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Abstract

Judgments of learning (JOL) pertain to introspective metamemory processes evaluating how well information is learned.

Using a functional magnetic resonance imaging (fMRI) task, we investigated the neural substrates of JOL predictions in a

group of 105 cognitively unimpaired older adults from the Harvard Aging Brain Study. Associations of JOL performance and

its neural correlates with amyloid-β (Aβ) and tau pathology, two proteinopathies associated with Alzheimer’s disease (AD)

and aging, were also examined. We found that trials judged as learned well relative to trials judged as learned less well

(high JOL> low JOL) engaged the ventromedial prefrontal cortex and precuneus, among other midline regions, in addition to

bilateral hippocampi. In this cohort of older adults, greater levels of entorhinal tau deposition were associated with

overestimation of memory performance and with lower fMRI signal in midline regions during predicted memory success.

No associations with Aβ were found. The findings suggest that tau pathology in unimpaired older adults may play a role in

altered metamemory processes. We discuss our findings in light of the hypothesis that JOLs are partially dependent on a
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process involving attempts to retrieve a correct answer from memory, as well as implications for clinical research

investigating unawareness of memory performance (i.e., anosognosia) in patients with AD dementia.

Key words: amyloid, fMRI, judgments of learning, metamemory, tau

Introduction

Metamemory refers to introspective knowledge of one’s own

memory capabilities. It includes self-monitoring ofmemory per-

formance, and it plays a crucial role in how people learn and use

memories. For example,metamemory helps one decidewhether

or not information is learned well enough for successful recall

at a later time. Active regulation of learning strategies (e.g.,

mnemonic techniques) and successful retrieval of information

rely on this type of self-monitoring, a process overall associ-

ated with greater memory performance (Schneider and Pressley

1989). As people age and experience memory decline, accurate

metamemory becomes increasingly important. A better under-

standing of the influence of normal aging on metamemory pro-

cesses would help clarify under which conditions older adults

do or do not accurately use introspective monitoring processes

to regulate learning.

Accuracy of self-monitoring processes can be ascertained by

using an often used method that involves asking an individual

to judge howwell theywill remember a set of particular items on

a future examination (Nelson and Narens 1990). This approach

is known as “judgments of learning” (JOL). While some stud-

ies have suggested that older individuals judge their learning

equally well as young adults (Rebok and Balcerak 1989; McDon-

ald-Miszczak et al. 1994; Connor et al. 1997; Emanuel Robinson

et al. 2006; Rast and Zimprich 2009), other studies report age-

related differences (Bruce et al. 1982; Connor et al. 1997; Tauber

and Dunlosky 2012). In particular, older adultsmay overestimate

their memory performance (Murphy et al. 1981; Bruce et al.

1982; Coyne 1985; Rebok and Balcerak 1989; Devolder et al. 1990;

Connor et al. 1997).More specifically, global predictions in which

people judge the total amount of items theywill subsequently be

able to recall appear to bemore affected by age than are item-by-

item predictions of the likelihood of subsequent recall (Connor

et al. 1997). Despite this growing body of work, the neural and

pathological correlates underlying JOL in older adults remain

unknown.

The neural substrates of JOL in healthy young individuals

comprise a network of regions (for a review see Fleming and

Dolan 2012) that includes the anterior cingulate cortex (ACC),

insula, precuneus, angular gyri, posterior cingulate cortex (PCC),

and ventromedial prefrontal cortex (vmPFC) (Kao et al. 2005; Do

Lam et al. 2012; Yang et al. 2015; Hu et al. 2017). Activity in the

medial PFC and posteromedial cortices has been shown to relate

to JOL functional magnetic resonance imaging (fMRI) task trials

of high predictions ofmemory success (i.e., higher JOL trials than

low JOL trials) (Kao et al. 2005; Do Lam et al. 2012; Yang et al.

2015). These findings indicate a potential role for these brain

regions in metacognitive judgments during learning. To date,

however, no fMRI study has yet measured the neural patterns

of activity related to JOL in cognitively intact older individuals.

Frontal and posterior midline regions are known to atro-

phy with greater age (Resnick et al. 2003; Raz et al. 2005) and

are considered hubs of accumulation for brain pathology such

as amyloid-β (Aβ) plaque deposits, a hallmark pathology in

Alzheimer’s disease (AD) (Braak and Braak 1991; Dickerson et al.

2009). Altered memory self-awareness, when assessed by cal-

culating the discrepancy between a subjective questionnaire

and objective memory task(s), has been previously shown in

cognitively normal older adults with increased Aβ pathology in

the association cortex, including posteromedial brain regions

(Vannini et al. 2017). Neurofibrillary tangles of tau, the other

major hallmark proteinopathy in AD, are more frequent in the

medial temporal lobe (e.g., hippocampus, parahippocampus,

and entorhinal cortex [EC]) in unimpaired older adults. The EC,

in particular, has been shown to be an early site of tau accu-

mulation in older adults with or without amyloid burden (Scholl

et al. 2016), with deposition extending to the hippocampus in

later stages (Braak and Braak 1996; Braak and Del Tredici 2015).

