
Fractionating the Rey Auditory Verbal Learning Test: Distinct 
roles of large-scale cortical networks in prodromal Alzheimer’s 
disease

Deepti Putcha, PhD1,a, Michael Brickhouse, BS2, David A. Wolk, MD3, Bradford C. 
Dickerson, MD2, and Alzheimer’s Disease Neuroimaging Initiative*

1Department of Psychiatry, Frontotemporal Disorders Unit, Massachusetts General Hospital, 
Harvard Medical School, Boston, MA, USA,

2Department of Neurology, Frontotemporal Disorders Unit, Massachusetts General Hospital, 
Harvard Medical School, Boston, MA, USA,

3Department of Neurology, Perelman School of Medicine, University of Pennsylvania, 
Philadelphia, PA, USA.

Abstract

Successful episodic memory calls upon a number of different cognitive processes that are 

supported by the coordination of several large-scale cortical networks. Previous work from our 

group has demonstrated dissociable anatomic substrates at different stages of memory in patients 

with dementia due to Alzheimer’s disease (AD). The aim of the current study was to extend the 

understanding of brain-behavior associations underlying a commonly administered 

neuropsychological assessment of verbal episodic memory (Rey Auditory Verbal Learning Test; 

RAVLT) by determining the cortical network contributions to the performance at early vs. late 

stages of list learning, delayed recall, and retention, in 235 very mild biomarker positive (A+/T+/N

+) individuals diagnosed with amnestic mild cognitive impairment (aMCI; MMSE = 27.7). We 

measured cortical atrophy in four large-scale cortical networks impacted by AD: default mode 

(DMN), dorsal attention (DAN), frontoparietal (FPN), and language (LN) networks. We also 

evaluated the role of hippocampal atrophy at each stage of memory performance. Partial 

correlation analyses controlling for age, sex, and education and corrected for multiple comparisons 

revealed that early learning was most strongly associated with cortical thickness in the DAN, while 

late learning was most strongly associated with hippocampal volume, but also related to cortical 

thickness in the DAN, FPN, DMN, and LN. Delayed recall was associated most strongly with 
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hippocampal volume, but was also related to cortical thickness in the FPN and DMN, while 

retention was associated only with hippocampal volume. These findings are consistent with prior 

models of the neural substrates of different stages of verbal list learning and retrieval, provide new 

insights into the cortical networks undergoing neurodegeneration even at very mild stages of 

prodromal AD, and inform our thinking about the networks and regions being interrogated by this 

kind of neuropsychological assessment of episodic memory.
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1. INTRODUCTION

The medial temporal lobes (MTL) have historically been credited as the central regions 

involved in episodic memory functions (Scoville & Milner, 1957; Squire, Stark, & Clark, 

2004). However, a variety of cognitive processes are necessary for successful episodic 

memory. In addition to the processes attributed to the MTL system, successful episodic 

memory also relies on top-down attentional modulation of perceptual processing, working 

memory, semantic processing, and controlled goal-directed retrieval. Each of these cognitive 

processes play a unique role at different stages of episodic memory and relies upon distinct 

brain networks outside the MTL. Specifically, top-down attention modulation and working 

memory (e.g., monitoring and mental manipulation) promote the efficient encoding of new 

information for later recollection (Alexander, Stuss, & Gillingham, 2009; Blumenfeld & 

Ranganath, 2007). These important cognitive functions are subserved by distributed frontal 

and parietal regions that comprise the Dorsal Attention Network (DAN), with key nodes in 

the superior parietal lobule (SPL)/intraparietal sulcus (IPS) and the dorsolateral prefrontal 

cortex (Corbetta & Shulman, 2002; Fox, et al., 2005). As information is processed 

perceptually and maintained and manipulated in working memory, access to conceptual 

representations modulates the depth and organization of information being encoded 

(Goldblum, et al., 1998); these processes are supported by a distributed language network 

(LN) anchored in the temporal pole and inclusive of regions in the middle temporal gyrus, 

temporo-parietal junction, and inferior parietal lobule (IPL) (Andrews-Hanna, Reidler, 

Sepulcre, Poulin, & Buckner, 2010; Patterson, Nestor, & Rogers, 2007; Visser, Jefferies, & 

Lambon Ralph, 2010). Once encoding, storage, and consolidation occur, retrieval of 

information relies on a set of coordinated processes which recruit regions comprising the 

default mode network (DMN) (Andrews-Hanna, et al., 2010; Wang, et al., 2010) which 

includes MTL memory systems (Kohler, et al., 1998; Walhovd, et al., 2010; Wolk, 

Dickerson, & ADNI, 2011), as well as the Frontoparietal Network (FPN), with key nodes in 

the mid-dorsolateral prefrontal cortex and the posterior inferior parietal lobule (IPL) 

(Vincent, Kahn, Snyder, Raichle, & Buckner, 2008).

Alzheimer’s disease (AD), the most common form of acquired episodic memory 

dysfunction, has served as a lens through which to study episodic memory deficits. Although 

the earliest site of neuronal injury is thought to be the anterior MTL in most patients, AD 

pathology typically spreads to other paralimbic and isocortical regions, including ventral and 
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lateral temporal cortex, followed by parietal and frontal cortices (Arnold, Hyman, Flory, 

Damasio, & Van Hoesen, 1991; Braak & Braak, 1991). Previous studies in AD have shown 

the impact of neurodegeneration in these distributed regions on tests of executive functions 

(Dickerson, Wolk, & ADNI, 2011; Wolk, Dickerson, & ADNI, 2010), semantic processing 

(Domoto-Reilly, Sapolsky, Brickhouse, Dickerson, & ADNI, 2012; Henry, Crawford, & 

Phillips, 2004; Papp, et al., 2016), and visuospatial skills (Uhlhaas, et al., 2008). 

