 15 Encoding blocks, subjects were presented 

with 14 words from one of 15 different semantic categories. Lists were derived from work 

by Winograd (1968), and included five each of low, medium, and high frequency word 

categories. Lists were then respectively matched for average number of syllables (Table 1), 

and we ensured that each semantic category had sufficient items for both within list targets 

and same list distractors (for the recognition portion of the task). Lists were presented in a 

random order, as were words within each list, to avoid confounding effects of having more 

common/obscure, shorter/longer words appear for all subjects in a particular order within 

and between lists.

In this task, a prompt with the name of the semantic category being studied was displayed 

for 3.5 seconds. Words from that category were then presented for one second each with a 
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1750–4250 ms jittered inter-stimulus interval during which a fixation cross was presented. 

The total time for each encoding block was 58.25 seconds. Subjects then completed the 

“Go” distractor task in which they had to make a button-press response each time they saw 

the letters “x,” “y,” or “z” presented in a visual stream (500 msec per letter, 14 seconds total 

per block). This BP distraction block was intended to reduce the effect of recency (fewer 

recalled items) during recall/recognition by preventing rehearsal of list items held in STM 

(Brown, 1958; Peterson & Peterson, 1959). The final portion of each list sequence consisted 

of a silent rehearsal period that lasted for 14 seconds. Here, participants saw the category 

prompt and were asked to silently recall and rehearse words that were just presented during 

the previous encoding phase. Runs (functional scans) included 3 word lists in separate 

Encoding blocks, each followed by Distraction and Silent Rehearsal blocks. At the end of 

each run there was a 32.5 second rest period. Five runs were completed in each scanning 

session. Figure 1 displays the SLLT as described.

Measures of convergent and discriminant validity were also included to evaluate and 

contextualize this task within the broader memory literature. To investigate convergent 

validity, we chose the California Verbal Learning Test-2nd edition (CVLT-II; Delis, Kramer, 

Kaplan, & Ober, 2000), which is a widely used list-learning task in clinical settings (Rabin, 

Barr, & Burton, 2005). We focused on the performance in trial 1 of the CVLT-II to compare 

the shape of the serial position curve (SPC), as words from the SLLT are presented only 

once. We also used the long delay free recall performance as the standard measure of 

memory for convergent validity, given the similar delay between learning and recall in the 

CVLT-II and SLLT and the fact that this is the most commonly reported metric for delayed 

recall in the task. To investigate discriminant validity, we included executive functioning 

indices from the Trail Making Test (Reitan, 1958, 1992), Wisconsin Card Sorting Test 

(Grant & Berg, 1948; Heaton, 1981), and the Parametric Go/No-Go Test (Votruba and 

Langenecker, 2013). Subjects completed these tasks on a separate day, prior to scanning.

2.3. Experimental Procedure

Participants were first verbally introduced to the task by the experimenter prior to entering 

the scanner. They were told they would observe lists of categorically related words presented 

one at a time, and that they should silently read and remember the words to the best of their 

ability, utilizing the list category as a semantic encoding strategy. They were informed that a 

different (distractor) task would then appear. This was the “Go” portion of the “Parametric 

Go/No-Go” paradigm previously reported (Langenecker et al., 2005; Langenecker et al., 

2007b), on which participants were trained prior to scanning. Lastly, they were told that a 

silent rehearsal phase would occur, during which they would be asked to rehearse the words 

from the list that appeared just prior to the distraction phase without vocalization or 

movement of the lips. Total task duration was approximately 25 minutes.

After scanning, subjects were asked to first complete a cued recall task outside the scanner 

in which they wrote down all of the words they could remember for each of the semantic 

categories presented. Category name prompts were provided as recall cues (in alphabetical 

order). Subjects then completed a cued recognition task in which they had to discern words 

seen inside the scanner from a list of correct words amongst semantically-related and 
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unrelated distractors. The recognition task included 210 targets and 228 distractors, with the 

latter divided evenly into within category and out of category (also presented in alphabetical 

order). Correctly recalled words were used as regressors in an event-related analysis of the 

fMRI data.