As accumulation of abnormal proteinopathies has been shown

to begin decades prior to overt cognitive impairment along the

AD trajectory (Sperling et al. 2011) and previous work has shown

early altered metamemory function even in cognitively intact

older adults (Vannini et al. 2017), a convergence between change

in metacognitive accuracy and pathology in midline frontal and

posterior regions is proposed. Yet, the explicit links between AD-

related pathological deposits (Aβ and tau) and function of brain

systems underlying metacognitive monitoring have not been

explored.

In this study, we sought to address these questions by con-

ducting an fMRI JOL task in a group of cognitively unimpaired

older adults. We focused on global JOL predictions for subse-

quent retrieval of items encoded during a face–name association

fMRI task. Based on the previous literature, we hypothesized

that while most older adults would overall accurately predict

their memory performance, some individuals would overesti-

mate their memory. We then sought to investigate the pattern

of brain activation during fMRI task trials of high JOL relative

to low JOL. Based on the previous findings in young individuals,

we hypothesized that older adults would engage a network of

regions during high JOL relative to low JOL thatwould include the

medial prefrontal and posteromedial cortex. Lastly, we sought

to examine the association between global JOL and JOL-related

neural activity with tau deposition in the EC and Aβ deposition

in the neocortex. Based on anatomic patterns of pathology and

regions associated with the JOL paradigm,we hypothesized that

overestimation of memory performance would be related to

increased levels of Aβ and tau pathology.

Materials and Methods

Participants and Behavioral Measures

This study included 105 healthy adults (66% females;Mage =76.04,

range: 65–92.75 years old) from the Harvard Aging Brain Study

(HABS) (Table 1). Written informed consent was obtained prior

to experimental procedures. Study protocols were approved and

conducted in accordance with the Partners Human Research

Committee at the Massachusetts General Hospital, Boston, MA.

Participants completed neurocognitive testing including the

Mini-Mental State Examination [MMSE (Folstein et al. 1975)], the

Clinical Dementia Rating [CDR (Morris 1993)], and the Logical

Memory Story—a 30-min delayed recall subtest of the Wechsler

Memory Scale (Wechsler 1987). All participants in the present

study were cognitively unimpaired as defined by a CDR of 0

and free of any active psychiatric or physical conditions per
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Table 1 Demographic and neuroimaging characteristics of study sample

Characteristic Valuea Range

Age (years) 76.04 (6.37) 65–92.75

Female, no. (%) 69 (66) NA

Hollingshead score 27.15 (15.29) 11–65

Race (%) (Asian/Black/White) 1/13/86 NA

Mini-Mental State Examination 29.29 (1.05) 25–30

APOEε4 carrier status, positive, no. (%) (n=97) 28 (29) NA

Total percent of high JOL (JOL1) 39.86 (22.56) 0–100

Total percent of hits 41.08 (21.32) 0–84.30

Absolute Accuracy memory self-appraisal (%) −1.22 (26.75) −52.00– 89.33

Entorhinal cortical FTP binding (n=90) 1.33 (0.34) 0.86–2.57

Amyloid status, high Aβ, no. (%) (n=99) 32 (32) NA

Neocortical PiB binding (n=99) 1.42 (0.44) 1.05–2.69

FTP to MRI absolute time (days) (n=91) 63.57 (57.90) 1.0–334.0

PiB to MRI absolute time (days) (n=91) 83.85 (137.90) 1.0–762.0

Note: APOEε4, apolipoprotein E ε4 allele.
aUnless otherwise indicated, mean (SD) is reported for 105 participants.

exclusionary criteria previously adjudicated in the HABS cohort

(Dagley et al. 2017).

MRI Data Acquisition

Data were collected using a Siemens 3-Tesla Tim/Trio MR

system with a 12-channel whole-head phased-array coil at

the Athinoula A. Martinos Center for Biomedical Imaging, in

Charlestown,Boston,MA.T1-weightedMPRAGE (magnetization-

prepared rapid gradient-echo) structural images were acquired

using a high-resolution sequence: 5.12 min acquisition time

(TA), 176 sagittal slices, 2300 ms repetition time (TR), 2.95 ms

echo time (TE), 900 ms inversion time (TI), 9◦ flip angle (FA),

270 mm field of view (FoV), 1.1×1.1×1.2 mm resolution,

and integrated parallel imaging (iPAT GRAPPA) acceleration

factor of 2. Task-related blood oxygen level–dependent (BOLD)

functional images were acquired using a T2∗-weighted gradient-

echo planar imaging (EPI) sequence: 159 volumes, 5.18 min

TA, 2000 ms TR, 30 ms TE, 90◦ FA, 192 mm FoV, 3×3×3 mm

resolution.

fMRI JOL Task Procedure

Participants underwent a fMRI task that involved encoding of

face–name associations with subsequent JOL ratings. A total of

75 face–name pairs consisted of face photographs paired with

a random fictional name in white font written underneath. The

common American names for each decade from 1910 to 1990

were derived from public lists on the Internet, similarly done

as in the previous work from our group (Sperling et al. 2001;

Sperling et al. 2003). Names varied such that not all names

began with the same letter, and there were approximately equal

amounts of female to male (38/37) gender stimuli. Each name

was randomly assigned to each face using in-house scripts.