Dysfunction in these distributed systems that contribute to memory function likely serves to 

further exacerbate episodic memory impairment in AD beyond the focal injury of the MTL.

Clinical neuropsychological measurement of verbal episodic memory typically includes 

administration of supra-span verbal list learning tasks (e.g., Rey Auditory Verbal Learning 

Test or RAVLT). The RAVLT is comprised of 5 repeated learning trials of the same 15 word 

list, with immediate and delayed recall trials after 3 and 30 minutes, respectively, as well as 

recognition testing. Much of the work examining memory deficits in AD has focused on 

either summing words recalled across all learning trials for a measure of total encoding (e.g., 

Vyhnalek, et al., 2014) or delayed recall measures (e.g., Zhao, et al., 2015), or has 

sometimes regarded list learning performance as a single composite measure representing 

episodic memory (e.g., Ricci, Graef, Blundo, & Miller, 2012). Although valuable for a 

variety of purposes, this approach does not take account of the substantial variability 

between patients in performance across the different stages of episodic memory function 

described above. Specifically, identifying deficits in early learning (e.g., initial presentation 

of a word list, or Trials 1 and 2) versus deficits in late learning (after several repeated 

presentations, or Trials 4 and 5), or in delayed recall compared to retention (accounting for 

information that was successfully encoded), can help us localize dysfunction in underlying 

cortical networks. As previous work from our group has demonstrated in AD dementia 

patients, memory task performance can be fractionated meaningfully such that different 

stages of memory performance are associated with atrophy in different regions of the brain 

susceptible to AD-related neurodegeneration (Wolk, et al., 2011). Critically, Wolk et al. 

demonstrated that MTL atrophy in AD dementia was not associated with first trial learning, 

but rather, with memory retrieval only after multiple exposures to the word list (i.e., late 

learning). In that study, first trial encoding was associated with cortical thickness in the IPL, 

middle frontal gyrus, and the temporal pole, regions supporting working memory and 

semantic language processing, while cortical thickness in the MTL was associated with late 

learning, and delayed recall performance was associated with hippocampal volume, a region 

associated with memory retention. This initial demonstration of episodic memory 

fractionation in AD dementia sets the stage for the present study, as the regions that were 

identified with different episodic memory stages are known hubs of large-scale networks 

important for successful memory performance. We sought to extend those prior findings 

here to a group of very mild biomarker positive (amyloid- and tau-positive) patients with 

amnestic mild cognitive impairment (aMCI+), with the rationale that large-scale cortical 

network integrity or impairment may be more specific in biomarker positive individuals at 

an earlier stage of degeneration compared to dementia, allowing for a more sensitive 

investigation of the association between morphometric integrity and performance on 

different stages of memory performance.
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We examined the neuroanatomical network correlates of performance at four stages of the 

RAVLT in aMCI+: Early Learning (Trials 1 and 2), Late Learning (Trials 4 and 5), Delayed 

Recall (30-minute delayed free recall), and Retention (Delayed Recall divided by Trial 5). In 

our previous work, we reported dissociable brain-behavior relationships in patients with AD 

dementia using the RAVLT, and discussed the regional atrophy findings in the context of 

large-scale cortical networks (Wolk et al., 2011). This prior work, along with relevant 

literature on the role of the DAN in top-down attention regulation and the FPN in goal-

directed retrieval (Alexander, et al., 2009; Vincent, et al., 2008), enabled us to generate the 

following hypotheses. First, we predicted that Early Learning would be associated with 

cortical thickness in the DAN, but that Late Learning would be associated with cortical 

thickness in FPN and DMN (including MTL) and hippocampal volume. Next, we predicted 

that Delayed Recall, which requires the ability to store and retrieve information in a goal-

directed fashion, would be associated with cortical thickness in the FPN and hippocampal 

volume, while Retention would be solely associated with hippocampal volume.

2. METHODS

2.1 Participants

Data used in the preparation of this article were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database (www.adni.loni.usc.edu). The ADNI was 

launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. 

Weiner, MD. The primary goal of ADNI has been to test whether serial magnetic resonance 

imaging (MRI), positron emission tomography (PET), other biological markers, and clinical 

and neuropsychological assessment can be combined to measure the progression of mild 

cognitive impairment (MCI) and early Alzheimer’s disease (AD). For the current analysis, 

we initially selected all patients with a diagnosis of amnestic mild cognitive impairment 

(aMCI) at baseline who had neuropsychological data on the Rey auditory verbal learning 

test (RAVLT; n=622). These individuals all had a subject memory concern, received a 

physician CDR rating of 0.5 with a memory box score of at least 0.5, had an MMSE 

between 24–30, and demonstrated abnormal memory function documented by scoring below 

a cutoff (which varies based on the participant’s education) on the Logical Memory II from 

the Wechsler Memory Scale-Revised. Of these aMCI individuals, we assigned each 

individual to a “biomarker positive” aMCI+ group in accordance with the recently published 

NIA-AA research framework explicitly establishing the presence of amyloid (A+) and tau (T

+) pathology (Jack, et al., 2018). aMCI+ individuals (considered prodromal AD) were so 

classified if they had positive levels of cerebrospinal fluid amyloid-β (≤ 192 pg/mL) and 

phosphorylated-tau (> 23 pg/mL), supportive of likely presence of amyloid plaques and 

neurofibrillary tangles (Shaw, et al., 2009). If aMCI patients were found to be negative on 

one or both amyloid and tau cutoffs (A-/T-), they were excluded since they did not meet both 

of these biomarker criteria. After restricting the sample to those who also underwent a 1.5T 

