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There is great interest in the development of cognitive markers that differentiate ‘‘normal’’ age-associated
cognitive change from that of Alzheimer’s disease (AD) in its prodromal (i.e., mild cognitive impairment;
MCI) or even preclinical stages. Dual process models posit that recognition memory is supported by the
dissociable processes of recollection and familiarity. Familiarity-based memory has generally been
considered to be spared during normal aging, but it remains controversial whether this type of memory
is impaired in early AD. Here, we describe ﬁndings of estimates of recollection and familiarity in young
adults (YA), cognitively normal older adults (CN), and patients with amnestic-MCI (a-MCI). These measures
in the CN and a-MCI patients were then related to a structural imaging biomarker of AD that has previously
been demonstrated to be sensitive to preclinical and prodromal AD, the Cortical Signature of AD (ADsig).
Consistent with much work in the literature, recollection, but not familiarity, was impaired in CN versus YA.
Replicating our prior ﬁndings, a-MCI patients displayed impairment in both familiarity and recollection.
Finally, the familiarity measure was correlated with the ADsig biomarker across the CN and a-MCI group, as
well as within the CN adults alone. No other standard psychometric measure was as highly associated with
the ADsig, suggesting that familiarity may be a sensitive biomarker of AD-speciﬁc brain changes in
preclinical and prodromal AD and that it may offer a qualitatively distinct measure of early AD memory
impairment relative to normal age-associated change.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The ‘Dual Process Model’ proposes that recognition memory may
be subserved by the dissociable processes of recollection and
familiarity (Brown & Aggleton, 2001; Eichenbaum, Otto, & Cohen,
1994; Jacoby, 1991; Mandler, 1980; Yonelinas, 2002). Recollection is
conceived as reﬂecting conscious, contextual retrieval of a prior
episode or event, while familiarity is described as an acontextual
sense of prior exposure. Data in support of this conceptualization
include lesion and functional (e.g., single unit recordings, fMRI)
studies in animals and humans that have suggested that these
processes are differentially represented within medial temporal lobe
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(MTL) structures (Bowles et al., 2007; Brown, Warburton, &
Aggleton, 2010; Diana, Yonelinas, & Ranganath, 2007; Fortin,
Wright, & Eichenbaum, 2004; Wolk & Dickerson, 2011; Wolk,
Dunfee, Dickerson, Aizenstein, & DeKosky, 2011; Yonelinas et al.
2002). Computational models have provided additional support for
such dissociations (Norman, 2010; Norman & O’Reilly, 2003).
Speciﬁcally, the hippocampus has been linked to recollection while
surrounding anterior extrahippocampal MTL, particularly the perirhinal (PRC) and lateral entorhinal (ERC) cortices, are thought to
support familiarity (Bowles et al., 2007; Ranganath, 2010; Wolk &
Dickerson, 2011; Wolk et al., 2011; Yonelinas et al., 2007). However,
the dual process model and these anatomic mappings are not
without controversy (Wixted, Mickes, & Squire, 2010).
Alzheimer’s disease (AD) is a progressive neurodegenerative
condition usually characterized by an early amnestic syndrome
and associated with deposition of ﬁbrillar amyloid-b (Ab) plaques
and neuroﬁbrillary tangles (NFT) composed of hyperphosphorylated
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tau protein. While Ab deposition may represent an antecedent
event in AD pathophysiology, NFT’s are more tightly correlated
with synapse and neuron loss, as well as clinical severity
(Arriagada, Growdon, Hedley-Whyte, & Hyman, 1992; GomezIsla et al., 1997). This pathologic process is thought to precede
clinical diagnosis of AD by years, if not decades. Based on the
notion that disease modifying medicines are likely to be most
effective and desirable before signiﬁcant neurodegeneration,
