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Abstract
Dual-process theories posit that two separate processes are involved in recognition, namely recol-

lection and familiarity. Studies investigating the neuroanatomical substrates of these two

processes have frequently revealed that, while recollection is functionally linked with the hippo-

campus, familiarity appears to be associated with perirhinal and/or entorhinal cortices integrity.

Interestingly these regions are known to be sensitive to normal and neuropathological aging proc-

esses. The objective of this study was to examine the effects of aging on recollection and

familiarity performance, as well as to investigate associations with the rate of false alarms. In older

individuals, we further aimed to explore relationships between these recognition variables and

structural integrity of the hippocampus and the entorhinal and perirhinal cortices. Younger

(N556) and older (N559) adults were tested on a computerized recollection and familiarity task.

In a separate session, older adults (N556) underwent a structural MRI. Hippocampal, entorhinal

and perihinal cortices volumes were automatically segmented and then manually corrected to

ensure validity of the volumetric assessment. Regional volumes were normalized for total intracra-

nial volume. While the overall recognition performance did not significantly differ across groups,

our results reveal a decrease in recollection, together with an increase in familiarity in older adults.

The increase reliance on familiarity was significantly and positively associated with the rate of false

alarms. In the older adult sample, significant positive associations were found between recollection

estimates and normalized hippocampal volumes. The normalized total hippocampal volume

accounted for 25% of the variance in recollection performance. No correlation was found between

any recognition variables and perirhinal or entorhinal cortices volumes. Overall, our results suggest

that the age-related impairment in recollection is linked with reduced hippocampal structural

integrity.

K E YWORD S

aging, recollection, familiarity, structural neuroimaging

1 INTRODUCTION

Due to the aging of the population and rising rates of Alzheimer dis-

ease (AD), increasing efforts are made to develop tests allowing the

early identification of aging individuals at risk of cognitive decline and

dementia. Tests assessing recognition memory are often used in clinical

settings to detect early cognitive manifestations of AD in the aging

population. It has previously been demonstrated that recognition per-

formance is useful to predict individuals who will develop cognitive

deficits over time (Peters, Villeneuve, & Belleville, 2014; Rabin et al.,

2009). However, the sensitivity of these tests, and their accuracy in

predicting impending dementia, would benefit from further refinement.

According to dual-process models, familiarity and recollection are

two distinct and independent processes involved in the recognition of

previously encountered material. Recollection is defined as a type of

recognition that is accompanied with the retrieval of contextual details

associated with the encoding episode. Familiarity, on the other hand, is

perceived as recognition based on a sense, or a feeling of “knowing,”

that a stimulus has previously been encountered, despite the lack of

retrieval of contextual details associated with the encoding episode.
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Recollection is viewed as a more controlled and elaborate form of cog-

nitive process whereas familiarity is perceived as an automatic, rapid

and implicit process. Recollection and familiarity are believed to work

in a parallel and independent fashion to provide the global recognition

experience. The dual-process theory of recognition is well established

and has received a considerable amount of empirical support (see

Yonelinas, 2002, for a review). However, a debate on the exact nature

of recollection and familiarity and on the interplay between these two

processes continues (Donaldson, 1996; Dunn, 2004; Hirshman & Hen-

zler, 1998; Inoue & Bellezza, 1998; Smith, Wixted, & Squire, 2011).

Studies investigating neurobiological substrates of recollection and

familiarity suggest a functional dissociation of those two processes

within the medial temporal lobe. More precisely, familiarity has been

repeatedly associated with perirhinal/entorhinal areas whereas recol-

lection has been associated with the hippocampus. This dissociation

was highlighted in human lesion studies, which revealed selective defi-

cits in recollection, with relative sparing of familiarity, following hippo-

campal lesion (Bowles et al., 2010; Vann et al., 2009). In contrast,

selective deficits in familiarity, with sparing of recollection, were

observed following lesions to the perirhinal area (Bowles et al., 2007,

2010; Bowles, O’Neil, Mirsattari, Poppenk, & K€ohler, 2011). This disso-

ciation was further corroborated by functional magnetic resonance

imaging (fMRI) studies. Indeed, results from multiple studies have

shown an increased activation in hippocampal regions during the

encoding of items later recognized on the basis of recollection and

perirhinal activation during the encoding of items later recognized on

the basis of familiarity (Daselaar, Fleck, & Cabeza, 2006; Eldridge,

Knowlton, Furmanski, Bookheimer, & Engel, 2000; Ranganath et al.,

2004). Consistently, a meta-analysis indicated that, across multiples

fMRI studies, recollection was associated with hippocampal and para-

hippocampal activation during encoding or recognition (Diana, Yoneli-

nas, & Ranganath, 2007). On the other hand, perirhinal activation

frequently predicted familiarity, but rarely recollection performance.