2.3.1. fMRI Procedures—fMRI procedures were similar in detail and followed the 

method used in our previous work (Langenecker et al., 2007a; Langenecker et al., 2012; 

Weisenbach et al., 2012; Weisenbach et al., 2014). Briefly, a GE Signa 3T scanner (release 

VH3) was used to conduct whole brain fMRI. Thirty contiguous oblique-axial slices, each 

four millimeters thick, composed the fMRI series. Data were acquired using a forward-

reverse spiral sequence. The image matrix was 64 × 64 over a 24 cm field of view for a 3.75 

× 3.75 × 4 mm voxel. Slices were acquired serially at 1750 msec temporal resolution for a 

total of 770 time points across the five runs. The task was presented inside the scanner using 

E-Prime (Psychology Software Tools, Pittsburgh, PA) backward projection and prism 

glasses attached to the head coil, and visual acuity correction was used when necessary. 

Subjects lay supine, and responses for the distractor task were recorded via index finger 

using a five button key-press apparatus attached to the right hand. Participants wore earplugs 

inside the scanner in order to reduce the noise experienced from 95 dB to well below 75 dB. 

We attempted to minimize head motion inside the scanner using foam padding and a Velcro 

fixation strap, and motion was specifically evaluated to be certain that movement in x, y, and 

z planes was well below 1/2 voxel width. High resolution T1 spoiled gradient recalled 

(SPGR) anatomical images were obtained after SLLT administration. One individual 

contributed data for behavioral analyses only, as there was loss of image signal in the dorsal 

cortex resulting in a warping/normalization failure, which led us to exclude this subject from 

fMRI data analyses.

2.4. Statistical Analyses

Total hits, false positives, and percent accuracy for Primacy, Middle, and Recency portions 

of both recall and recognition tasks comprised the behavioral data entered into SPSS for 

statistical analysis, with which a repeated measures analysis of variance (rmANOVA) was 

performed. Functional imaging data were processed and analyzed using MATLAB (The 

MathWorks, Natick, MA) and SPM 8 and FSL software (Friston, Ashburner, Frith, Poline, 

Heather, & Frackowiak, 1995). The Encoding, Silent Rehearsal, Distraction, and Rest blocks 

were entered into first level models to determine global activation patterns for list learning, 

and contrast images were used in second level analyses (i.e., Encoding-Silent Rehearsal). A 

second set of contrast images was also derived from behavioral data for memory hits for 

both the recall and recognition models in an event-related analysis. One sample t-tests were 

performed for all contrasts. Functional images were normalized to fit a Montreal 

Neurological Institute (MNI) canonical template using DARTEL and were smoothed with a 

5 mm FWHM kernel. AlphaSim correction (1000 iterations) was used for all whole brain 

analyses, balancing height (p < 0.005) and extent (440 mm3) thresholds to achieve a whole 

brain correction of p < 0.05. The MarsBaR toolbox (Brett, Anton, Valabregue, & Poline, 

2002) was used to extract mean signal change during all blocks in regions of interest (ROIs) 

to evaluate Papez circuit specific ROIs in relationship to condition. Mean activation in each 

region (10), by side (2), and by condition (4), were analyzed in an rmANOVA in SPSS 

Schallmo et al. Page 6

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2016 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(alpha set at p < .05). Of note, age was significantly positively correlated with false positives 

during both recall, r(40) = 0.44, p < 0.01, and recognition, r(40) = 0.35, p < 0.05 and was 

used as a covariate in these analyses. Age was also specifically evaluated as a supplementary 

analysis given the well-known age effects on memory in the literature (hyperactivation, more 

diffuse activation, decreased memory performance).

3. Results

3.1. Hits and False Positives for Recall and Recognition

After the scanning session, list learning behavioral performance was assessed outside the 

scanner using semantically cued recall and recognition paradigms (see Methods). 

Participants had a mean of 38% accuracy for recall with 10.6 false positives on average (SD 
= 14.4), and 62% accuracy for recognition with 22.0 false positives on average (SD = 27.2). 

A 2 (recollection mode: recall vs. recognition) × 2 (recollection variable: hits vs. false 

positives) rmANOVA was conducted, with age entered as a covariate. There was a 

significant effect of recollection mode, such that more words were recognized than recalled, 

F (1,38) = 12.20, p = 0.001 (Figure 2A). A significant effect of recollection variable was also 

observed, with more correct hits than false positives overall, F (1,38) = 67.06, p < 0.001. 