there has been increasing interest in diagnosis at the prodromal
(i.e., mild cognitive impairment, MCI) or preclinical stages of
disease (Albert et al., 2011; Sperling et al., 2011). The latter stage
is an emerging construct in the ﬁeld and is deﬁned on the basis of
biomarker evidence of AD pathology in cognitively normal
individuals.
A major challenge to the ﬁeld has been the development of
cognitive measures sensitive and speciﬁc to the consequences of
this early pathology in the context of ‘normal’ age-associated
memory decline (Buckner, 2004; Park & Reuter-Lorenz, 2009).
While quantitative differences between age-associated decline
and early AD become apparent as the disease progresses, it is also
possible that there are qualitative differences in the nature of
memory loss. Prior work has supported the notion that
recollection-based memory is impaired in normal aging, but that
familiarity is spared (Davidson & Glisky, 2002; Howard, BessetteSymons, Zhang, & Hoyer, 2006; Jacoby, 1999; Jennings & Jacoby,
1997; Light, Patterson, Chung, & Healy, 2004; Parkin & Walter,
1992; Yonelinas, 2002). Interestingly, the earliest regions of NFT
burden in AD are the PRC followed by ERC, prior to direct
involvement of the hippocampal formation (Braak & Braak,
1991; Delacourte et al., 1999). Based on the anatomic mappings
of the dual memory processes described above, this would suggest
that familiarity-based memory should be particularly sensitive to
these early AD pathologic changes. Thus, measures of the integrity of
familiarity offer a potentially sensitive and speciﬁc measure to early
AD-related NFT pathology and may be useful marker in preclinical
and prodromal phases.
Consistent with this notion, we and others have reported
decrements in familiarity in MCI patients relative to agematched controls (Algarabel et al., 2009; Ally, Gold, & Budson,
2009; Embree, Budson, & Ally, 2012; Wolk, Signoff, & Dekosky,
2008); however, this has not been a universal ﬁnding (Hudon,
Belleville, & Gauthier, 2009; Serra et al., 2010; Westerberg
et al., 2006). Here, we investigate the sensitivity of this
measure relative to recollection to the neurodegeneration
(i.e., brain atrophy) associated with preclinical and prodromal
AD. We ﬁrst verify that recollection is relatively selectively
impaired in normal aging, but that both recollection and
familiarity are impaired in those with likely prodromal AD
(i.e., MCI). Second, we determine whether either of these
memory measures is correlated with AD-related neurodegeneration along the continuum from normal aging to MCI. In
particular, we test the hypothesis that the familiarity measure
is sensitive to evidence of preclinical AD in the cognitively
normal group. For the latter analyses we will use a structural
MRI biomarker, the ‘‘cortical signature of AD’’ (ADsig), which
we have previously demonstrated to be sensitive to early AD
and, in cognitive normal adults, to the presence of the molecular pathology of AD, either based on cerebrospinal ﬂuid
measures or amyloid imaging, and the likelihood of cognitive
decline and/or progression to AD (Dickerson & Wolk, 2012;
Dickerson et al., 2009, 2011). The ADsig is composed of a set of
nine regions of interest (ROIs) that were deﬁned in a data
driven manner based on the analysis of several datasets, rather
than traditional anatomic boundaries. These regions represent
the areas with the largest effect size in comparison of patients
with mild AD relative to cognitively normal adults (Dickerson
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et al., 2009). The mean of these regions constitutes a powerful
summary measure that accounts for heterogeneity in distribution of disease pathology, individual differences in premorbid
structure, and noise inherent in measuring individual ROIs and,
thus, is an important approach to validating the sensitivity of
the experimental measures to the presence of early AD neurodegeneration. Finally, we will compare these experimental
measures to standard psychometric tests in their relationship
to the AD signature biomarker.