MRI scan of adequate quality to obtain morphometric measures, the sample size was 338 

aMCI+. For all whole-cortex analysis of brain atrophy, as well as for correlational and 

regression analyses investigating associations between list learning performance and 

anatomical measures of interest, we further restricted the aMCI+ group by removing 

participants who performed at floor on delayed recall (zero words recalled), in order to 
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examine brain-behavior relationships with a normally distributed range of performance in an 

aMCI+ sample who could perform the task, resulting in our final selected aMCI+ sample 

size of n=235. We also included age-matched control participants (n=158) from the ADNI 

cohort with a diagnosis of “cognitively normal” who were also negative on both amyloid and 

tau biomarker criteria (CN-); they had cerebrospinal fluid levels of amyloid-β > 192 pg/mL 

and phosphorylated-tau < 23 pg/mL supportive of the likely absence of amyloid plaques and 

neurofibrillary tangles (Shaw, et al., 2009). We used the means and standard deviations on 

RAVLT performance of this CN- group to calculate normative scores for neuropsychological 

test performance across stages of the RAVLT for the aMCI+ group. We also compared 

whole-cortical thickness of our aMCI+ to the CN- group (Figure 1). Due to our observations 

of large regions of the cortical mantle that were significantly atrophied in the aMCI+ 

compared to CN- group, we determined that the aMCI+ group was also positive for 

neurodegeneration (Figure 1), consistent with recent research framework for defining 

prodromal AD (Jack, et al., 2018). All other inclusion and exclusion criteria are described at: 

http://www.adni-info.org. Each participant gave written informed consent in accordance 

with institutional Human Subjects Research Committee Guidelines.

2.2 Episodic Memory Testing

We examined baseline memory test scores from the ADNI database. Our analysis was 

focused on the RAVLT (Rey, 1964), a word list learning task that is commonly administered 

clinically to patients with amnestic syndromes. Briefly, the RAVLT consists of five learning 

trials. At each trial, a list of 15 novel words is read and the subject is asked to immediately 

recall as many items as possible. After this repeated exposure learning process, an 

interference list of 15 words is read, some of which contain semantically related words. 

Then, participants are asked immediately to recall words from the initial repeated list 

(immediate recall), and again after 30 minutes (delayed recall). A 30-item recognition 

discrimination test follows in a forced-choice yes/no format, including 15 unstudied foils. 

Retention was calculated here as the number of words correctly recalled at 30 minutes 

divided by the number of words correctly recalled at Trial 5. Using performance on this task 

from the CN- group, normative z-scores were calculated for each learning trial, delayed 

recall, recognition, and retention. To reduce the number of comparisons made, we collapsed 

Trial 1 and Trial 2 into an averaged “Early Learning” measure, and Trial 4 and Trial 5 into 

an averaged “Late Learning” measure. We focused our study on just four variables of 

interest: Early Learning, Late Learning, Delayed Recall, and Retention, given our a priori 
hypotheses regarding specific network contributions regarding each stage of list learning 

performance. We present behavioral data on the larger aMCI+ group (n=338) as well as the 

selected aMCI+ group (n=235) in Table 1 of the Supplementary Materials.

2.3 MRI acquisition and analysis

MRI scans for ADNI were collected on a 1.5T scanner using a standardized protocol across 

sites. For the present analysis, the MPRAGE sequence was used with the following 

characteristics: sagittal plane, TR/TE, 2400/3/1000 ms, flip angle 8°, 24cm FOV, 192×192 

in-plane matrix, and 1.2mm slice thickness (Jack, et al., 2008). Fully preprocessed scans 

were downloaded for analysis. The ADNI MRI Core at Mayo Clinic Rochester provided 

intensity normalized and gradient un-warped TI image volumes. All T1 images include an 
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on-scanner non-uniformity correction. We then applied our own automated preprocessing 

steps in FreeSurfer version 6, which includes cortical surface extraction, segmentation of 

subcortical structures (Dale, Fischl, & Sereno, 1999), cortical thickness estimation (Fischl & 

Dale, 2000), spatial normalization onto the FreeSurfer surface template (fsaverage), and 

atlas-based parcellation of cortical regions (Fischl, et al., 2004) using the FreeSurfer recon-

all command. T1 image volumes were examined by a cortical surface-based reconstruction 

and analysis of cortical thickness with the FreeSurfer version 6.0 platform, using a 

combination of hypothesis-driven and exploratory analysis approaches as described in 

multiple previous publications (Bakkour, Morris, & Dickerson, 2009; Dickerson, et al., 

2009; Dickerson, et al., 2008; Dickerson, et al., 2011; Dickerson, Wolk, & ADNI, 2013). For 

the exploratory analyses, statistical surface maps were generated by computing general 

linear models with each behavioral variable of interest (z-scores of Early Learning, Late 

Learning, Delayed Recall, and Retention) as the independent variable, cortical thickness as 

the dependent variable, and age and education as covariates. The results of these analyses 

were inspected via maps of statistical significance at each vertex point overlaid on the 

average cortical surface template. For these exploratory analyses, a statistical threshold of 

p<0.00001 was used for the learning trials (Early Learning and Late Learning) and more 

liberal threshold of p<0.001 was used for the delayed recall and retention trials to be as 

inclusive as possible of cortical results for visualization purposes.