Age was not a significant covariate in these analyses, F (1,38) = 0.54, n.s. and there was no 

significant difference in recall or recognition accuracy between males and females 

(Supplemental Table 1). Intraclass correlation coefficient was calculated for recall of each of 

fifteen lists (ICC = .91, p < .01). In addition, correlation of each lists recall with total recall 

was significant (rs > .46, ps < .01, Table 1)

3.2. Serial Position Curve for Recall and Recognition

During cued recall, participants averaged 44% accuracy for words in the Primacy position 

(first four words, SD = 13%) and 35% accuracy for words in both the Middle (six words, SD 
= 12%) and Recency positions (last four words, SD = 11%) of the SPC. Recognition 

accuracy averaged 68%, 61%, and 57% in Primacy, Middle, and Recency positions (SD = 

14, 13, and 14%), respectively. The serial position effect was assessed with a 2 (recollection 

mode: recall vs. recognition) × 3 (Primacy, Middle, Recency positions) rmANOVA with 

false positives and age entered as covariates. A significant overall effect of serial position 

was observed, F (2,72) = 21.39, p < 0.001. Post-hoc paired samples t-tests showed that 

Recall was significantly higher for words presented during the Primacy phase of each 

category list (see Figure 2A), greater than for the Middle, t (39) = 6.51, p < 0.001, and 

Recency periods, t (39) = 5.80, p < 0.001. Recall performance during Middle and Recency 

periods was not significantly different, t (39) = −0.03, n.s. Post-hoc paired samples t-tests 

also confirmed the serial position effect for recognition. Recognition performance for the 

Primacy period was greater than that during both the Middle, t (39) = 5.09, p < 0.001, and 

Recency, t (39) = 7.22, p < 0.001, periods. Recognition performance during the Middle 

period was significantly greater than that observed during the Recency period, t (39) = 2.48, 

p = 0.02. The same significant effect of recollection mode was again observed when 

examining SLLT performance in each serial position separately (i.e., as above, more words 

were recognized than recalled, F (1, 36= 38.61, p < .001). However, no significant 

interaction between serial position and recollection mode was observed, F (2, 72) = 0.67, n.s. 
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We present the SPC for Trial 1 of the CVLT-II recall (Figure 2B) for comparison to SLLT 

recall (Figure 2A), to demonstrate how the SPC differs when a BP distraction paradigm is 

used. As the SLLT recall is substantially later (about 40 minutes, compared to immediate 

recall for CVLT-II Trial1), one cannot compare the actual percent recalled by phase, merely 

the presence of a primacy effect in both tasks and the presence of a recency effect on the 

CVLT-II only.

3.3. Convergent and Discriminant Validity of the SLLT

We explored convergent validity between the SLLT and the CVLT-II. In both tasks there was 

a significant correlation in performance for Primacy words (Table 2). There was also a 

significant correlation between SLLT Primacy performance and CVLT-II Long Delay Free 

Recall (see Figure 2C), as well as CVLT-II Long Delay Cued Recall. Discriminant validity 

was examined between the SLLT and executive functioning indices from the Trail Making 

Test (Reitan, 1958, 1992), Wisconsin Card Sorting Test (Heaton, 1981; Grant & Berg, 

1948), and the Parametric Go/No-Go Test (Langenecker et al., 2007b). None of the accuracy 

measures of executive functioning correlated with SLLT performance; however, correlations 

were observed between these executive functioning measures and CVLT-II Trial 1 

performance. We did observe an inverse correlation between mean reaction time (processing 

speed) on the Parametric Go/No-Go (PGNG) test and performance in each serial position 

phase of the SLLT. Age was positively correlated with Trail Making A and response time for 

Go trials on the PGNG, and negatively correlated with Primacy words recalled in the SLLT 

and Go accuracy for the PGNG. Recall accuracy was higher among females versus males for 

Middle words in the SLLT (Supplemental Table 1). Accuracy for SLLT Primacy words and 

SLLT recognition were both positively correlated with estimated IQ scores (Supplemental 

Table 2).

3.4. Imaging Results

3.4.1. Block Design, Encoding – Silent Rehearsal—In order to assess the role of 

Papez circuit regions during long term memory encoding, we compared fMRI activation 

during encoding to silent rehearsal in our SLLT paradigm. There were significant activation 

differences during Encoding relative to the Silent Rehearsal blocks in several areas, 

including the Papez circuit, as illustrated in Figure 3 (top, in orange scale) and listed in Table 

3. These included bilateral amygdala, hippocampus and parahippocampal gyrus, orbital 

frontal cortex, ventral and posterior insula, and uncus. In addition, bilateral superior frontal 

gyrus and superior dorsal motor cortex were more active during Encoding relative to Silent 

Rehearsal. Bilateral posterior inferior temporal gyri, and para- and postcentral gyri were also 

significantly more active during Encoding relative to Silent Rehearsal.