2. Materials and methods
2.1. Participants
50 cognitively normal (CN) older adults and 32 patients with amnestic-MCI
(a-MCI) were recruited from the Penn Memory Center/Alzheimer’s Disease
Center (PMC/ADC). Patients with a-MCI were diagnosed following the criteria
described by Petersen (2004). All patients underwent extensive evaluation by a
neurologist, geriatric psychiatrist, or gerontologist including physical and
neurological exam, history from both patient and informant, and psychometric
testing as described by the National Alzheimer’s Coordinating Center (NACC)
Uniform Dataset (UDS) (Davidson, Anaki, Saint-Cyr, Chow, & Moscovitch, 2006).
Diagnoses were determined by a consensus conference whose members
included experienced clinicians at the PMC/ADC. While formal cutoffs of
psychometric testing were not applied, generally, patients were greater than
1.5 standard deviations below the norm on at least one standard memory
measure to qualify for a-MCI status. Inclusion criteria included age between 55
and 85, 4 7 years education, and English speaking at an early age. Participants
were excluded if they had a history of clinical stroke, traumatic brain injury,
alcohol or drug abuse/dependence, prior electroconvulsive therapy, and any
signiﬁcant disease or medical/psychiatric condition that was felt to impact
neuropsychological performance.
An additional 25 CN adults and 21 a-MCI patients recruited from the
University of Pittsburgh Alzheimer’s Disease Research Center (ADRC) and
evaluated in a highly similar manner to the University of Pennsylvania cohort
were included for behavioral analysis. Most of these patients were participants in
a prior study using the same memory paradigm (Wolk et al., 2008). Finally, 18
young adults (YA) were recruited through advertisements on the University of
Pennsylvania campus (data from 1 YA was not included due to very poor
performance). The study was approved by the Institutional Review Board of the
University of Pennsylvania.
2.2. Standard and experimental cognitive measures
The following standard psychometric measures were obtained and analyzed for the purpose of the present study: (1) Mini-Mental Status Exam
[MMSE; (Folstein, Folstein, & McHugh, 1975)]; (2) consortium to establish a
registry for Alzheimer’s disease (CERAD) word list memory test (Morris et al.
1989); a 10-word memory test that includes 3 immediate memory trials, a
delayed recall trial, and recognition memory; (3) category ﬂuency [animals;
(Spreen & Strauss, 1998)] (4) trail making test A and B (Reitan, 1958); (5) a 30item version of the Boston naming test [BNT; (Kaplan, Goodglass, & Weintraub,
1983)]; and (6) digit span subtest of the Wechsler Adult Intelligence Scale III
(Wechsler, 1997).
2.3. Experimental paradigm
All participants completed an experimental measure to estimate recollection
and familiarity. This task is a variation of the process dissociation procedure and
has been described in detail previously (Wolk et al., 2008). Brieﬂy, at study,
unrelated word pairs were presented and participants were asked to form a
mental image of the referents of the two words and decide which is larger in size
in a self-paced manner. At test they were shown intact pairs, rearranged pairs in
which each word was previously studied but with a different associate, and novel
pairs in which neither word was previously studied. They were instructed to make
an ‘‘Old/New’’ decision, but to only endorse intact pairs as ‘‘Old.’’ The rearranged
pairs produce a condition in which recollection opposed familiarity. As each word
of the rearranged pair had been studied previously, these items would be
associated with familiarity, driving the subject to incorrectly endorse the pair as
‘‘Old.’’ However, the contextual retrieval of recollection would allow the subject to
recall that the words had a different associate at study and correctly endorse the
pair as ‘‘New.’’
Based on the rate of ‘‘Old’’ endorsements for these classes of items, estimates
of recollection (R) and familiarity (F) can be calculated based on the following:
R¼ probability(intact)–probability(rearranged); F¼ probability(rearranged)/(1-R).
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To account for differences in base rates of false alarms (‘‘old’’ responses to novel
pairs), familiarity was calculated using a measure of discrimination (d0 ) derived
from signal detection theory (Davidson et al., 2006; Yonelinas, Regehr, & Jacoby,
1995).
2.4. MRI imaging and analysis
MRI scans were acquired on a 3T Siemens TrioTM scanner at the Hospital of the
University of Pennsylvania using an 8-channel array coil in a subset of the above
patients (34 CN, 29 MCI). For the cortical thickness analysis, the following
sequence was acquired: a T1-weighted gradient echo MRI (MPRAGE) (TR/TE/
TI¼ 1600/3.87/950 ms, 151 ﬂip angle, 1.0  1.0  1.0 mm3 resolution, acquisition
time 5:13 min). One CN participant’s scan was discarded due to poor image
quality.
T1 image volumes were examined quantitatively by a cortical surface-based
reconstruction and analysis of cortical thickness. The general procedures for this
processing method have been described in detail and applied and validated in a
number of publications, and the technical details can be found in these manuscripts (Dale, Fischl, & Sereno, 1999; Fischl & Dale, 2000; Fischl et al. 2002; Fischl,
Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale, 1999; Fischl et al. 2004). The
‘‘cortical signature of AD’’ is derived from a set of regions deﬁned in a data driven
manner based on analysis of several mild AD datasets (Dickerson et al., 2009), as
opposed to being determined strictly by anatomic boundaries and include
portions of the following regions: rostral medial temporal cortex, rostral inferior
temporal gyrus, temporal pole/anterior temporal lobe, angular gyrus, supramarginal gyrus, superior parietal lobule, precuneus, superior frontal gyrus, and inferior
frontal sulcus/caudal middle frontal gyrus. The mean thickness of these bilateral
regions constitutes the ‘‘cortical signature of AD’’ biomarker (ADsig) that has
previously demonstrated sensitivity to preclinical AD based on molecular measures for the presence of beta-amyloid (Aß) plaques, a hallmark pathologic feature
of AD, or eventual development of clinical AD (Dickerson & Wolk, 2012; Dickerson
et al., 2009, 2011).
2.5. Statistical analysis
Statistical analyses were performed in a standard fashion using SPSS 20.0
(Chicago, IL). Group differences in demographic data were determined by w2 (for
frequencies) and 2-sample t-tests. Comparisons of cortical thickness measures
between groups employed ANCOVA with age and gender as covariates. Pearson
correlation of recollection and familiarity measures with ADsig thickness were
calculated, including age, gender and education as covariates. For comparison,
additional correlations were calculated for standard psychometric measures and
ADsig thickness.