2.4 Statistical analysis

Our morphometric measures of analysis included a priori hypothesized left- and right-

hemisphere dorsal attention network (DAN), frontoparietal network (FPN), default mode 

network (DMN), and language network (LN). We defined these networks using the Yeo 17-

network parcellation atlas (Yeo, et al., 2015) and combined subcomponents together based 

on functional specialization and visual inspection. Specifically, components 5 and 6 

comprised the DAN, components 11, 12, and 13 comprised the frontoparietal network, 

components 14 and 17 comprised the LN, and components 15 and 16 comprised the DMN 

(including MTL). Using FreeSurfer version 6.0, we obtained cortical thickness measures 

(mm) from these 4 networks separated by hemisphere, yielding 8 network measures. We 

additionally calculated left- and right hemisphere hippocampal volume, divided by total 

intracranial volume (mm3), for each individual participant based on their FreeSurfer-defined 

automatically segmented (aseg) volumes.

In addition to the exploratory whole cortical GLM approach, the main question of the 

current study was evaluated by calculating Pearson’s partial correlations between cortical 

thickness in our 10 morphometric measures of interest (left and right hemisphere DAN, 

FPN, DMN, LN, and hippocampal volume) and RAVLT stages of Early Learning, Late 

Learning, Delayed Recall, and Retention, controlling for the effects of age, education, and 

sex. A statistical threshold of p<0.005 was considered a significant finding, after applying a 

Bonferroni correction for multiple comparisons in our 10 regions of interest. We present the 

results from this analysis in Figure 4 of this manuscript for the selected aMCI+ group that 

was the focus of the study, but also include the same analysis in the larger aMCI+ group in 

Supplementary Materials Figure 2. To further examine these partial correlations to determine 

which morphometric measure contributed to the most unique variance in explaining 
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performance at each stage of list learning, we performed standard multiple hierarchical 

linear regression analyses. For this step, we included only left hemisphere networks and 

hippocampal volume because in an attempt to eliminate multicollinearity with their right 

hemisphere homologues; correlations between left- and right-hemisphere homologues 

ranged between 0.84 and 0.89. In addition, we focused only on left-hemisphere anatomical 

regions based on our a priori hypotheses that performance on the RAVLT list learning test 

would be subserved by the left-hemisphere more strongly than the right by nature of this 

verbal memory task as has been previously observed (e.g., de Toledo-Morrell, et al., 2000). 

Collinearity diagnostics (variance inflation factor <6, tolerance > 0.15) indicated that our 

predictor variables were all within acceptable parameters. Covariates of age, sex, and 

education were entered first, and then morphometric measures were entered in a standard 

fashion in the same block. Behavioral measures of Early Learning, Late Learning, Delayed 

Recall, and Retention served as dependent variables in each regression model, allowing for 

determination of which networks uniquely contributed to performance on each measure. 

Statistical analyses were performed using standard methods in IBM SPSS Version 24.0 

(Armonk, NY).

3. RESULTS

3.1 Demographic characteristics

The primary study group of interest was the subgroup of aMCI+ (n=235) who did not 

perform at floor on the delayed recall trial of the RAVLT (n=235). For completeness, we 

also present some results from the larger group of 338 aMCI+ participants, including those 

who performed at floor, in the main manuscript and in Supplementary Material. 

Demographic characteristics for these groups as well as the 158 CN- participants are shown 

in Table 1. Consistent with the mild status of these selected aMCI+ individuals, the mean 

Mini Mental state Examination (MMSE) score was 27.7 out of 30. Approximately 60% of 

aMCI+ patients had at least one copy of the ε4 allele of the apolipoprotein E (ApoE) gene 

(Table 1). The CN- and aMCI+ groups did not differ on age or sex, but differed in years of 

education (t= 2.24, p=0.03) though all participants were very highly educated (~16 years). 

The groups also differed on total MMSE score and % ε4 allele carriers, as expected by 

diagnostic definition. Compared to age-matched CN-, whole-brain cortical thickness 

analysis of aMCI+ revealed an “AD-signature-like” distributed pattern of cortical atrophy 

(Dickerson, et al., 2009), classifying the aMCI+ group as A+/T+/N+. Comparison of Figure 

1 panels A and B shows that cortical atrophy was observed in regions within all four of the 

large-scale cortical networks examined in this study.

3.2 RAVLT performance in aMCI+ revealed greatest impairment in late learning

RAVLT performance in the larger group of aMCI+(n=338) compared to CN- (z-scores) 

revealed that the largest magnitude of impairment in the different stages of memory was in 

Late Learning (Trials 4 and 5) as well as Delayed Recall, compared to Early Learning (Trials 

1 and 2) or Retention (Figure 2). Upon examining RAVLT performance in the selected group 

of aMCI+ (n=235; Figure 3), we found that performance on each stage of this memory test 

was different from each other stage (p> 0.0001), with the greatest impairment observed on 

the late learning trials compared to early learning, delayed recall, and retention. Because we 
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excluded individuals who performed at floor levels on delayed recall, these impairments on 

delayed recall and retention are milder than we observed in the larger aMCI+ cohort.

3.3 Performance on each stage of list learning is related to atrophy in different cortical 
networks

To examine the associations between performance impairments at different stages of 

learning and retrieval with AD-related neurodegeneration in the hypothesized brain 

networks, we performed Pearson’s partial correlations between each of our 10 morphometric 

measures and performance on RAVLT, controlling for age, education, and sex in the selected 

aMCI+ group. As shown in Figure 4, Early Learning performance (Trials 1 and 2) was 

associated most strongly with left hemisphere DAN, with weaker correlations to right 

hemisphere DAN (z=1.94, p=0.03). In contrast, Late Learning performance (Trials 4 and 5) 

was most strongly associated with left hippocampal volume, and was also associated with 

cortical thickness in bilateral FPN, DAN, DMN, and LN with stronger effects in left 

hemisphere compared to right hemisphere hippocampal volume (z=1.6, p=0.05), DAN 

(z=2.04, p=0.02), FPN (z=2.19, p=0.01), and LN (z=2.23, p=0.01). Figure 5 shows the 

exploratory whole cortical surface general linear models of Early Learning and Late 