Face–name pairs were presented in a pseudorandom order

for 2.75 s over 3 runs (5.7 min per run) in groups of 5, such that

25 faces were presented per run, and each face–name pair was

repeated twice within each run (second presentation displayed

within 15 s from the first presentation). Face–name pairs were

interleaved with fixation trials that consisted of a white cross-

hair presented in the middle of a black background. Halfway

through each run, participants were asked to indicate how well

they learned the name for each face by pressing either the

button under their index finger if they thought they “learned the

name well” (JOL1), the button under their middle finger if they

“did not learn the name well” (JOL2), or the button under their

ring finger if they “learned the name poorly” (JOL3). Accuracy

was ascertained under no time restriction outside the scan-

ner. During the multiple choice retrieval assessment performed

outside of the scanner, participants had three name choices to

pick from, along with a “don’t know” option—incorrect name

options were unique and not used in other parts of the task.

Participants completed a practice session prior to entering the

scanner and again inside the scanner immediately preceding

the task. In summary, in each run, participants viewed 25 face–

name pairs of stimuli presented in a pseudorandom order in

groups of 5 face–name pairs (see caption of Supplementary Fig.

1 for additional details of the design). Each of the 25 face–name

pairs was presented a total of 3 times during the run. The first

2 times they saw the stimuli, participants were asked to press

a button indicating a purely subjective decision about whether

the name was a good “fit” for the face or not. The run ended

with the presentation of all 25 face–name stimuli again while

participants indicated how well they encoded the stimuli (JOL).

The run ended with the presentation of all 25 faces (without the

names) while participants indicated how well they encoded the

stimuli (JOL).

An estimate of overall memory predictions known as

Absolute Accuracy was calculated by subtracting the percentage

of correct responses from the percentage of JOL1 predictions

(score of 0 indicating overall accurate memory self-appraisal,>0

indicating overall memory overestimation, and <0 indicating

overall memory under-estimation). Absolute Accuracy allows

for an assessment of the directionality of a metacognitive

deficit, specifically over- or underestimation of predictions of

memory success (Dunlosky and Lipko 2007; Sunderaraman and

Cosentino 2017), and has previously been demonstrated to be

sensitive to age-related differences (Connor et al. 1997).

fMRI Data Preprocessing

Functional data were preprocessed and analyzed using SPM12

(Wellcome Trust Centre for Neuroimaging, UCL, London: https://

www.fil.ion.ucl.ac.uk/spm/). The first 3 volumes of each run

were dropped to enable the analysis of only images collected

after magnetization equilibrium. The following preprocessing
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steps were performed: 1) slice-time correction; 2) motion cor-

rection using INRIA realignment (Freire and Mangin 2001; Freire

et al. 2002) without reslicing; 3) spatial normalization to the

Montreal Neurological Institute (MNI) EPI template image; 4)

resampling to 3 mm isotropic voxels; and 5) smoothing with

a 6 mm3 full-width at half-maximum Gaussian kernel. Bad

volumes were defined as any of the following: 1) spikes in the

data > 2.5 standard deviation (SD) of the average variation, 2)

movement > 0.75mmbetween TRs, or 3) rotation > 1.5◦ between

TRs. Fixation periods were not explicitly modeled.

Flortaucipir Positron Emission Tomography

Tau-positron emission tomography (PET) imaging data were

acquired on average 63.57 days [median=47, interquartile range

(IQR) = 16–95, minimum=1, maximum=334, days] from the MRI

visit. Tau pathologywasmeasured using fluorine 18-flortaucipir

(FTP) according to previously described methods (Johnson et al.

2016; Jacobs et al. 2018). FTP was acquired from 80 to 100 min

after a 9.0–11.0 mCi bolus injection in 4 × 5-min frames. PET

data were reconstructed and attenuation-corrected, and each

frame was evaluated to verify adequate count statistics and

absence of headmotion. To evaluate the anatomy of cortical FTP

binding, each individual PET dataset was rigidly coregistered to

the participant’s MPRAGE data using SPM12.

FreeSurfer (FS, v6.0) regions of interest (ROIs) were defined by

MRI and transformed into the PET native space. PET data were

partial volume-corrected (PVC) using the geometrical transfer

matrix (GTM)method as implemented in FreeSurfer (Greve et al.

2014). FTP-specific binding was expressed in FS ROIs in the

EC, combining left and right hemispheres, as the standard-

ized uptake value ratio (SUVr) using FS’s cerebellar gray ROI as

reference.