3.4.2. Block Design Encoding – Distraction—The Encoding-Distraction contrast was 

used as a confirmatory analysis to verify that increased activation observed in the Encoding-

Silent Rehearsal contrast was associated with learning and encoding processes specific to 

LTM, as brain areas related to STM processing should be similarly negated when subtracting 

either Silent Rehearsal or Distraction conditions. To this extent, the activation foci for 

Encoding-Distraction overlapped significantly with Encoding-Silent Rehearsal. Activation 

foci are listed in Supplemental Table 3 and shown in Figure 4 (top, in orange scale), as they 
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are highly redundant with those for Encoding versus Silent Rehearsal in Figure 3 and Table 

3.

3.4.3. Block Design Silent Rehearsal – Encoding—Significant activation was 

observed within the Silent Rehearsal-Encoding contrast in executive control and early visual 

areas, specifically in an extensive dorsal and middle cingulate cluster, and across early visual 

cortex, extending to the precuneus and cerebellum. This information is presented in Table 3 

and Figure 3 (bottom, in blue scale).

3.4.4. Block Design Distraction – Encoding—Activation that was significantly 

greater during Distraction blocks than during Encoding encompassed well-known executive 

control and motor circuits (see Supplemental Table 3 and Figure 4, bottom, in blue scale), 

including bilateral middle frontal and cingulate gyrus. There was also significant activation 

in the Distraction condition relative to the Encoding condition in bilateral fusiform gyrus 

and anterior insula.

3.4.5. Planned Analysis of Activation in Papez Circuit Subcomponents for 
Encoding, Distraction, and Silent Rehearsal Relative to Rest—Planned analyses 

were conducted to evaluate the relative contributions of different Papez circuit regions to the 

Encoding process and in relation to Silent Rehearsal and Distraction. A total of ten spherical 

ROIs were created bilaterally in MarsBaR (Brett et al., 2002), and mean signal was extracted 

for each of four conditions (Encoding, Distraction, Silent Rehearsal, Rest). Three spherical 

ROIs were created on the long axis of the hippocampus in twelve millimeter intervals, using 

MNI coordinates (30, −12,−18; 32, −24, −11; and 31, −36, −4). These coordinates were 

confirmed on the MNI brain visually, as well as upon an average T1 brain of all subjects. 

The anterior hippocampal ROI radius was visually confirmed to have minimal overlap with 

the amygdala on the average brain. In addition, activation was extracted for a number of 

other regions that are believed to be part of the Papez circuit. To determine ROI positions, 

we used activation foci from a recent meta-analysis (Kim, 2011), and examined similar 

findings in other published memory imaging work in at least two independent studies 

(Beason-Held, Spinnler, Vallar, & Zanobia, 2005; Braskie, Small, & Bookheimer, 2009). In 

some cases, we could also confirm the coordinates using ROIs from the Wake Forest 

PickAtlas (Maldjian, Laurienti, Burdette, & Kraft, 2003; Maldjian, Laurienti, & Burdette, 

2004). A 5 mm radius spherical ROI was used for most regions except two that were smaller 

(mammillary bodies and fornix = 3 mm radius), and one that was larger (anterior insula = 7 

mm radius). These ROIs are displayed in Figure 5, except for the fornix.

Mean activation in each region (10), by side (2), and by condition (4), were analyzed in a 

rmANOVA in SPSS with Greenhouse-Geisser correction for sphericity. There was not a 

significant main effect of condition F (1.99,75.58) = 0.38, p = 0.69. The primary interaction 

of interest was ROI by condition, which was significant F (6.50,246.89) = 10.48, p < 6.11 × 

10−11, and these results are displayed in Figure 5, Panel C. Anterior and middle 

hippocampus, as well as mammillary bodies and subgenual anterior cingulate ROIs showed 

significantly higher activation in Encoding than in Distraction or Silent Rehearsal blocks, 

while less activity was observed during Encoding in the insula. The interaction between 

condition, side, and region was significant, F (8.09,307.55) = 2.48, p = 0.01, driven by 
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higher activation in hippocampus and rostral anterior cingulate on the left for all conditions, 

and higher activation in the right mammillary bodies for all conditions. Anterior insula 

activation was higher on the left for Encoding and Silent Rehearsal, and higher on the right 

for Distraction.