3. Results
3.1. Demographic data
The cognitive analysis included 50 CN adults [mean
71.2 7 9.0 (SD) years; mean education 16.2 7 2.8; mean MMSE
29.4 7 1.0 (SD)] and 32 patients with a-MCI [mean 72.0 7 6.9
(SD) years; mean education 16.9 7 2.4; mean MMSE 27.4 7 1.4
(SD)] (see Table 1). The diagnostic groups did not differ by age
[t(80) o 1.0, p 4 0.1], education [t(80) ¼1.2, p 4 0.1], or gender
[ w2 ¼0.4, p 4 0.1]. Patients with a-MCI performed signiﬁcantly
more poorly on the MMSE than CN participants [t(80) ¼7.4,
p o 0.001]. By deﬁnition, the a-MCI group displayed signiﬁcant
impairment on memory measures [CERAD delayed recall:
t(80) ¼ 11.6, p o 0.001]. While non-memory domains tended
to be less impaired (most within 1 standard deviation below
the control mean), these measures were also generally associated with signiﬁcantly poorer performance for the aMCI group.
3.2. Recollection and familiarity
Consistent with our prior report, patients with a-MCI demonstrated signiﬁcant impairments on both the experimental recollection [t(80) ¼4.1, po0.001] and familiarity [t(80) ¼7.3,
p o0.001] measures (Fig. 1); however, the familiarity measure
appeared to better discriminate between the two groups with a
Cohen’s d effect size of 1.66 for familiarity compared to 0.96 for