Interestingly, regions that have been associated with recollection and

familiarity are among the first to be targeted by neurofibrillary tangles,

one of AD’s neuropathological hallmarks (Braak & Braak, 1991). More-

over, the presence of neurofibrillary tangles has been positively corre-

lated with the severity of cognitive deficits in AD patients (Arriagada,

Growdon, Hedley-Whyte, & Hyman, 1992; Braak & Braak, 1991,

1999). Taken together, these previous findings suggest that the assess-

ment of familiarity and recollection in the aging population might be of

great interest for the development of novel neuropsychological

markers for AD.

The results of a recent meta-analysis looking at the effects of nor-

mal and neuropathological aging on recollection and familiarity point

towards a decline in recollection with a preservation in familiarity-

based recognition in cognitively normal aging individuals, as compared

with young adults (Koen & Yonelinas, 2014). The hippocampus is sensi-

tive to the effects of aging and multiple studies have demonstrated

structural and functional impairment in the hippocampus of normally

aging individuals (Driscoll et al., 2003; Raz et al., 2005; Scahill et al.,

2003). The impairment in recollection observed in normal aging individ-

uals is therefore likely to be associated with reduction in structural and

functional integrity of the hippocampus occurring naturally in the

course of aging. Yet, very few studies have looked at relationships

between hippocampus volumes and recollection performance in aging

individuals. In a sample of cognitively normal aging individuals, Yoneli-

nas and colleagues (2007) highlighted a negative relationship between

age and hippocampal volume, which was in turn associated with recol-

lection performance. In the same study, they further provided evidence

for associations between entorhinal cortex volume and familiarity.

However, they did not look at correlations with perirhinal cortex, an

adjacent region that has frequently been linked with familiarity. A more

recent study by Wolk, Dunfee, Dickerson, Aizenstein, and DeKosky

(2011) also supports a double-dissociation between familiarity and rec-

ollection within the medial temporal lobe and showed that the left hip-

pocampal volume significantly predicted recollection performance in a

sample comprising cognitively normal aging individuals and individuals

diagnosed with mild cognitive impairment (MCI) or AD (Wolk et al.,

2011). On the other hand, the combined volume of extrahippocampal

medial temporal lobe structures, such as the entorhinal, perirhinal and

parahippocampal areas, was a stronger predictor of familiarity

performance.

Interestingly, despite well-documented impairments in hippocam-

pal functioning and reductions in recollection-based recognition,

many studies have outlined a preservation of the overall recognition

performance in cognitively normal aging individuals, as compared

with younger adults (Craik & McDowd, 1987; Fabiani & Friedman,

1997; Schonfield & Robertson, 1966). To explain this finding, we

have previously hypothesized that aging individuals rely on familiarity

at a greater extent than young individuals to sustain their recognition

performance, despite a reduced recollection (Schoemaker, Gauthier, &

Pruessner, 2014). We further suggested that the increased rate of

false alarms, or false recognition, frequently observed in aging individ-

uals might be related to this increased reliance on familiarity. To

define whether recollection and familiarity could be useful to differ-

entiate normal from pathological aging, studies are needed character-

ize associations between recollection, familiarity and false alarms, as

to obtain a better understanding of the recognition performance of

cognitively normal aging individuals. The relationship between the

dual-processes involved in recognition and structural integrity of

medial temporal lobe regions also needs to be investigated more

thoroughly.

In accordance with these needs, the objective of this article is to

investigate three main hypotheses related to familiarity and recollec-

tion performance in aging individuals. The first hypothesis is that

aging individuals rely on familiarity to a greater extent than young

adults to support their recognition. Second, we hypothesize that the

increased rate of false alarms frequently described in aging individuals

is related to an increased reliance on familiarity. These two first

hypotheses will be tested by comparing the performance of older

and younger adults on recognition paradigm. The final hypothesis

addressed in this article is that the decrease in recollection observed

over the course of aging is associated with a decrease in hippocampal
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structural integrity, but independent of entorhinal and perirhinal corti-

ces integrity. Accordingly, this last hypothesis will be investigated by

means of correlations with structural neuroimaging data acquired in

the older adults’ cohort.

2 MATERIALS AND METHODS

2.1 Participants

Sixty young adults (age range: 18–25 years) were recruited via the

research participant pool of the Psychology Department at McGill Uni-

versity and obtained 1% extra credit for an eligible course within the

Department as a result of their participation. Older adults were recruited

via advertisements in community newspapers targeting the aging popu-

lation to a fMRI study. To be included in this particular study, older

adults had to meet the following criteria: aged between 60 and 80 years,

MMSE score higher than 26, absence of current or past neurological,

psychiatric or severe medical conditions, no contra-indication for MRI,

no current or past history of substance abuse, no current medication

known to cross the blood brain barrier or alter cognitive functioning,

more than 12 years of formal education, and a score in the normal range

on the Geriatric Depression Scale (Yesavage et al., 1983) and Beck Anxi-

ety Inventory (Beck et al., 1988). A total of 68 older adults were included

in the study. Four aging individuals were excluded due to suspected cog-

nitive impairment, as indicated by their performance on standardized

cognitive tests. Four young adults and five older adults were further

excluded from the analysis because of performance suggesting a lack of

comprehension of task instructions (as indicated by an absence of var-

iance in responses or a hit rate lower than 0.50), leaving 56 young adults

(mean age: 20.38, SD 1.56) and 59 older adults (mean age: 66.97, SD

4.78) in the final cognitive analyses.