3.4.6. Post-hoc Analysis of Distinctiveness of Primacy-Related Activation 
Compared to Middle- and Recency-Related Activation—One benefit of the present 

task design was the ability to investigate the specificity of activation within the Primacy 

portion of the serial position curve, in order to identify foci of activation that might help 

explain why subsequent memory is better for information presented early in a list. To 

achieve this aim, a post-hoc model was created that subdivided activation by the phase of 

encoding, within the Papez circuit ROIs depicted in Figure 5. A 2 side × 10 ROI × 3 phase 

rmANOVA was computed with Greenhouse-Geisser correction. There was a significant 

interaction between phase and Papez region, F (6.99,265.53) = 2.68, p = 0.01. Posterior 

cingulate cortex, retrosplenial cingulate cortex, anterior insula, and mammillary bodies all 

had greater activation later in the SPC, typically with Recency greater than Primacy. No 

areas within the Papez circuit had more activation in Primacy relative to the other 2 phases 

of the SPC. Activation was present for all 3 conditions in all parts of the hippocampus, 

mammillary bodies, posterior cingulate cortex, and subgenual anterior cingulate.

3.4.7. Encoding during Successfully Recalled (or Recognized) Words—The 

SLLT design includes jittered presentation of words to allow for event-related analyses 

based on subsequent memory performance. During encoding of successfully recalled words, 

significant activation was observed in many of the same areas identified in the Encoding 

minus Silent Rehearsal analysis. Activation for later recalled words included bilateral 

amygdala and hippocampus, parahippocampal gyrus, uncus, lateral orbital frontal cortex, left 

inferior and superior frontal gyrus, medial and right pre- and paracentral gyrus (see 

Supplemental Table 4 and Supplemental Figure 1). The areas missing in the recalled contrast 

(but present in Encoding block analyses) were insula and posterior middle temporal gyrus. 

Encoding of successfully recognized words yielded significant activations in slightly more 

extensive, but highly overlapping regions relative to the recalled words (see Supplemental 

Table 5).

3.4.8. Effects of Age on Encoding and Successfully Recalled Words—There are 

well-known age effects of decline in memory, even in healthy individuals. There are also 

well published findings of increased activation during performance of a number of tasks in 

healthy older adults, sometimes referred to as compensation, but also as dedifferentiation, 

reserve, etc. (Bartres-Faz & Arenaza-Urquijo, 2011; Han, Bangen, & Bondi, 2009; 

Langenecker & Nielson, 2003). We tested positive and negative associations of activation 

with age for the Encoding-Silent rehearsal and Recall contrasts. Increasing activation with 

increasing age was observed for Recalled items in the event-related analysis in primarily 

right frontal areas (Table 4, middle, inferior frontal gyris, anterior cingulate) as well as left 

superior frontal gyrus, and a few parietal (precuneus, postcentral), occipital (middle 

temporal, inferior occipital), temporal (superior temporal) and subcortical (left lateral globus 

pallidus) areas. There were no negatively correlated activations with age for recalled items. 
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No positive or negative age associations were observed with activation for the Encoding-

Silent Rehearsal contrast.

We further evaluated relationships between activation for recalled items in the Papez circuit 

and age. We used activation for Encoding-Silent Rehearsal to predict age in a backward 

multiple regression. This analysis first examined whether age significantly influenced 

activation across all 10 Papez circuit ROIs, and then iteratively and automatically removed 

the ROI for which the influence of age was the weakest. The model was not significant with 

all 10 Papez ROIs entered (F(10,28)=0.81, p = .62), nor was it significant after 7 ROIs were 

removed (F(3, 35)=2.40, p = .08). We then used activation for the event-related analysis of 

recalled items to predict age using the same backward multiple regression procedure. The 

full model was not significant (F(10,28)=1.88, p = .09), whereas the model significantly 

predicted age at steps 3 through 7, with the optimal model at step 6 (F(5,33)=3.36, p = .01, 

R2 = .34), including the following 5 ROIs: subgenual anterior cingulate (t = −1.45, B = −.25, 

p = .16), anterior insula (t = 2.08, B = .31, p = .04), retrosplenial posterior cingulate cortex (t 
= 2.29, B = .36, p = .03), posterior hippocampus (t = 3.43, B = .86, p = .002), and fornix (t = 

−3.10, B = −.74, p = .004).