Learning, controlling for age and education. Of note, MTL atrophy (part of the DMN) was 

related only to Late Learning and not to Early Learning, consistent with the correlation 

results shown in Figure 4. Delayed Recall performance was most strongly correlated with 

bilateral hippocampal volume and DMN atrophy, as well as to left hemisphere FPN and LN 

atrophy, with a weaker correlation observed with right hemisphere atrophy compared to left 

hemisphere atrophy in the FPN (z=1.83, p=003) and LN (z=1.64, p=0.05). Lastly, Retention 

(Delayed Recall divided by Trial 5 to account for initial encoding) was related only to 

bilateral hippocampal volume, with a strong relationship observed in left hippocampal 

volume compared to right hippocampal volume (z=1.99, p=0.02). Figure 6 shows the 

exploratory whole cortical surface general linear model maps of Delayed Recall and 

Retention, controlling for age and education. Of note, cortical atrophy in the left hemisphere 

FPN and DMN is observed in the regression map of Delayed Recall, while associations were 

observed only between cortical thickness in the anterior MTL and Retention, consistent with 

the correlation results shown in Figure 4.

3.4 Hierarchical regression reveals that Early Learning is uniquely associated with 
cortical thickness in the Dorsal Attention Network, while Late Learning, Delayed Recall, 
and Retention are most strongly related to hippocampal volume.

To follow up on the correlations observed with Pearson’s partial correlations (Figure 4), we 

performed standard hierarchical linear regression analyses on the regions established to have 

an association with list learning performance at each stage. Though our partial correlation 

matrix shows which regions of interest were significantly associated with performance on 

the different list learning stages, the aim of these follow-up regression analyses was to 

determine which morphometric measure contributed the most unique variance to 

performance on each list learning stage (Table 2). After controlling for demographic factors, 

the only region of interest contributing unique variance to performance on Early Learning 

was cortical thickness in the left hemisphere DAN (ß= 0.41, p=0.003). In other words, with 

the left hemisphere DAN thickness in the model, no other morphometric measure provided 
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additional explanatory value in predicting Early Learning performance. In contrast, the only 

predictor contributing unique variance in predicting Late Learning performance was left 

hemisphere hippocampal volume (ß= 0.37, p=2.65×10−7). Similarly, the only morphometric 

measure to contribute unique variance of Delayed Recall and Retention performance was the 

left hemisphere hippocampal volume (ß= 0.35, p=7.0 ×10−6 and ß= 0.26, p=0.001, 

respectively). These findings may suggest that cortical thickness in networks predicting list 

learning performance at these stages may be correlated in this population and secondary to 

hippocampal integrity, aside from Early Learning.

4. DISCUSSION

Successful episodic memory involves the coordination of a number of different cognitive 

processes that are supported by multiple large-scale cortical networks, including medial 

temporal lobe memory systems, but also including frontal, parietal, and lateral temporal 

cortical regions comprising the DMN, DAN, FPN, and LN. The results from the present 

study of individuals with prodromal AD (amyloid- and tau-positive amnestic mild cognitive 

impairment) revealed that neurodegeneration in multiple cortical networks outside of the 

classic memory systems also contribute to episodic memory impairment. We show 

dissociable relationships between cortical network atrophy at different stages of memory 

performance: early learning (after one or two exposures) was most strongly associated with 

atrophy in the left hemisphere DAN, late learning (after 4 and 5 exposures) was most 

strongly associated with atrophy in the left hippocampus but also associated with atrophy in 

DMN, FPN, and LN, delayed recall was most strongly associated with atrophy in the left 

hippocampus but also associated with atrophy in the FPN and DMN, and retention 
(accounting for the amount of information initially learned) was most strongly associated 

with atrophy in the left hemisphere hippocampus. Although performance on standard 

supraspan list learning tests often used in clinics by neuropsychologists to evaluate episodic 

memory functions (e.g., RAVLT) are typically interpreted as a monolithic construct 

indicative of MTL integrity, the range of cognitive processes required at each different stage 

of a list learning task lead us to expect that regions outside of the medial temporal lobes are 

also recruited to support successful performance. Specifically, successful performance of 

verbal list learning tasks requires a combination of attention and executive control skills, 

including top-down modulation of attention on task-relevant stimuli and strategic 

organization of new information (Alexander, et al., 2009; Blumenfeld & Ranganath, 2007; 

Cabeza, 2008; Long, Oztekin, & Badre, 2010), lexical semantic processing necessary to 

organize new verbal stimuli in a meaningful fashion to promote encoding and subsequent 

retrieval (e.g., semantic clustering) (Buchsbaum & D’Esposito, 2008; Craik & Lockhart, 

1972; Goldblum, et al., 1998; Savill, Ellis, & Jefferies, 2017), and goal-directed retrieval 
skills for subsequent recall trials after a delay period (Cabeza, 2008; Cabeza, Ciaramelli, & 

Moscovitch, 2012).