2.2 Procedures

The protocol of this study was reviewed and approved by the Douglas

Mental Health University Institute’s research ethics board. Young

adults’ subjects were tested in a single session, in which they were

asked to complete a computerized task aiming to quantify recollection

and familiarity. Older adults were tested in two separate sessions, the

first session consisting of a cognitive evaluation, starting with the com-

pletion of the computerized task to assess familiarity and recollection,

and the second session consisting of an MRI scan performed at the

Douglas Institute Brain Imaging Center. These two sessions were com-

pleted within a time interval of 4 weeks. All subjects were presented

with information pertaining to the research project and provided writ-

ten informed consent before the beginning of the study procedure.

2.3 | Evaluation of basic cognitive functions

Older adults underwent a cognitive test battery to allow exclusion of

individuals with cognitive impairments, as defined with a performance

lower than 1.5 standard deviations from the age-adjusted mean. The

tests administered included: (1) Mini-Mental Status Exam (Folstein, Fol-

stein, & McHugh, 1975); (2) Montreal Cognitive Assessment (Nasred-

dine et al., 2005); (3) Rey Auditory Verbal Learning Test (Schmidt,

1996); (4) letter (FAS) and category fluency (animals) (Tombaugh,

Kozak, & Rees, 1999); (5) Trail Making Test A and B (Reitan, 1992); (6)

Symbol-Digit Modality task (Smith, 1973); (7) Boston Naming Test

(Kaplan, Goodglass, & Weintraub, 1983); (8) Stroop Colour-Word inter-

ference Test (Golden & Freshwater, 2002); (9) Digit Span subtest of

the Wechsler Adult Intelligence Scale III (Wechsler, 1997) and (10)

Matrix reasoning subtest from the Wechsler Abbreviated Scale of Intel-

ligence II (Wechsler & Hsiao-Pin, 2011). Demographic and global cogni-

tive characteristics of older participants are summarized in Table 1.

2.4 Structural neuroimaging analysis

2.4.1 MR imaging

MR scans were acquired in older adults only. Scans were obtained on a 3-

Tesla Siemens Magnetom TrioTim scanner (Siemens Healthineers, Erlan-

gen, Germany), using a 32-channel head coil. A T1-weighted MRI scan

was collected for each participant using a sagittal volumetric magnetiza-

tion prepared rapid gradient echo (3DMP-RAGE) and the following acqui-

sition parameters: echo time (TE)52.98 ms, repetition time (TR)52,300

ms, flip angle of 98, field of view5256 mm, acquisition matrix5256 3

2563 176, voxel dimensions51.03 1.03 1.2. Out of the 59 aging indi-

viduals included in recollection/familiarity analyses, 3 were unable to com-

plete the MRI examination due to anxiety or discomfort. Consequently,

only 56 individuals were included in volumetric-based analyses.

2.4.2 Image pre-processing

Acquired T1 images were denoized (Coup�e et al., 2008, ) and corrected

for non-uniformity (Sled, Zijdenbos, & Evans, 1998). Images were sub-

sequently linearly registered to MNI standard space (Collins, Neelin,

Peters, & Evans, 1994). A visual quality control was performed to

ensure quality of the image preprocessing. None of the scan had to be

excluded due to poor preprocessing.

2.4.3 | Hippocampal, entorhinal and perirhinal volume

estimation

Pre-processed MPRAGE images were automatically segmented using a

previously described technique (Coup�e et al., , 2011). For each partici-

pant, automatically segmented hippocampal, entorhinal and perirhinal

TABLE 1 Summary of demographic and cognitive characteristics of
older adults participants

M SD

Age 66.97 4.78

M/F ratio 1.52 N/A

Education 15.12 2.54

MMSE 29.32 0.80

MoCA 27.23 2.16

Abbreviations: M5mean; SD5 standard deviation; M/F5male/female;
MMSE5mini-mental state examination; MoCA5Montreal cognitive
assessment.
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volumes were extracted and manually corrected by an expert in neuro-

anatomy, using previously published segmentation guidelines (Pruess-

ner et al., 2000, 2002). Intra-rater reliability of the manual correction

was assessed on the basis of 18 repeated segmentations. The reliability

was satisfactory, as indicated by intraclass correlation coefficients of

0.93 for hippocampus (HP) volumes, 0.91 for perirhinal cortex (PC) vol-

umes and 0.96 for entorhinal (EC) volumes. Finally, all volumes were

corrected for total intracranial volume, an approach previously recom-

mended to normalize volumes across different subjects and reduce

biases associated with brain size (Free et al., 1995; Whitwell, Crum,

Watt, & Fox, 2001). Results are reported for the right hemisphere

(rHP/rPC/rEC) volumes, the left hemisphere (lHP/lPC/lEC) volumes

and the total volumes (left1 right hemisphere volumes; tHP/tPC/tEC).