4. Discussion

The present study successfully provided an initial characterization of behavioral and fMRI 

responses during the Semantic List Learning Task. (SLLT). The SLLT demonstrates 

convergent validity with the California Verbal Learning Test-2nd edition (Delis et al., 2000), 

with better discriminant validity than the CVLT-II when compared with executive 

functioning and problem solving measures. Use of semantic cues for organization of 

learning and retrieval resulted in satisfactory later recall (44% accuracy), and engagement of 

a distracting BP paradigm resulted in a diminished behavioral recency effect (only 35%). 

fMRI activation during encoding was observed across a broad neural network, the Papez 

circuit, which supports the encoding process. This circuit was also highlighted in the event-

related analysis that examined activation during encoding of correctly recalled and 

recognized items only. We also observed more nuanced effects, including decreased 

activation for Primacy words in Papez circuit regions that are part of the default mode 

network (rostral and posterior cingulate; Greicius, Krasnow, Reiss, & Menon, 2003).

4.1. Serial Position Effects within the SLLT

The significant behavioral primacy effect that was observed in the present study is in line 

with a wealth of research on serial position effects (Atkinson & Shiffrin, 1968; Glanzer & 

Cunitz, 1966; Rundus, 1971; Talmi et al., 2005). The facilitation of memory for early list 

items is caused by superior encoding of early items into LTM, possibly as the result of less 

competition for rehearsal early in the task (Atkinson & Shiffrin, 1968). The absence of a 

significant recency effect was expected as a result of the BP manipulation (Brown, 1958; 

Peterson & Peterson, 1959). Taken together, these results indicate that we were successful in 

minimizing facilitation of recent memory items by STM. Recency may have been reduced 

by memory decay via prevention of immediate rehearsal (Brown, 1958; Jarrold, et al., 2010; 

Peterson & Peterson, 1959) and/or by interference from items in the distractor task (Berman 
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et al., 2009; Lewandowsky et al., 2008; Luria, 1971). As a result of the BP manipulation, a 

greater portion of the behavioral performance in the SLLT might be attributed to LTM 

processes.

4.2. Encoding and Papez Circuit Activation

Significant activation of the Papez circuit, including MTL structures, was observed during 

the Encoding block relative to both Silent Rehearsal and Distraction. This included bilateral 

anterior and middle hippocampus, similar to previous studies (Fernandez et al., 1998; Flegal, 

et al., 2014; Strange et al., 2002; Talmi et al., 2005). Activation observed in MTL during 

semantic list learning was predominantly driven by encoding of verbal material into LTM, as 

it was significantly greater compared with Silent Rehearsal or Distraction blocks. Significant 

activation was also observed in bilateral middle/posterior cingulate cortex during Encoding 

relative to Silent Rehearsal, and these areas have also been previously implicated in the 

encoding process (Burianova, McIntosh, & Grady, 2010; McDermott et al., 1999). These 

results suggest that select Papez circuit structures were important for LTM encoding during 

word list learning, and thus play a vital role in a clinically-relevant test of human memory.

4.3. Specificity of Activation to LTM versus STM in Papez Regions of Interest

While we cannot rule out the involvement of regions subserving LTM in Silent Rehearsal 

based on our block design analysis, our planned ROI analyses revealed that hippocampal and 

cingulate ROIs were not significantly activated during Silent Rehearsal when compared with 

Rest. Thus, some Papez circuit regions typically associated with LTM do not seem strongly 

engaged during the Silent Rehearsal block. Retrieval and consolidation (both correct and 

incorrect) were likely taking place during Silent Rehearsal, and recall and rehearsal behavior 

are believed to strongly engage STM (Atkinson & Shiffrin, 1968; Jarrold et al., 2010). By 

subtracting this activation from that seen during Encoding, we believe that the resulting 

activation pattern highlights regions more heavily involved in LTM encoding. This result 

was corroborated when studying the effect of correctly recalled and recognized items only.

Many fMRI experiments that have focused on list learning or related memory paradigms 

observed activation bilaterally in ventrolateral frontal cortex during encoding, but failed to 

find encoding activation in hippocampus or parahippocampus (Dupont et al., 2002; Fletcher 

et al., 2003). Engagement and performance variance related to STM processes may have 

contributed to the frontal activation observed in these studies (see Axmacher, et al., 2009), 

and the focus on shorter delays may have minimized influence of LTM regions. In this 

experiment, a left superior frontal cluster was the only prominent lateral frontal activation 

observed in the Encoding minus Silent Rehearsal contrast. Inferior frontal activation was not 

present in the Encoding minus Silent Rehearsal contrast but was observed during Encoding 

minus Distraction, suggesting that this activation could be related to sub-vocal rehearsal 

and/or semantic processing (which would have been minimal during Distraction), and not 

activation related to unelaborated encoding process per se (Wagner et al., 1998; Thompson-

Schill, D’Esposito, Aguirre, & Farah, 1997).