Early Learning is most strongly related to integrity within the dorsal attention network, 
while Late Learning is most strongly related to the integrity of the hippocampus

The results of the present study revealed that the early stages of list learning (after one or 

two exposures to the word list) are most strongly associated with cortical thickness in the 
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left hemisphere DAN, with hubs in the frontal, parietal, and occipitotemporal cortices. Early 

learning performance also demonstrated associations with the right hemisphere DAN, in 

addition to left hemisphere FPN, and left hemisphere LN. These results are consistent with 

prior work from our group showing the relationship between early stages of learning in AD 

dementia and cortical thickness of a broad set of isocortical regions implicated in supporting 

working memory (lateral frontal and parietal cortex) and semantic processing (lateral 

temporal cortex) (Wolk, et al., 2011). Encoding of novel verbal information such as a 

supraspan list learning test that exceeds the phonological store capacity (i.e., the RAVLT), 

has been shown to rely on adequate top-down attention regulation, as well as employment of 

learning strategies that call heavily upon verbal working memory. Such strategies may 

include subjective ordering of words in an idiosyncratic fashion (Alexander, Stuss, & 

Fansabedian, 2003; Eslinger & Grattan, 1994) or a more demanding strategy of semantic 

clustering, which requires one to link words based on semantically meaningful information 

(Eslinger & Grattan, 1994; Gershberg & Shimamura, 1995). One may even employ semantic 

self-cuing strategies to facilitate encoding and subsequent retrieval (Incisa della Rocchetta & 

Milner, 1993). One interesting property of classic list learning paradigms is the requirement 

of retrieving the words learned at each stage of encoding, which itself serves to assist 

learning in an active manner (Karpicke & Roediger, 2008). Neuroimaging studies have 

implicated left superior frontal and parietal cortical lesions with impairments in organizing 

learning strategies (Alexander, et al., 2009; Gershberg & Shimamura, 1995; Incisa della 

Rocchetta & Milner, 1993; Sandrini, Cappa, Rossi, Rossini, & Miniussi, 2003). In addition 

to organizing learning strategies, another role of the dorsolateral prefrontal cortex is in 

maintenance of sustained and divided attention. It has been previously proposed that divided 

attention is necessary in list learning tests for the individual to hold recent words in working 

memory while maintaining attention on upcoming words in a word list (Alexander, et al., 

2009).

In contrast, the later stages of list learning (after four or five exposures) was most strongly 

associated with left hemisphere hippocampal volume, but was also associated with cortical 

thickness in all four of our hypothesized networks of interest (DAN, DMN, FPN, and LN), 

with stronger effects in the left hemisphere networks compared to the right hemisphere 

DAN, FPN, and LN. This is consistent with the brain regions previously reported to be 

associated with Trial 5 of list learning tests in AD dementia (Wolk et al., 2011), namely the 

middle frontal gyrus and inferior parietal lobule (comprising the FPN), the temporal pole 

(anchoring the LN), and the MTL (anchoring the DMN). As has been previously posited, 

information that is maintained in working memory is more deeply encoded with the aid of 

conceptual representations and organization of information being encoded (Goldblum, et al., 

1998), processes that are supported by the LN and FPN (Andrews-Hanna, et al., 2010; 

Patterson, et al., 2007; Visser, et al., 2010). Critically, our whole-cortex surface exploratory 

results revealed associations between cortical thickness in the MTL in late learning, but not 

in early learning. These results are consistent with our prior findings in AD dementia which 

also demonstrated left hemisphere MTL atrophy in predicting Trial 5 but not Trial 1 

performance on the AVLT (Wolk, et al., 2011). These converging results emphasize our 

conclusion that performance on initial trials of memory tests depend more strongly on 

attention regulation and strategic encoding efforts, while the transfer of information to long-
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term memory stores, supported by MTL structures including the hippocampus, contributes 

to performance on later trials to a greater extent.

Delayed Recall is related to integrity of the hippocampus, frontoparietal network, and 
default mode network, while Retention is only related to the integrity of the hippocampus

Performance on the delayed free recall trial of the RAVLT was most uniquely associated 

with the left hemisphere hippocampal volume, with additional correlations observed with 

cortical thickness in the FPN and DMN. Our exploratory whole cortical surface results also 

reveal associations with medial parietal and MTL regions comprising the FPN and DMN. 

These results are consistent with the large body of literature demonstrating the important 

role of the MTL cortical regions and hippocampal volume in facilitating memory recall in 

AD (Kohler, et al., 1998; Petersen, et al., 2000; Squire, et al., 2004; Wolk, et al., 2011). Our 

findings extend this previous work by showing that in addition to the classic MTL structures, 

the goal-directed controlled retrieval demand that is intrinsic to delayed recall trials of verbal 

list learning paradigms also implicate the left hemisphere FPN and medial parietal regions of 

the DMN. This is consistent with and builds upon previous work implicating the lateral 

prefrontal regions in goal-directed retrieval of newly learned information (Gershberg & 

Shimamura, 1995; Sandrini, et al., 2003), as well as work highlighting the functional 

connectivity between the precuneus and posterior cingulate cortices and hippocampal 

memory network in supporting successful episodic memory (Greicius, Srivastava, Reiss, & 

Menon, 2004; Wagner, Shannon, Kahn, & Buckner, 2005; Wang, et al., 2010) and shows 

that the FPN and DMN are critical systems in supporting delayed free recall. When 

examining retention separately, controlling for goal-directed retrieval and learning (Delayed 

free recall divided by Trial 5 recall), left hemisphere hippocampal volume was the only 

morphometric measure that predicted performance, consistent with a large body of work 

supporting the critical nature of the hippocampus in memory storage/retention when initial 

learning is accounted for (Kramer, et al., 2004).

Clinical Implications

We demonstrated neuroanatomical dissociations between large-scale cortical networks 

supporting different stages of list learning performance in a group of highly educated 

individuals with amyloid- and tau- positive aMCI who are able to perform the RAVLT, 

which has implications for the interpretation of classic list learning test performance in the 

clinic (Figure 7). We targeted this selected sample to generalize our findings to the 

population of aMCI individuals who commonly present for clinical evaluation who are still 

able to complete standard list learning tests (i.e., not at floor levels), yet who carry 

biomarker evidence of AD pathology and who will likely progress to dementia over time. 