2.5 Quantification of familiarity and recollection

2.5.1 Procedure

Subjects were placed in front of a laptop computer (screen size: 17 inches,

resolution: 1,2803 800 pixels) and presented with the computerized task

programmed using SuperCard® software Version 4.72 (Solutions Etcetera,

2012, California, USA). To reduce situational variability, task instructions

were written on the screen. However, participants were encouraged to

refer to the experimenter if they needed any further instructions or clarifi-

cations. The task took between 20 and 30 min to complete.

2.5.2 Stimuli

Sixty-nine black and white neutral Caucasian faces were selected from

the FACES database (Ebner, Riediger, & Lindenberger, 2010). Of the

selected faces, 23 were used as targets during the first encoding condi-

tion, 23 were used as targets during the second encoding condition

and the remaining 23 faces were used as distractors during recognition.

Targets and distractors’ lists were equated for gender and age of pre-

sented faces.

2.5.3 Experimental paradigm

The experimental paradigm used in this study consists in a variation

the process dissociation procedure developed by Jacoby (1991). In

contrast with the standard process dissociation procedure, the current

paradigm allows the estimation of recollection and familiarity estimates

from a unique recognition phase. This type of variation was done in

previous studies aiming to quantify the contribution of recollection and

familiarity and using a dissociation framework (Smith & Knight, 2002;

Wilding & Rugg, 1997). A unique recognition trial has the advantage of

being simpler to understand, faster to administer and allows to avoid

certain methodological biases associated with different response biases

that may arise from different conditions.

In the encoding phase, participants were presented with a total of

46 faces in two separate conditions (23 faces per condition). Within

each encoding condition, faces were presented one at a time, in ran-

dom order, for 4 s and were separated by a 100 ms inter-stimulus

interval. In the first encoding condition, named the “blue condition,”

faces were presented on the right side of the screen on a blue back-

ground. For each face, participants were asked to answer the question

“Does this person look upset?” by clicking on either the “yes” or “no”

button on the screen. In the second encoding condition, named the

“red condition,” faces were presented on the left side of the screen on

a red background. This time, for each face, participants were prompted

to answer the question “Does this person look friendly?,” again by

clicking on either the “yes” or “no” button on the screen. These ques-

tions were meant to favor a deeper encoding and to provide an addi-

tional anchor for subsequent recognition. Participants were informed

that there was no right and wrong answer to these questions and

encouraged to answer on the basis of their subjective feelings. The

order of presentation of the two encoding conditions was counterbal-

anced across subjects, that is, half of participants were presented with

the blue condition first and the other half of participants were pre-

sented with the red encoding condition first.

The recognition task immediately followed the encoding proce-

dure. Participants were presented with the 46 faces studied during the

encoding phase as well as 23 new unseen faces (distractors). Each face

was presented one at a time in the center of the screen. The recogni-

tion was then performed in a two-step procedure. First, participants

were asked to judge whether the presented face was shown during the

encoding phase, regardless of the encoding condition, and to respond

by clicking on either the “new” or “old” button on the screen. Second, if

participants identified a face as being “old,” they were asked to deter-

mine whether it was shown in the “blue” or the “red” encoding condi-

tion. At this point, participants were reminded of contextual

differences between the two encoding conditions. To avoid biases

associated with guesses, participants were also given the option to

answer “don’t know.” Therefore, participants had to respond to the

contextual question by clicking on either the “red condition,” the “blue

condition” or the “don’t know” button on the screen. The recognition

was self-paced. Participants were given three practice trials (2 target

faces and 1 distractor, same for all participants) before starting the rec-

ognition task. Participants were encouraged to ask any questions if the

procedure seemed unclear. Following the completion of practice trials,

participants were presented with the remaining 44 targets and 22 dis-

tractor faces, in a randomized presentation order.

2.5.4 Quantification of responses and statistical analysis

Results from the computerized task were quantified as follow. The hit

rate (H) was defined as the proportion of faces correctly recognized as

being old. The false alarm rate (FA) was defined as the proportion of

new faces incorrectly categorized as being old. Recollection and famili-

arity scores were derived according to the framework proposed by

Jacoby (1991). In this experiment, the inclusion score (I) was defined as

the proportion of old faces correctly identified as being old. The exclu-

sion score (E) was computed as the proportion of hits associated with

either an incorrect source attribution or a “don’t know” response. As

described by Jacoby (1991), recognition responses contributing to the

inclusion score, I, can be supported by recollection, R, and/or familiar-

ity, F, (i.e., I5R1 F(1–R)). On the other hand, the exclusion score, E,

implies involvement of familiarity in the absence of recollection (E5 F

(1-R)). Thus, solving these equations allows the isolation of R and F vari-

ables: R5 (I–E) and F5 (E/(1–R)). Finally, to quantify the relative
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contribution of recollection to the overall recognition at the individual

level, a “recollection ratio” (RR) was computed using the proportion of

hits with correct source attribution (RH) relative to the overall hit rate

(Recollection ratio5RH/H). Statistical analyses were carried out using

IBM SPSS software version 20. An multivariate analysis of variance

(MANOVA) was used to compare the cognitive performance of young

subjects and older adults, using the group as the independent variable

(young vs older adults) and indexes of recognition performance as

dependent variables (hit rate, false alarm rate, recollection, familiarity

and recollection ratio). In older adults only, simple Pearson correlations

analyses were performed to investigate relationships between cogni-

tive performance on the recollection/familiarity task and medial tempo-

ral lobe volumes. Finally, multiple linear regression analyses were

conducted to define whether each medial temporal lobe volume was a

significant predictor of recollection or familiarity performance, together

with the covariates of age, gender and education.