Planned ROI analyses for the block design explored the relationship between Papez circuit 

activation and different blocks (i.e., Encoding, Distraction, and Silent Rehearsal) within the 
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SLLT. To assure clinical utility for future studies, it would be important for encoding to 

result in significant activation of Papez circuit subcomponents, such as the hippocampus, 

during this task. We confirmed this specificity within the anterior and middle hippocampal 

ROIs, as well as in subgenual anterior cingulate and mammillary bodies. Post-hoc analyses 

also revealed significantly higher activation in Papez circuit regions such as posterior 

cingulate, retrosplenial cingulate, and anterior insula for the Middle and Recency portions of 

the SPC. Suppressed activity in these regions during Primacy may facilitate better encoding, 

and later activation might be related to default mode network re-engagement (Greicius et al., 

2003). This may reflect greater ability to filter out distracting information during the 

Primacy phase, or a higher level of alertness and/or task engagement during primacy.

4.4. Other Potential Causes for Medial Temporal Activation During Encoding

Temporal lobe structures in the immediate vicinity of the hippocampi such as 

parahippocampal, fusiform, and perirhinal cortices are known to play important roles in 

visual perception, in addition to the roles of these regions in memory (Buckley, 2005; 

Epstein, Harris, Stanley, & Kanwisher, 1999; Kanwisher & Yovel, 2006; Libby, Hannual, & 

Ranganath, 2014). Therefore, one might posit that the MTL activity observed in the 

Encoding minus Silent Rehearsal contrast was related to perception of the large number of 

visual stimuli presented in the former but not the latter block, rather than being driven by 

LTM encoding. However, very similar MTL activation was observed in the Encoding minus 

Distraction contrast, with dynamic visual stimuli presented during both blocks. Furthermore, 

we found a large cluster of activation within visual cortex for the Silent Rehearsal minus 

Encoding contrast, contrary to what would be predicted if the large number of dynamic 

visual stimuli were exclusively responsible for driving activity during Encoding.

4.5. Limitations

There are some limitations of the current study. First, as is well-established, the block design 

effects were slightly more powerful than those seen in the event-related analysis, which led 

us to focus primarily on those activation foci that were present in both the block and event-

related analyses. Future studies could lengthen the jitter between individual words to 

facilitate analysis of activation specific for words that are later recalled relative to non-

recalled words. However, it is not clear whether variability in the length of the inter-stimulus 

interval may affect subsequent memory performance in this paradigm. Second, we provided 

cues for use of a specific encoding and retrieval strategy, namely semantic organization cues 

and semantically related word lists. Although less likely, subjects could have used other 

encoding and retrieval strategies, as we did not query subjects after the scan about whether 

they used the provided strategies or not. Thus, variability in encoding and retrieval strategies 

could have weakened our analyses – but this would result in greater type II error. Future 

experiments might more thoroughly explore the influence of different encoding and retrieval 

strategies on SLLT performance by comparing behavioral and functional data between runs 

during which different strategies were encouraged or through the use of post-scanning 

questionnaires. Also, our knowledge of how consolidation occurs in relation to the BOLD 

response remains quite naïve. Thus, silent rehearsal could reflect consolidation, rote 

rehearsal, or deep encoding (with the semantic cue, Bontempi et al., 1999). Third, we did not 

observe activation in the posterior hippocampus, contrary to Fernandez and colleagues 
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(1998). Our observations of activation at the individual level has been that there are greater 

age, sex, and other individual variation in the medial-lateral-inferior/superior location of the 

posterior hippocampus. While location was verified based upon the mean anatomy for all 

participants in the sample, it is possible that greater anatomical variability in this area 

contributed to an absence of observed effects.

Fourth, sex differences have been found on performance for word-list learning tasks (Herlitz, 

Nilsson, & Backman, 1997), particularly among young adults (Kramer, Yaffe, Lengenfelder, 

& Delis, 2003). The greater use of a clustering strategy during encoding is thought to 

underlie sex differences (Andreano & Cahill, 2009), especially for longer word lists 