Rather than ascribe any impairment on list learning tests to MTL pathology, we sought to 

refine our understanding of how other cortical networks can contribute to performance on 

this test that relies on multiple cognitive processes and the networks that subserve them. For 

example, if a patient is impaired on early stages of learning and free recall, but demonstrates 

a positive learning curve with repeated exposure and demonstrates strong late learning and 

retention, one might conclude dysfunction of the DAN and FPN but sparing of DMN and 

hippocampal memory systems, as is the case in some atypical hippocampal-sparing 

presentations of AD such as posterior cortical atrophy (Putcha, et al., 2018), dysexecutive 
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AD (Dickerson, et al., 2011), and logopenic-variant primary progressive aphasia (Magnin, et 

al., 2013), as well as non-AD neurodegenerative processes such as behavioral variant 

frontotemporal dementia (Pasquier, Grymonprez, Lebert, & Van der Linden, 2001) and 

possible non-degenerative conditions such as stroke or focal cerebrovascular disease which 

may target specific cortical regions. Similarly, hippocampal dysfunction can be more 

confidently concluded if a patient demonstrates impairment in later learning stages (flat or 

low learning curve), as well as retention, rather than relying merely on reduced delayed 

recall performance, which may indicate frontoparietal dysfunction rather than MTL/

hippocampal dysfunction.

Strengths, Limitations, and Future Directions

Our study has several strengths including the large and well-defined cohort afforded by 

using the ADNI aMCI+, who fulfilled recently proposed research criteria for defining 

prodromal AD (A+/T+/N+) in that they were classified as positive for the presence of beta 

amyloid and phosphorylated tau protein (by CSF marker) and also positive for 

neurodegeneration as a group (Jack, et al., 2018). Further, we investigated a very commonly 

administered verbal list learning test to measure stages of episodic memory function 

(RAVLT) and used a data-driven approach to defining large-scale cortical networks of 

interest that are openly available and broadly utilized in neuroimaging research, allowing for 

replicability and generalizability across other studies of associations between network 

integrity and cognitive performance. However, some important limitations should also be 

addressed. Specifically, the prodromal AD cohort included in this study were quite mild 

(average MMSE = 27.7 ± 1.9) and very highly educated. As such, these individuals may not 

be representative of the more advanced aMCI+ individuals who are on the boundary of 

progression to AD dementia, nor of individuals who present with memory complaints from 

backgrounds of lower formal education. Additionally, our study of widely used scores from 

this common list learning test may illuminate the executive and lexical mechanisms that 

contribute to supraspan list learning abilities, but we do not offer any insights regarding the 

neuroanatomical bases of other aspects of memory, including source memory, temporal 

ordering, and sensitivity to interference. These topics would be important avenues of future 

investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Early stages of learning in aMCI+ were most strongly associated with cortical 

thickness in the dorsal attention network, and not with hippocampal volume.

• Late stages of learning in aMCI+ were most strongly associated with 

hippocampal volume, but also related to cortical thickness in the distributed 

cortical networks supporting attention, executive functions, and language.

• Delayed recall was associated most strongly with hippocampal volume and 

cortical thickness in the frontoparietal and default mode networks, while 

retention was associated only with hippocampal volume.

• These findings provide new insights into the cortical networks undergoing 

neurodegeneration in prodromal AD.
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Figure 1. aMCI+ patients have cortical atrophy in multiple large-scale cortical networks outside 
of the MTL systems.
Compared to age-matched biomarker-negative controls (CN-), whole-brain cortical 

thickness analysis of aMCI+ (A) revealed atrophy in regions comprising all four of the 

large-scale cortical networks (B) examined in this study. Large-scale cortical networks were 

defined using the Yeo atlas (Yeo et al., 2015), detailed in section 2.4. Significance threshold 

for t-test in (A) set to p<0.001.
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Figure 2. RAVLT performance in the entire aMCI+ group (n=338) revealed greatest impairment 
in Late Learning and Delayed Recall, compared to Early Learning or Retention.
Normed relative to the CN- group, aMCI+ performance on Late Learning (z-score = −1.33 

± 1.01) and Delayed Recall (z-score = −1.17 ± 0.90) were more impaired compared to Early 

Learning (z-score = −0.73 ± 0.77) and Retention (z-score = −1.08 ± 1.07). This aMCI+ 

group was inclusive of individuals who performed at floor levels on the delayed recall 

component of the RAVLT and who were more impaired on all other RAVLT trials as 

indicated in Supplementary Material Table 1. *indicates statistical significance at p <0.005. 

Error bars indicate ±1 standard error of the mean.
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Figure 3. RAVLT performance in the selected aMCI+ group (n=235) revealed greatest 
impairment in Late Learning compared to Early Learning, Delayed Recall, or Retention.
Normed relative to the CN- group, aMCI+ performance on Late Learning (z-score = −1.0 

± 0.99) was reduced compared to Early Learning (z-score = −0.59 ± 0.78), Delayed Recall 

(z-score = −0.78 ± 0.83) and Retention (z-score = −0.55 ± 0.87). There was no difference 

between Early Learning and Retention. This aMCI+ group was comprised of individuals 

who could perform all trials of the RAVLT above floor levels.*indicates statistical 

significance at p <0.005. Error bars indicate ±1 standard error of the mean.
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Figure 4. Partial correlation coefficients of RAVLT measures with hippocampal volume and 
cortical thickness across networks of interest, controlled for age, sex, and education.
LH = left hemisphere, RH= right hemisphere, Hippo = hippocampal volume / intracranial 

volume, DAN = Dorsal Attention Network, FPN = Frontoparietal Network, DMN = Default 

Mode Network, Lang = Language Network. Pearson’s r correlation coefficients written in 

bold italics indicates significance level of p< 0.005 (p <0.05 Bonferroni-corrected for 10 

comparisons), and unbolded italics indicates uncorrected p<0.05.
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Figure 5. Early Learning is associated with cortical atrophy in the DAN while Late Learning is 
also associated with atrophy in the DMN (including the MTL).
Exploratory whole cortical surface general linear models of (A) Early Learning and (B) Late 

Learning show different patterns of atrophy related to each of these stages of list learning, 

particularly in the MTL, where atrophy is only observed in association with Late Learning, 

with a significance threshold set at p < 0.0001. Follow-up hierarchical linear regression 

revealed that Early Learning was uniquely associated with atrophy in the left hemisphere 

DAN, while Late Learning was uniquely associated with left hemisphere hippocampal 

volume.