3 RESULTS

3.1 Age-related differences in recollection and

familiarity: associations with false alarms

Results of the MANOVA contrasting the recognition performance of

young and older participants are presented in Table 2. The hit rate did

not differ between young and older adults (F50.39, p> .05). However,

there was a significant difference in the rate of false alarms between

groups (F516.70, p< .001). Young adults showed an increased recol-

lection estimate (F59.19 p< .01), and reduced familiarity estimate

(F54.27, p< .05), as compared with older adults. As indicated by a sig-

nificantly superior recollection ratio (F512.51, p5 .001), young adults

relied on recollection to a greater extent than older adults to support

their overall recognition performance. When assessing relationships

between recollection, familiarity and false alarms, Pearson correlations

indicated a significant positive association between familiarity esti-

mates and false alarm rates (r50.30, p5 .001). Recollection was not

significantly associated with the rate of false alarms (r520.08,

p> .05). When considering groups separately, correlations between

familiarity and false alarms remained significant in the older adult group

(r50.34, p< .01), but not in young adults (r50.06, p> .05). Further, in

the older adult group, the correlation between familiarity and false

alarms remained significant after controlling for age in a partial correla-

tion (r50.36, p< .01).

3.2 Recollection and familiarity in aging individuals:

relationships with medial temporal lobe structures

3.2.1 Associations between normalized regional volumes

and age

Pearson correlations were computed to assess the associations

between normalized hippocampal, entorhinal, and perirhinal volumes

and age. Age was significantly and negatively associated with normal-

ized hippocampal volumes (lHP: r520.47, rHP: r520.38, tHP:

r520.43; p< .01). Marginal correlations were observed between age

and the normalized volume of the left (lEC: r520.25, p5 .06), right

(rEC: r520.19, p> .05) and total (tEC: r520.24; p5 .07) entorhinal

cortex. Marginal correlations were also found between age and the

normalized volume of the left (lPC: r520.26, p5 .05), right (rPC:

r520.21, p> .05) and total (tPC: r520.25; p5 .06) perirhinal cortex.

3.2.2 Associations with normalized hippocampal volumes

Pearson correlations were computed to assess the associations

between performance on the recognition task and hippocampus integ-

rity, as estimated by normalized hippocampal volumes. A trend for sig-

nificance was found between the hit rate and the lHP (r50.26,

p< .10), rHP (r50.23, p< .10) and tHP (r50.24, p< .10) normalized

hippocampus volumes. The recollection estimate was positively and

significantly associated with the normalized volumes of the lHP

(r50.51, p<0.001), the rHP (r50.50, p<0.001) and the tHP

(r50.51, p<0.001). There was no significant correlation between

familiarity estimate and the right, left or total normalized hippocampal

volume (lHP: r50.07, rHP: r50.04, tHP: r50.06; p> .05). Similarly,

no significant correlation between hippocampal volume and false alarm

rates were found (lHP: r520.05, rHP: r520.01, tHP: r520.03;

p> .05). A multiple linear regression analysis was computed to predict

recollection performance based on age, education, gender and total

hippocampal volumes of older adult participants. The total hippocampal

volume was found to be the only significant predictor of recollection

TABLE 2 Summary of group performance on the recollection/famil-
iarity task

Young adults Older adults

M SD M SD F(1,113)

Hit rate/inclusion score 0.70 0.09 0.72 0.12 0.39

Exclusion score 0.36 0.09 0.44 0.13 12.23**

P(“DK” response) 0.14 0.12 0.18 0.18 1.88

P(Incorrect source
attribution)

0.23 0.09 0.26 0.10 3.51

False alarm rate 0.11 0.09 0.21 0.16 16.70***

Recollection estimate 0.34 0.10 0.27 0.11 9.19**

Familiarity estimate 0.55 0.12 0.61 0.16 4.27*

Recollection ratio 0.48 0.13 0.38 0.14 12.51***

Note. M5mean, SD5 standard deviation, Hit rate/Inclusion score—pro-
portion of correct recognition responses on the yes/no recognition task
(P Old/Old), Exclusion score—proportion of correct recognition responses
on the yes/no recognition task that are accompanied with a failure to
provide correct source attribution, divided into: P(“DK” response)—pro-
portion of “Don’t know” responses contributing to the exclusion score,
P(Incorrect source attribution)—proportion of recognition responses with
incorrect source attribution contributing to the exclusion score, False
alarm rate—proportion of new items incorrectly endorsed as being “old”
(P Old/New), Recollection and Familiarity estimates—estimates derived
from Jacoby (1991) process dissociation framework formulas, Recollec-
tion ratio—proportion of correct recognition responses with correct
source attribution relative to the total number of correct recognition
responses (P Correct source attribution/Hit), F-Fisher test indicating the
magnitude of differences between young and old adults.
*p< .05, **p< .01, ***p< .001.
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performance (b50.51, p< .001), while partial effects of age