Pittsburgh Compound-B Positron Emission Tomography

Pittsburgh Compound-B (PiB)-PET imaging data were acquired

on average 83.85 days (median=41, IQR=14–84, minimum=1,

maximum=762, days) from the MRI visit. Aβ-deposition was

measured using PiB according to previously described methods

(Johnson et al. 2007). Using Logan’s graphical analysis method

(Logan 2000), PiB was calculated as retention expressed as a

distribution volume ratio (DVR) (Price et al. 2005) using a gray

matter cerebellum reference region and applying the GTM-PVC

(Greve et al. 2014). Neocortical PiB binding was quantified using

an aggregate PVC DVR from a set of FS ROIs that comprise

association cortices, including the frontal, lateral parietal, lateral

temporal, and retrosplenial (FLR) cortices (Hanseeuw et al. 2018;

Jacobs et al. 2018). Dichotomous high and low Aβ retention was

determined using a threshold value >1.32 to indicate high Aβ

as previously defined (Hanseeuw et al. 2017) using Gaussian

mixture modeling. A continuous measure of PiB binding was

used in the main analyses.

Data Analysis

The association of Absolute Accuracywith EC-FTP binding or PiB

binding was assessed in separate hierarchical multiple regres-

sion models controlling for age and sex. For the task-based fMRI

analysis, we used a general linear model as implemented in

SPM12. Face–name stimuli were categorized based on partic-

ipants’ responses during JOL trials, and individual statistical

models were constructed for JOL trials where the participant

responded they had learned the name well (JOL=1), and JOL tri-

als where they had learned the name poorly (JOL=3). Onsets for

these events were convolved with the SPM12 canonical hemo-

dynamic response function over trial durations. A fixed-effects

model was used to estimate subject-specific effects, and linear

contrasts were computed to generate subject-specific SPM(t)

contrasts representing statistical differences in brain activation

between JOL1 and JOL3 conditions (JOL1> JOL3).Models included

regressors for motion parameters, bad volumes, and a high-

pass filter (1/128 Hz). Automated quality control excluded any

imaging run that had >10 bad volumes, overall motion > 5 mm,

or overall rotation > 5◦.

A JOL1> JOL3 fMRI contrastwas conducted to identify regions

related to predicted learning success (higher JOL trials relative to

low JOL trials). ROI analyses were conducted using mean BOLD

signal from the max peak of clusters in the anterior cingulate,

medial prefrontal cortex, hippocampus, precuneus, posterior

cingulate, pallidum, and insula, extracted using 3 mm spheres

from a JOL1> JOL3 one-sided positive t-map. We used the False

Discovery Rate (FDR) and its analog, the q-value, to identify as

many significant comparisonswhile stillmaintaining a low false

positive rate (qFDR< 0.05, uncorrected P=0.002, t> 2.9, with an

extent threshold > 30 contiguous voxels). These regions were

included due to their previous implication inMRI studies of high

JOL (Kao et al. 2005; Do Lam et al. 2012; Yang et al. 2015). ROI

BOLD signal percent change was used in multiple regression

analyses with the BOLD signal from each 3 mm sphere entered

as a dependent variable and EC-FTP entered as a continuous

independent variable. Models were controlled for age and sex.

ROI models were corrected for multiple comparisons (α =0.05, 9

models, P-threshold=0.0056).

Results

Behavioral Results and Unadjusted Relationships

On average across all participants, 27.1 items were judged on

average as “learned well” (JOL1) during the JOL phase, 23.1 were

judged on average as “not learned well” (JOL2), and 17.17 were

judged on average as “learned poorly” (JOL3). It was necessary

for JOL ratings to be selected prior to the end of the MRI task

trial duration, and some responses were not captured during

this time window. There was an average 7.64 (SD=9.82) missing

JOL ratings across participants. There was a notable spread in

values in the Absolute Accuracy data, with an average Abso-

lute Accuracy of −1.22% (SD=26.75) and a range of −52% to

89.33%. Based on how Absolute Accuracy was operationalized,

the below zero mean average suggested a minor underestima-

tion of memory performance across the sample. Importantly,

Absolute Accuracy did not statistically differ from zero on a one-

sample t-test (t=−0.47, P=0.642), suggesting that metamemory

was overall accurate. Furthermore, greater percent of high JOL

ratings (JOL1) corresponded with greater percent of total hits

(r=0.26, P=0.008).

There were no unadjusted associations between Absolute

Accuracy and age (r=0.09,P=0.350), years of education (r=−0.04,

P=0.650), Hollingshead score (r=−0.03, P=0.757), or Logical

Memory Delayed Recall scores (r=−0.04, P=0.6734). In an

unadjusted linear model, sex was significantly associated

with Absolute Accuracy such that males exhibited greater

overestimation of memory than females (β =17.05%, P=0.002).

EC-FTP binding was correlated with Absolute Accuracy (r=0.22,

P=0.042) in an unadjusted model, such that greater EC-FTP tau

was related to greater overestimation of memory. There was a

trend-level unadjusted correlation between Absolute Accuracy
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Figure 1. Brain regions activated during greater predicted learning success.

BOLD signal percent change for JOL1 relative to JOL3 (JOL1> JOL3, qFDR<0.05,

uncorrected P=0.002, t>2.9). L, left; R, right.