(Sunderaraman, Blumen, DeMatteo, Apa, & Cosentino, 2013). Because semantic encoding 

is implicit in the design of the SLLT, we did not include the study of sex differences as a 

primary variable of interest, though this does not negate the presence of a sex effect. In post 

hoc analyses, women did have greater recall than men for items in the middle of the word 

lists, and there were three regions demonstrating sex differences between females and males 

during Encoding relative to Recall. These sex effects are minor, and do not detract from the 

overall findings, but should be considered in any future work with the task. We also did not 

control for phase of menstrual cycle, exclude for use of hormonal contraceptives, or measure 

levels of estrogen/progesterone in our sample of women, who are likely to range from pre- 

to peri- and post-menopausal. Studies have demonstrated that estrogen facilitates verbal 

memory among women (Phillips & Sherwin, 1992; Sherwin, 1988; Sherwin & Tulandi, 

1996). At the same time, verbal explicit memory may be less prone to changes across the 

menstrual cycle, relative to other forms of memory (Maki, Rich, & Rosenbaum, 2002; 

O’Reilly, Cunningham, Lawlor, Walsh, & Rowan, 2004; Phillips and Sherwin, 1992), and 

oral contraceptives, during the active phase, may facilitate explicit verbal memory 

performance (Mordecai, Rubin, & Maki, 2008). Future studies might assess sex effects on 

SLLT performance and activation, in addition to explicitly examining or controlling for 

levels of estrogen and progesterone.

In addition, the large age range used may also have weakened the task specific effects that 

could be observed. We observed similar results when more stringent age cut-offs were used 

(below age 55), and thus opted to include all subjects within the 18–65 age range. Further, 

we also demonstrated robust behavioral and imaging aging effects, above and beyond task 

effects The current study aimed to validate the SLLT for use across a wide age range, and we 

include specific age-related findings in this healthy sample as an additional source of 

convergent validity. Our subject pool was also relatively well educated, which may have 

limited the range of performance and the corresponding range of activation. A final 

limitation is of order effects. The CVLT-II was always administered prior to the SLLT, as our 

neuropsychological battery was routinely performed prior to fMRI. A lack of 

counterbalancing of the CVLT-II and SLLT is a limitation, as order effects may have 

confounded relationships between these measures, as well as with other executive 

functioning measures.
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5. Conclusion

In order to better understand conditions in which memory is compromised (e.g. dementia, 

mental illness), it is essential to study the neural circuits that support LTM in healthy 

participants during list learning tasks. In addition, it is important to develop tests with robust 

and specific behavioral performance metrics, so that analogues of the imaging paradigms 

can be translated into clinical applications and studies. Such translational tasks will improve 

the ability of clinicians to assess the functional integrity of the neural circuits engaged 

during clinical and diagnostic memory tests. The Papez circuit is a neuroanatomical pathway 

that plays an important role in human emotion and memory, and is sensitive to disruption by 

trauma and disease (Papez, 1937). Tasks that assess its function through behavioral and 

neuroimaging methods will be of great value in both clinical and research contexts. To this 

end, the current study has defined the relationship between Papez circuit activity, list 

learning, and subsequent memory performance during the SLLT using fMRI.
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Figure 1. 
Semantic List Learning Task (SLLT) design.
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Figure 2. 
Phases of Memory Recall for the SLLT and CVLT-II. Panel A includes the serial position 

curve modified by the SLLT with Brown-Peterson adjustment to the curve, removing the 

recency effect. Panel B includes the immediate recall for the CVLT-II. Panel C shows the 

correlation between SLLT Primacy Recall and CVLT-II Long Delay Free Recall Z scores.

Schallmo et al. Page 21

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2016 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Encoding-Silent Rehearsal Whole Brain Activation. Activation in orange indicates 

significant foci of activation in the Encoding-Silent Rehearsal contrast. The areas of greater 

activation in the Silent Rehearsal block relative to the Encoding block are illustrated in blue. 

Images are whole brain, AlphaSim corrected at p < 0.05.

Schallmo et al. Page 22

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2016 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Activation analysis of Encoding-Distraction. Activation in orange indicates significant foci 

of activation in the Encoding-Distraction contrast. The areas of greater activation in the 

Distraction block relative to the Encoding block are illustrated in blue. Images are whole 

brain, AlphaSim corrected at p < 0.05.
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Figure 5. 
Activation in Papez Circuit Sub-regions by SLLT Condition. Regions used to extract 

activation, overlaid onto the MNI template. Signal change to illustrate differences between 

Encoding and Silent Rehearsal in the Papez circuit regions. Abbreviations: rostral anterior 

cingulate (RAC), subgenual anterior cingulate (SGAC), mammillary bodies (MB), posterior 

cingulate (PC), retrosplenial cingulate (RSC), insula (Ins), anterior hippocampus (AH), 

middle hippocampus (MH), posterior hippocampus (PH).
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