(b520.001, p> .05), gender (b50.04, p> .05) and education

(b50.01, p> .05) did not significantly contribute to the model and

were excluded. A model including the total hippocampal volume as the

single predictor accounted for 25% of the variance (adjusted value) in

recollection (F(1, 54)519.11, p< .001). In a different regression model

to predict familiarity performance on the basis on age, education, gen-

der and total hippocampal volume of older adult participants, none of

the covariables were found to significantly predict familiarity and the

model was not significant (F(4, 51)50.44, p> .05).

3.2.3 Associations with normalized entorhinal cortex

volumes

No significant association was found between normalized entorhinal

cortex volumes and measures of recognition performance. More pre-

cisely, the hit rate was not significantly associated with entorhinal vol-

umes (rEC: r50.04, lEC: r50.05, tEC: r50.05; p> .05). Similarly, no

significant association was found with recollection estimates (rEC

r50.26, lEC r50.17, tEC r50.25; p> .05), familiarity estimates (rEC:

r520.04, lEC: r520.00, tEC: r50.02; p> .05) or false alarm rates

(rEC: r50.04, lEC: r520.18, tEC: r520.09; p> .05). When comput-

ing multiple linear regression analyses to predict recollection or famili-

arity performance based on age, education, gender and total entorhinal

cortex volume, none of the variables were identified as a significant

predictor of performance and both regression models were not sta-

tistically significant (recollection: (F(4, 51)51.19, p> .05; familiarity:

F(4, 51)50.39, p> .05).

3.2.4 Associations with normalized perirhinal cortex

volumes

When looking at correlations with normalized perirhinal cortex vol-

umes, no significant association was found with the overall hit rate

(rPC: r50.02, lPC: r50.14, tPC: r50.09; p> .05). Similarly, no signifi-

cant association was found with either recollection (rPC: r50.13, lPC:

r50.10, tPC: r50.12; p> .05) or familiarity estimates (rPC: r50.00,

lPC: r50.15, tPC: r50.08; p> .05). Correlations between perirhinal

volumes and false alarm rates also failed to reach statistical significance

(rPC: r520.00, lPC: r520.10, tPC: r520.06). When computing mul-

tiple linear regression analyses to predict recollection or familiarity per-

formance based on age, education, gender and total perirhinal cortex

volume, none of the variables were identified as a significant predictor

of performance and both regression models were not statistically sig-

nificant (recollection: F(4, 51)50.58, p> .05; familiarity: F(4, 51)5

0.49, p> .05).

4 DISCUSSION

In this article, we compared the recollection and familiarity perform-

ance of young and older adults. We also made associations with the

rate of false alarms. In older adults, we further investigated relation-

ships between these recognition variables and structural integrity of

the hippocampus as well as the entorhinal and perirhinal cortices.

Overall, we observed a decrease in recollection and increase in

familiarity-based recognition in older adults, as compared with young

adults. In older adults, familiarity, but not recollection, was significantly

and positively associated with the rate of false alarms. Significant posi-

tive correlations were found between recollection and hippocampal

volumes, suggesting that the decrease in recollection observed in older

adults is likely associated with a reduction in hippocampal structural

integrity. On the other hand, no relationship was found between recog-

nition performance and volumes of perirhinal or entorhinal cortices.

One of our initial hypotheses was that older adults rely on familiar-

ity at a greater extent than young adults to support their recognition.

Our results demonstrate that older and younger participants showed

an equivalent number of correct recognition (i.e. hits). However, as

compared with young adults, older adults showed a decrease in recol-

lection together with an increase reliance on familiarity. In accordance

with the present findings, results from a recent meta-analysis high-

lighted a recollection decrease in aging individuals (Koen & Yonelinas,

2014). An increase in familiarity in aging individuals has also previously

been reported in the literature. For example, Angel and colleagues

(2013) found that familiarity responses were more common in older

participants than in young participants, especially when the task was

simple (Angel et al., 2013). Using a facial recognition paradigm, Bastin

and Van der Linden investigated the frequency of “remember” and

“know” responses in young and aging individuals (Bastin & Van der Lin-

den, 2003). They demonstrated that, while recollection responses were

less frequent in older adults, the rate of familiarity responses was

increased. The authors further noted that the higher frequency of

familiarity responses in aging individuals was more evident in forced-

choice paradigms as opposed to yes–no recognition tasks. Nonethe-

less, there seems to be an important heterogeneity in results of studies

investigating familiarity performance in aging individuals (Koen & Yone-

linas, 2014). Methodological variability appears to account for some of

the disparity in results across studies. Consistently, it has already been

demonstrated that methodological aspects, such as the experimental

paradigm (Koen & Yonelinas, 2014) and stimulus-type (Belleville,

M�enard, & Lepage, 2011; Embree, Budson, & Ally, 2012), influence

performance in recollection and familiarity. It is also possible that other

factors, such as group differences in the level of risk factors for AD,

contributed to the observed variability in findings. Future studies are

therefore needed to better understand factors behind the important

discrepancy in results of studies investigating familiarity performance

in aging individuals.