Table 2 Entorhinal cortex tau and Absolute Accuracy memory
self-appraisal

Dependent variable: Absolute Accuracy (%)

A B C

Age β −0.19 −0.29

SE (0.46) (0.44)

P value 0.688 0.507

Sex β 17.74

SE (5.52)

P value 0.002∗∗

EC-FTP

binding

β 17.15 18.13 18.42

SE (8.29) (8.68) (8.25)

P value 0.042∗ 0.040∗ 0.028∗

Cohen’s f 0.220 0.224 0.241

Model

adjusted R2

0.036 0.026 0.120

Note: (A) Unadjusted linear regression estimates for a model examining the
association of EC-FTP binding with Absolute Accuracy. (B) Estimates for an
EC-FTP model predicting Absolute Accuracy while controlling for the effect
of age. (C) Estimates for an EC-FTP model predicting Absolute Accuracy while
controlling for age and sex effects. Statistics are reported as the estimate
coefficient (β), standard error (SE), and P value. ∗P<0.05.
∗∗P<0.01.

and PiB binding (r=0.17,P=0.086). EC-FTP tauwas not associated

with frequency of JOL1 (P=0.246), JOL2 (P=0.519), or JOL3 ratings

(P=0.536).

fMRI Correlates of JOL

A JOL1> JOL3 second-level contrast revealed greater activity in

frontal and temporoparietal regions for JOL1 trials relative to

JOL3 trials. Corrected results (qFDR< 0.05, uncorrected P=0.002)

are rendered in Figure 1 using SPM.

Absolute Accuracy and AD Pathology

Controlling for the effect of age and sex, EC-FTP binding

was related to Absolute Accuracy (β =18.42±8.25%/FTP-SUVr,

P=0.028, Cohen’s f =0.241), such that greater tau deposition

in this region was associated with overestimation of memory

performance (Table 2, Fig. 2). In this fully nested model, there

was also an independent contribution of sex as a predictor of

Absolute Accuracy (β =17.74±5.52%, P=0.002, Cohen’s f =0.344)

such that overestimation was related to the male group.

There was no association between neocortical PiB binding

and Absolute Accuracy (Table 3). When adding the nonsignif-

icant effect of PiB binding to our entorhinal FTP binding

model predicting Absolute Accuracy, we found that the

effect of entorhinal FTP binding was not significant when

both tau and PiB were in the same model predicting Abso-

lute Accuracy (entorhinal tau: β =13.49± 9.77%, P=0.171,

PiB: β =5.11± 7.28%, P=0.484). There were no interactions

between EC-FTP and PiB in predicting Absolute Accuracy

(not shown).

ROI Signal Change and AD Pathology

Previous reports in cognitively normal older adults suggest that

elevated levels of tau are related with decreased connectivity

(Sepulcre et al. 2017), an effect prominent in those with high PiB

FLR binding (Schultz et al. 2017). We conducted models using

the levels of entorhinal tau as the independent variable and

BOLD signal fromeach ROI during trials of high JOL as dependent

variables in separate models. Max peak MNI coordinates per ROI

can be found in Table 4.

Controlling for the effect of age and sex, associations were

found between EC-FTP binding and BOLD signal percent change

(contrast: JOL1> JOL3) in the left ACC (β =−0.84± 0.38%/FTP-

SUVr, P=0.029, Cohen’s f =0.261), precuneus (β =−1.50± 0.44%/

FTP-SUVr, P=0.001, Cohen’s f =0.395), vmPFC (β =−1.46± 0.48%/

FTP-SUVr, P=0.003, Cohen’s f =0.354), and right pallidum

(β =−0.58± 0.27%/FTP-SUVr, P=0.038, Cohen’s f =0.248), such

that higher levels of tau were related to lower neural activity

in these regions during predicted learning success (Table 5).

After correcting for multiple comparisons, EC-FTP showed an

association only with BOLD signal percent change in the vmPFC

and precuneus ROIs (Fig. 3).

Neocortical PiB did not relate to functional activity in any ROI

controlling for the same set of covariates (Supplementary Table

1). Investigating the potential additive effect of PiB FLR binding

on the Bonferroni-corrected ROI BOLD signal versus entorhinal

tau models (i.e., BOLD signal predicted by entorhinal tau, con-

trolling for age, sex, and PiB FLR binding), namely the vmPFC

and precuneusmodels,we found that while the effect of PiB was

not a significant predictor of either vmPFC or precuneus BOLD

signal during trials of high JOL relative to low JOL, entorhinal

tau remained a significant predictor of vmPFC and precuneus

BOLD signal above and beyond PiB (entorhinal tau vs. vmPFC

BOLD signal model: β =−1.74± 0.54%, P=0.002; entorhinal tau

vs. precuneus BOLD signal model: β =−1.66± 0.51%, P=0.002)

(Supplementary Table 2). There were no interactions between

EC-FTP and PiB on neural activity during memory self-appraisal

in any ROI (not shown).

Supplementary Models Examining Local Tau Effects
on JOL Activity

Lastly, we sought to explore local effects of tau on BOLD signal

during trials of high JOL relative to low JOL in the two BOLD ROIs

that survived Bonferroni-correction, the vmPFC and precuneus.