Putcha et al. Page 22

Neuropsychologia. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Delayed Recall is associated with cortical atrophy in FPN and DMN systems, while 
Retention is not associated with cortical atrophy but with hippocampal volume loss.
Exploratory whole cortical surface general linear models of Delayed Recall and Retention 

show different patterns of related atrophy, with (A) regions of the FPN and DMN associated 

with Delayed Recall performance and (B) anterior MTL associated with Retention, at a 

significance threshold set at p < 0.001. Follow-up hierarchical linear regression revealed that 

Delayed Recall and Retention were associated only with hippocampal volume (not shown on 

these cortical surface maps).
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Figure 7. Neuroanatomical dissociations across stages of verbal list learning.
Here we show a summary of our correlational results, depicting the dorsal attention network 

(DAN) as most strongly implicated in early learning stages of list learning tasks, the 

hippocampus as well as dorsal attention (DAN), frontoparietal (FPN), language (LN), and 

default mode (DMN) networks implicated in late learning, the hippocampus, frontoparietal 

(FPN), and default mode network (DMN) supporting delayed recall, and only hippocampal 

volume supporting retention.
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Table 1.
Demographic characteristics.

We present demographic characteristics of biomarker-negative cognitive normal (CN-) and biomarker-positive 

amnestic Mild Cognitive Impairment (aMCI+) groups, including the larger aMCI+ sample (n=338) inclusive 

of individuals who performed at floor levels, as well as the selected aMCI+ sample (n=235) of individuals who 

were able to perform the RAVLT adequately and who were the primary focus of the study.

CN- (N=158) aMCI+ (N=338) Selected aMCI+ (N=235)

Age 73.3 ± 5.9 73.4 ± 7.1 73.6 ± 7.3

Sex (Male/Female) 81/77 198/140 144/91

Education 16.6 ± 2.6 16.0 ± 2.8* 16.0 ± 2.8*

MMSE 29.0 ± 1.2 27.4 ± 1.9* 27.7 ± 1.9*

Global CDR All CDR 0 All CDR 0.5 All CDR 0.5

% APOE ε4 positive 16.4 65.1* 59.6*

*
indicates significant group differences between aMCI+ and CN- groups at p<0.05. MMSE = Mini Mental State Examination; ε4 = ε4 allele of the 

Apolipoprotein E (ApoE) gene. Means ± Standard Deviations are presented for continuous variables.
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Table 2.
Hierarchical linear regression demonstrates anatomical associations with RAVLT 
performance.

Regression coefficients (standardized beta), T-values, and significance (p) values are presented below for each 

of the four RAVLT stages (Early Learning, Late Learning, Delayed Recall, and Retention). Demographic 

variables of age, sex, and education were entered first, followed by anatomical correlates of interest from left-

hemisphere regions only due to our a priori hypotheses and attempt to reduce collinearity among independent 

variables.

RAVLT Stage Standardized Beta T Sig

Early Learning (z-score)

Age −0.81 −1.1 0.27

Sex 0.19 2.96 0.003

Education 0.17 2.65 0.009

LH DAN Thickness 0.41 2.97 0.003*

LH DMN Thickness −0.12 −0.84 0.40

LH FPC Thickness −0.20 −1.09 0.28

LH Language Thickness 0.10 0.67 0.51

LH Hippocampal Volume 0.13 1.65 0.10

Late Learning (z-score)

Age 0.11 1.58 0.12

Sex 0.22 3.7 0.0003

Education 0.23 4.03 0.00008

LH DAN Thickness 0.18 1.43 0.15

LH DMN Thickness −0.07 −0.52 0.60

LH FPC Thickness 0.15 0.91 0.37

LH Language Thickness 0.001 0.008 0.99

LH Hippocampal Volume 0.37 5.3 2.65×10−7*

Delayed Recall (z-score)

Age 0.17 0.02

Sex 0.08 2.30 0.21

Education 0.19 1.26 0.004

LH DAN Thickness −0.01 −0.01 0.92

LH DMN Thickness −0.01 −0.10 0.92

LH FPC Thickness 0.22 1.17 0.24

LH Language Thickness −0.03 −0.18 0.86

LH Hippocampal Volume 0.35 4.61 7.0 ×10−6 *

Retention (z-score)

Age 0.17 2.16 0.03*

Sex −0.05 −0.69 0.49
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RAVLT Stage Standardized Beta T Sig

Education 0.10 1.49 0.14

LH DAN Thickness −0.16 −1.08 0.28

LH DMN Thickness 0.03 0.19 0.85

LH FPC Thickness 0.24 1.24 0.22

LH Language Thickness −0.09 −0.52 0.60

LH Hippocampal Volume 0.26 3.24 0.001 *

*
indicates significance at a Bonferroni-corrected level of p< 0.005 accounting for the numerous covariates included in the model; significance 

noted only for measures of interest.
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