A large body of evidence indicates that the recognition perform-

ance of aging individuals is characterized by an increased tendency for

false alarms (see McCabe, Roediger, McDaniel, & Balota, 2009;

Schacter, Koutstaal, & Norman, 1997 for reviews). Accordingly, our

results support an increased rate of false alarms in older adults, as com-

pared with young adults. In this article we aimed to define whether the

increased rate of false alarms often described in the aging population

was associated with an increased reliance on familiarity-based recogni-

tion. In older adults, our results indicate a significant positive correla-

tion between familiarity and false alarms. On the other hand, the false

alarm rate was not associated with recollection. Thus, false alarms
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seem to be related to an increased reliance on familiarity rather than a

decrease in recollection-based recognition. In the older adult group, the

positive correlation between false alarms and familiarity remained sig-

nificant after controlling for age. Interestingly, the correlation between

familiarity and false alarms was not significant in young adults. Previous

evidence suggests that the recognition performance of younger adults

is less affected by the perceptual similarity of the encoding material

(Schacter, Israel, & Racine, 1999). Indeed, Schacter et al. (1999) showed

that aging individuals are more prone to false alarms when confronted

with perceptually similar stimuli. They proposed that this was possibly

due to the fact that aging individuals tend to rely on a global and gen-

eral encoding strategy, that may be less effective when confronted

with stimuli of high perceptual similarity. As faces are highly similar at

the perceptual level, this type of stimuli likely provides little distinctive-

ness. Thus, it is possible that, in the present experiment, aging individu-

als are selectively disadvantaged because of the low distinctiveness

between stimuli, consequently leading to a greater rate of false alarms

and increased reliance on familiarity-based recognition. In turn, this

could also explain the lack of correlation between false alarms and

familiarity in young adults. However, to gain a better understanding of

this discrepancy, future studies should aim to replicate these findings

using material that allows better differentiation or distinctiveness

across stimuli.

The secondary aim of this study was to investigate relationships

between recognition performance and structural integrity of the hippo-

campus, entorhinal and perirhinal areas in older adults. Overall, our

results support positive associations between recollection and normal-

ized hippocampus volumes. In a regression model including age, educa-

tion, gender and hippocampal volume as variables, hippocampal

volume was found to be the only significant predictor, accounting itself

for 25% of the variance in recollection performance. These results are

consistent with the few previous articles that have investigated rela-

tionships between volumetric measures of medial temporal lobe

regions and the dual-processes of recognition and support an associa-

tion between recollection and hippocampal structural integrity (Wolk

et al., 2011; Yonelinas et al., 2007). The relationship between hippo-

campus and recollection has also frequently been highlighted in func-

tional neuroimaging studies (Daselaar, Fleck, Dobbins, Madden, &

Cabeza, 2006; Diana et al., 2007; Eldridge et al., 2000). Due to the

nature of our experimental task, our findings can also be paralleled

with the multiple reports demonstrating a link between the hippocam-

pus and associative or contextual memory (Daselaar, Fleck, Dobbins,

et al., 2006; Davachi, 2006; Sullivan Giovanello, Schnyer, & Verfaellie,

2004; Yonelinas, Hopfinger, Buonocore, Kroll, & Baynes, 2001). Hippo-

campus volumes did not significantly correlate with the hit rate, the

familiarity estimate nor the false alarm rate. Thus, recollection might

provide a more precise cognitive marker of hippocampal integrity than

these other measures of recognition performances.

No significant association was found between any recognition meas-

ures and two other studied medial temporal lobes regions, namely the

entorhinal and perirhinal cortices. This diverges from previous reports

supporting associations between structural integrity of these regions and

familiarity-based recognition. For example, Yonelinas and colleagues

demonstrated that, while the entorhinal region correlated more strongly

with recognition performance, the recall performance was associated

with the hippocampus (Yonelinas et al., 2007). These findings were inter-

preted as evidence for a functional double dissociation between the neu-

roanatomical substrates of recollection and familiarity. However, these

findings are difficult to contrast with the results of the present experi-

ment as they rely on a very different experimental method to estimate

recollection and familiarity performances. More precisely, recollection

and familiarity are assessed contrasting the recall and recognition per-

formance, a method associated with several limitations and likely to pro-

vide an imprecise portrait of recollection and familiarity (Yonelinas,

2002). In a different article, Wolk et al. investigated associations between

recognition performance and medial temporal lobe structural integrity in

non-demented older individuals as well as in patients with MCI or early

AD (Wolk et al., 2011). The results of their study highlighted a significant

decline in both recollection and familiarity in patients with MCI or AD in

contrast to control subjects. They further showed that the combined vol-

umes of the entorhinal, perirhinal and parahippocampal cortices signifi-

cantly predicted familiarity, but did not predict recollection performance.