To that end,we conducted two post hoc linear regressionmodels

controlling for the effect of age and sex, one using FTP binding

from the FreeSurfer precuneus ROI as the independent vari-

able and precuneus ROI BOLD signal from the JOL1> JOL3 fMRI

contrast as the dependent variable, and a second model using
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Figure 2. Main effect of bilateral EC-FTP binding (left) or neocortical PiB binding (right) as independent continuous variables in models predicting Absolute Accuracy,

controlling for age and sex effects. EC-FTP tau significantly predicted Absolute Accuracy scores (β =18.42±8.25%/FTP SUVr, P=0.028, Cohen’s f =0.241) such that higher

EC-FTP was related with overestimation of memory. There was no association with PiB FLR binding (P=0.253). Shaded regions indicate the 95% confidence interval.

Table 3 Neocortical amyloid-β and Absolute Accuracy memory
self-appraisal

Dependent variable: Absolute Accuracy (%)

A B C

Age β 0.34 0.28

SE (0.44) (0.42)

P value 0.438 0.506

Sex β 17.53

SE (5.51)

P value 0.002∗∗

PiB FLR

binding

β 10.75 9.53 7.10

SE (6.20) (6.41) (6.17)

P value 0.086 0.140 0.253

Cohen’s f 0.176 0.152 0.118

Model

Adjusted

R2

0.020 0.016 0.101

Note: (A) Unadjusted linear regression estimates for a model examining the
association of PiB FLR binding with Absolute Accuracy. (B) Estimates for a PiB
FLR model predicting Absolute Accuracy while controlling for the effect of
age. (C) Estimates for a PiB FLR model predicting Absolute Accuracy while
controlling for age and sex effects. Statistics are reported as the estimate
coefficient (β), SE, and P value. ∗∗Significant P values are shown in bold.P< 0.01.

FTP binding from the FreeSurfer medial orbitofrontal ROI as

the independent variable and vmPFC ROI BOLD signal from the

JOL1> JOL3 fMRI contrast as the dependent variable. We found

that precuneus BOLD signal during high JOL trials relative to low

JOL trials was not related to precuneus FTP binding (P=0.218).

vmPFC BOLD signal during high JOL trials was also not related

to medial orbitofrontal FTP binding (P=0.067).

Discussion

This study investigated the neural correlates of JOL in a group of

cognitively unimpaired older adults and assessed functional and

behavioral relationships to entorhinal tau and Aβ deposition.

We found that older adults engaged a similar network of brain

regions during predicted memory success as previously shown

in young cohorts (Kao et al. 2005; Do Lam et al. 2012; Yang et al.

2015; Hu et al. 2017). In linewith previous findings,we found that

Table 4 Functional MRI activity in relevant ROIs during memory
self-appraisal

Max peak MNI

coordinates

Contrast x y z T/F Hemi Region

JOL1> JOL3 −9 38 23 5.31 L Anterior cingulate

12 44 14 4.20 R Anterior cingulate

3 −64 32 5.27 R Precuneus

−3 −44 17 4.63 L Posterior cingulate

−30 −22 −7 4.92 L Hippocampus

21 −13 −7 4.37 R Hippocampus

−6 53 −10 4.62 L vmPFC

24 −4 −1 4.20 R Pallidum

27 26 −4 4.34 R Insula

Note: Clusters of >30 contiguous voxels and qFDR<0.05 (uncorrected-P=0.002,
t>2.9) are reported.

while older adults overall accurately predicted their memory

performance, some individuals overestimated their memory.

This overestimation of memory performance was related to

greater tau pathology, suggesting a link between alterations

in metamemory processes and markers of AD, an effect not

entirely explained by age or sex. Moreover, increased pathology

was also related to decreased activation during trials of high

JOL, suggesting functional alterations in the network underlying

predicted memory success.

Spellman and Bjork (1992) described the JOL process as partly

based on the retrieval attempt of a to-be-judged item (Spell-

man and Bjork 1992). According to this hypothesis, the attempt

of trying to retrieve the correct answer during the judgment

ensures a high level of accuracy (Spellman and Bjork 1992).

Indeed, in our group of cognitively unimpaired older adults, we

found that a greater number of high judgments of learning (JOL1)

responses was related to overall increased accuracy on the task.

Furthermore, while entorhinal tau overall did not influence the

number of times individuals rated an item as low JOL or high JOL,

this pathology was associated with lower neural BOLD signal

during high JOL trials (Fig. 3). Moreover, tau was also related to

overestimation of memory performance (Fig. 2). We note that

JOL Absolute Accuracy is not fully interchangeable with our

fMRI BOLD contrast. Specifically, while the fMRI contrast of high
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Table 5 Entorhinal cortex tau and brain activity in ROIs during memory self-appraisal

Dependent variable: ROI BOLD % change

L ACC R ACC R Prec L PCC L Hipp R Hipp L vmPFC R Pall R Insula

Age β 0.01 0.01 0.01 −0.001 0.005 −0.01 0.003 −0.01 −0.01

SE (0.02) (0.01) (0.02) (0.03) (0.01) (0.01) (0.03) (0.01) (0.01)

P value 0.594 0.687 0.631 0.960 0.677 0.676 0.915 0.426 0.256

Sex β 0.04 0.11 −0.11 −0.29 −0.01 −0.15 −0.19 −0.15 0.02

SE (0.25) (0.19) (0.30) (0.36) (0.15) (0.18) (0.32) (0.18) (0.15)

P value 0.872 0.550 0.704 0.419 0.957 0.397 0.560 0.427 0.867

EC FTP β −0.84 −0.52 −1.50 −0.569 −0.30 −0.13 −1.46 −0.58 −0.41

Binding SE (0.38) (0.28) (0.44) (0.55) (0.22) (0.26) (0.48) (0.27) (0.22)

P value 0.029∗ 0.071 0.001∗∗ 0.301 0.182 0.623 0.003∗∗ 0.038∗ 0.069

Cohen’s f 0.261 0.214 0.395 0.122 0.158 0.06 0.354 0.248 0.216

Model

adjusted R2

0.026 0.010 0.104 −0.015 −0.016 −0.022 0.086 0.055 0.045

Note: The linear regression estimates for models examining the association of EC-FTP binding with BOLD signal from each separate ROI, controlling for age and sex
effects are shown. Prec, precuneus; Hipp, hippocampus; Pall, pallidum; L, left; R, right. Statistics are reported as the estimate coefficient (β), SE, and P value. ∗P<0.05,
∗∗P<0.01 in bold text, represents significance after Bonferroni correction for multiple comparisons (α =0.05, 9 models, P-threshold=0.0056).

Figure 3. Mean signal extracted using 3 mm spheres around peaks of clusters of BOLD signal percent change for a JOL1> JOL3 contrast (qFDR<0.05, uncorrected

P=0.002) was entered into linear regression models with signal modeled as the dependent variable and bilateral entorhinal cortex FTP binding as an independent

variable, controlling for age and sex. After correction for multiple comparisons (α =0.05, 9 models, P-threshold=0.0056), higher EC-FTP was related to % BOLD signal

change in the vmPFC (β =−1.46±0.48%/FTP SUVr, P=0.003, Cohen’s f =0.354) and right precuneus (β =−1.50±0.44%/FTP SUVr, P=0.001, Cohen’s f =0.395) for fMRI trials

of predicted learning success.

JOL trials is relative to activity in low JOL trials (JOL1> JOL3),

Absolute Accuracy only considers high JOL responses in relation

to overall accuracy. Our findingsmay nonetheless be interpreted

in the context of Spellman and Bjork (1992), such that increased

entorhinal tau deposition may influence the retrieval attempts

during JOL, which in turn may influence a downstream effect

leading to discordance in memory accuracy. The latter aligns

well with previous reports describing a relationship between

greater AD pathology and anosognosia (Perrotin et al. 2015; Van-

nini et al. 2017; Mondragon et al. 2019) along the AD pathophysi-

ologic process, suggesting that altered metacognition processes

might underlie this debilitating syndrome.

These results corroborate that activity in the medial pre-

frontal and posteromedial cortex is implicated in memory self-

appraisal in older adults. Medial prefrontal regions have long

been considered important for accurate self-appraisal (Luria

1972, 1973), and recent neuroimaging work using fMRI in young

adults has contributed to this growing body of evidence. For

example, in one of the first neuroimaging studies of JOL (Kao

et al. 2005), activity in the vmPFC in young healthy adults was

shown to relate to higher predicted memory success (i.e., higher

JOL trials than low JOL trials). In a separate study, items judged

as “will be remembered” (high JOL) relative to “will be forgotten”

(low JOL) were also related to stronger activity in the vmPFC

(Yang et al. 2015).

In a group of young adults, Do Lam et al. (2012) identified

the ACC and medial PFC as related to high JOL fMRI trials. In

the current study, the ACC region was also involved in predicted

memory success, andwe found associations between entorhinal

cortical tau deposition and BOLD signal in the ACC region. Those

associations, however, did not survive correction for multiple

comparisons. Other regions implicated in metamemory include

the right insula (Shany-Ur et al. 2014; Cosentino et al. 2015). In

the present study, we identified the right insula as a region also

related to JOL. A previous analysis also leveraging data from the

HABS found an association between entorhinal tau deposition

and right insulametabolism asmeasuredwith fludeoxyglucose-

PET imaging, an association not dependent on the levels of

amyloid pathology (Hanseeuw et al. 2017). We also found acti-

vation in the right pallidum. The pallidum has been implicated

in several studies investigating self-awareness (Fleming and

Dolan 2012; Shany-Ur et al. 2014; Cosentino et al. 2015), and

right lateralization of effects related to metamemory has been

noted in the AD literature (Sollberger et al. 2014; Cosentino et al.
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2015). Finally, we found that the left and right hippocampi were

implicated in trials of predicted memory success.

While tau deposition in the EC did not have an impact on

the judgment of learning itself (tau was not related to frequency

of high JOL or low JOL ratings), tau pathology in the EC had

a large effect size on precuneus BOLD signal during memory

prediction and a medium-to-large effect size on vmPFC activity.