The authors did not provide the predictive value of each extrahippocam-

pal region separately. A major distinction of the article from Wolk and

colleagues, as compared with this study, consists in the inclusion of

patients with objective cognitive impairments and AD. While hippocam-

pal integrity is sensitive to processes associated with normal and patho-

logical aging, some evidence suggests that the entorhinal and perirhinal

cortices are relatively spared during normal aging and specifically altered

in the course of AD (Raz, Rodrigue, Head, Kennedy, & Acker, 2004).

Accordingly, while the results of this study support significant and strong

negative correlations between normalized hippocampal volumes and age,

perirhinal and entorhinal volumes were less strongly associated with age,

with correlations of marginal significance. Familiarity-based recognition

has been previously linked to the integrity of the rhinal region (Bowles

et al., 2007, 2010), thus it can be expected to find familiarity impairments

in individuals with alterations in this brain area, such as individuals with

AD. The sample used in this study however only included aging individu-

als with no overt cognitive impairment. It is therefore possible that rhinal

alterations in these individuals were not pronounced enough to show

associations with familiarity performance. Thus, while the present results

do not support associations between entorhinal/perirhinal cortices vol-

ume and familiarity, it also does not exclude this possibility. Conse-

quently, more studies are needed in patients with documented brain

lesions to clarify relationships between familiarity and structural integrity

of rhinal region. Another possible reason behind the lack of correlation

between rhinal volumes and recognition performance consists in the ana-

tomical variability of these structures. The collateral sulcus, that impor-

tantly determines the anatomical characteristics of the rhinal areas, is

highly variable across individuals (Pruessner et al., 2002). Consequently,

the shape of the entorhinal and perirhinal cortices is more variable than

that of the hippocampus. The presence of bifurcations and/or interrup-

tions of the collateral sulcus will inevitably increase or decrease the vol-

ume of the entorhinal and perirhinal cortices, without necessarily
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reflecting pathological processes. In the context of cross-sectional

designs, the relevance of volumetric data in the investigation of entorhi-

nal and perirhinal atrophy is therefore possibly limited by the important

variability in shape associated with this area. Thus, other measures of

structural integrity, such as the cortical thickness, could potentially pro-

vide an interesting alternative to reduce the impact of perirhinal and

entorhinal shape variability. The investigation of associations between

recognition processes and other cortical regions could also be of great

relevance. Some models have previously suggested that age-related cog-

nitive impairments could be linked with a deterioration of the frontal

lobes and related cognition functions (Nyberg et al., 2010; West, 1996).

Previous studies have revealed impairments in recollection-based proc-

esses, including source monitoring and temporal ordering, in individuals

with prefrontal cortex lesions (Duarte, Ranganath, & Knight, 2005;

Janowsky, Shimamura, & Squire, 1989; Johnson, O’Connor, & Cantor,

1997; Shimamura, Janowsky, & Squire, 1990; Simons et al., 2002). Con-

sistently, in animals, lesions to the medial prefrontal cortex were found

to selectively disrupted recollection (Farovik, Dupont, Arce, & Eichen-

baum, 2008). However, these findings are not equivocal in the literature

and two studies suggest a preservation of recollection-based recognition

in patients with frontal lobe lesions (Aly, Yonelinas, Kishiyama, & Knight,

2011; MacPherson et al., 2008). Consequently, future studies should aim

to better characterize the influence of frontal lobes functional and struc-

tural integrity with regards to the age-related decline in recollection.

A few limitations of this study merit consideration. First, the neu-

roimaging data were only available in the older adults group and not

for younger subjects. Thus, the difference in performance of these two

groups on the recollection/familiarity task could not be linked with

structural differences in brain anatomy. Second, it is possible that the

observed positive association between familiarity and false alarms is

mediated by variations in recognition confidence. Indeed, a lower con-

fidence in recognition responses might lead to an increased reliance on

familiarity and/or an increase rate of false alarms. The inclusion of a

rating of confidence would have been informative and would have

allow to depict a more precise portrait of the interplay between these

different recognition variables. Finally, this study has been designed to

focus on dual-process theories rather than other conceptual models of

recognition. Thus, although the results of this study were interpreted

within a dual-process framework, we acknowledge that they could be

interpreted on the basis of different theoretical perspectives.

To conclude, the present results indicate that older adults tend to

rely on familiarity at a greater extent than young adults to support their

recognition judgment. The increase use of familiarity-based recognition

in older adults is positively associated with an increase in false alarms.

On the other hand, recollection was not associated with the rate of

false alarms. When investigating associations between medial temporal

lobe structures and recognition performance in older adults, the results

supported a positive association between recollection and normalized

hippocampal volumes. No association between recognition measures

and perirhinal or entorhinal cortices were observed, perhaps due to the

anatomical variability of these regions. At this point, the results of this

study suggest that recollection is a more precise marker of hippocam-

pal integrity than other typical measures of recognition performance,

such as the hit rate or the false alarm rate. Consequently, recollection

performance could provide a superior indication of aging individuals at

risk of developing AD.
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