The effect of tau deposition on high JOL-related neural activity

was distal, such that tau in the EC predicted lower BOLD signal

in the precuneus or vmPFC during trials of high JOL, while

tau in the precuneus did not have an effect on BOLD signal

in the precuneus and tau in the medial prefrontal cortex did

not have an effect on BOLD signal in the medial prefrontal

cortex either.We speculate that studies in individuals withmore

diffused tauopathy may find more clear associations between

local tauopathy and activity in these twometamemory hubs, the

precuneus and vmPFC.

Our findings of an association of entorhinal tau with activity

acrossmedial PFC and precuneus ROIs during predictedmemory

success are noteworthy given how densely connected these

medial frontal/parietal areas are to other cortical and subcor-

tical regions. For example, clinical studies have demonstrated

that reducedmemory self-awareness is associated with reduced

metabolism (Hanseeuw et al. 2017) and reduced intrinsic con-

nectivity between the PCC and orbitofrontal cortex in patients

with MCI (Vannini et al. 2017) and AD dementia (Perrotin et al.

2015). Functional connectivity between the PCC and medial PFC

has in fact been shown to be disrupted in cognitively normal

older individuals harboring greater levels of amyloid burden

(Hedden et al. 2009). In a study by Bertrand et al. (2018) inves-

tigating the feeling-of-knowing process, another metamemory

process that changes with age (Souchay et al. 2007; Morson et al.

2015), reduced item level, and global FOK accuracy were related

to lower cortical thickness in the mPFC and posteromedial cor-

tex in a heterogeneous sample of healthy and mildly impaired

individuals (Bertrand et al. 2018), suggesting that compromised

metamemorymay be related to functional connectivity between

these two regions within the context of default mode network

integrity. In the current study,we investigated global metamem-

ory predictions in a sample of cognitively unimpaired individ-

uals, and it may be that deficits in both item level and global

metamemory may be more apparent in an enriched study sam-

ple like the one found in the study by Bertrand et al. (2018). Taken

together with previous findings, we speculate that the distal

effect that entorhinal tau had in the current studywith the func-

tional network underlying the high JOL process may be related

to compromised cortical thickness and functional connectivity

between areas implicated in reduced self-awareness.

In an adjudicated healthy sample of older adults from the

HABS, we found that males were more likely to overestimate

their memory than females, despite more females having par-

ticipated in the study. In a study of personality and metacogni-

tion, Colvin et al. (2018) found that men were also more likely

to be overconfident than women. While in the current study

we used Absolute Accuracy as our measure of metacognitive

accuracy within an fMRI task, Colvin et al. (2018) compared two

separate neuropsychological battery scores with one another to

determine degree of over, under, or accurate self-assessment.

Despite differences in our sample characteristics and way of

operationalizing metamemory accuracy, our study aligns well

with the finding from Colvin et al. Interestingly, the effect of sex

in the current study was only significant in themodel predicting

Absolute Accuracy, and it was not a significant predictor of

neural activity in the vmPFC or precuneus during trials of high

JOL. This suggests varying degrees of influence between sex and

neural signal during trials of high JOL versus sex and overall

Absolute Accuracy on the fMRI task.

Our findings in this sample of cognitively unimpaired older

adults highlight a possible association of memory self-appraisal

and tau deposition in an early site of tauopathy in aging and AD.

This finding is intriguing, as deficits in memory self-appraisal

have been found across the AD continuum (Zanetti et al. 1999;

Wilson et al. 2015; Turro-Garriga et al. 2016), and evidence of

these kinds of deficits have been shown to predict progression

onset of dementia (Munro et al. 2018). Future studies in older

adults with and without memory impairment in whom amyloid

and tau propagation are assessed over time in relation to JOL

are encouraged to help ascertain how propagation of pathology

across the cortical mantle tracks with measurements of pre-

dicted memory success.

Limitations

While the Goodman–Kruskal gamma coefficient has been used

in numerous studies of metamemory as a measure of item-by-

item (relative) predictions,herewe opted to use Absolute (global)

Accuracy as our measure of choice. This was based on previ-

ous findings in older adults who overestimate their memory

performance (Murphy et al. 1981; Bruce et al. 1982; Coyne 1985;

Rebok and Balcerak 1989; Devolder et al. 1990; Connor et al.

1997). Additionally, the direction of deviation of predictions is

not provided by the Goodman–Kruskal gamma statistic, and it

has been postulated that the gamma statistic may be prone to

response bias and may lead to erroneous interpretations of JOL

accuracy (Nelson 1996; Masson and Rotello 2009; Sunderaraman

and Cosentino 2017). Connor et al. (1997) also presented findings

to suggest that age is more related to absolute than relative

metamemory accuracy.

Conclusions

To our knowledge, this is the first study to investigate the func-

tional and pathological correlates of JOL in unimpaired older

adults. Older adults engaged a network during JOL predictions

that included the medial prefrontal and posteromedial cortex,

and overestimation ofmemory was related to greater entorhinal

tau deposition but not neocortical Aβ pathology. These obser-

vations link deposition of tau pathology with alterations in

metamemory processes. In doing so, these findings add to the

discussion of metamemory in older age by demonstrating a

possible pathological basis for overestimation of memory per-

formance in older individuals.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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