Table 1
Demographic and cognitive data.

Age
Gender
Formal education (years)
MMSE
CERAD immediate total
CERAD delayed recall
CERAD delayed recognition
Digit span forward
Digit span backward
Trails A (s)
Trails B (s)
Category ﬂuency (animals)
BNT
Recollection total (proportion)
Familiarity (d0 ) total
ADsig mean thickness (mm)
PVC mean thickness (mm)

CN (n ¼50)

a-MCI (n¼ 32)

YC (n¼17)

71.2 (9.0)
29 F:21 M
16.2 (2.8)
29.4 (1.0)
23.3 (4.1)
8.2 (1.7)
9.8 (.52)
7.1 (1.0)
5.2 (1.3)
31.8 (11.8)
73.7 (32.2)
21.8 (5.6)
28.6 (1.7)
.36 (.17)
2.18 (0.56)
2.77 (0.13)
1.57 (0.14)

72.0 (6.9)
17 F:15 M
16.9 (2.3)
27.4 (1.4)nnn
17.1 (3.8)nnn
3.3 (2.0)nnn
8.9 (1.4)nnn
6.4 (1.0)nn
4.5 (0.8)nn
41.8 (24.0)n
129.3 (75.5)nnn
16.2 (4.7)nnn
26.5 (3.2)nnn
.21 (.12)nnn
1.29 (.51)nnn
2.58 (0.17)nnn
1.49 (0.13)n

23.9 (1.6)
12 F: 5 M
16.5 (1.1)

.60 (.13)nnn
1.97 (.52)

Note: Eight CN adults and two a-MCI patients did not complete the digit span test.
Structural measures included 33 CN adults and 29 a-MCI patients.
n

p o0.05; all reported signiﬁcance levels are in comparison to CN group.
po 0.01; all reported signiﬁcance levels are in comparison to CN group.
p o 0.001, all reported signiﬁcance levels are in comparison to CN group.

nn

nnn

recollection. Further, control-referenced z-scores were calculated
to better equate the measures and revealed a signiﬁcantly greater
impairment in familiarity than recollection [familiary:  1.68,
recollection:  0.79; t(31) ¼57, p o0.001] in the a-MCI group.
Importantly, a-MCI patients were not at ﬂoor levels of performance with either measure.
These ﬁndings are quite similar to our prior report using
these measures in a different sample from the University of
Pittsburgh (Wolk et al., 2008). When these two samples are
combined, 75 CN adults [mean 71.4 7 8.8 (SD) years; mean
education 16.2 7 2.9; mean MMSE 29.5 7 0.9 (SD)] can be
compared to 53 a-MCI patients [mean 71.6 7 7.2 (SD) years;
mean education 16.8 7 2.5; mean MMSE 27.8 7 1.6 (SD)]. Again,
we found that both recollection [.35 vs. .21; t(126) ¼4.9,
p o 0.001] and familiarity [2.22 vs. 1.39, t(126) ¼8.3,
p o 0.001] were signiﬁcantly impaired in a-MCI, but controlreferenced z-scores supported a greater impairment in the
familiarity measure [ 78 vs.  1.50, recollection vs. familiarity; t(52) ¼5.6, p o 0.001].
To provide context for the general age-related modulation of
these memory measures, we also compared the CN older adults
to the YA group (Fig. 1). Consistent with most prior reports, the
CN older adult group performed signiﬁcantly more poorly on
the measure of recollection [t(65) ¼5.2, p o 0.001] than the YA
group. Also consistent with the majority of the literature, there
was no difference in familiarity between young and older
adults [t(65) ¼1.3, p 4 0.1]. Note that while there was no
statistical difference in familiarity, the CN older adults
appeared to trend somewhat higher than the YA. Prior work
has suggested that when recollection is high ( 4 0.6), familiarity
assessments may be somewhat depressed (Yonelinas, 2002). To
reduce this potential confound (the YA group had a mean
recollection of 0.60), we repeated the familiarity comparison
including only those individuals who had recollection scores
below 0.6. This restriction resulted in no change in the above
group comparisons [recollection: t(50)¼3.7, p¼0.001; familiarity:
t(50)o1, p40.1]. Altogether, these results support the notion that
aging is associated with a relatively selective impairment in
recollection while familiarity decline is more speciﬁc to early AD.
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Fig. 1. Measures of recollection and familiarity in the young adult (YA), cognitively normal (CN), and amnestic-Mild cognitive impairment (a-MCI). Error bars represent
1 standard error of the means.

Table 2
Correlation of experimental and standard cognitive measures with AD signature.
CN/MCI
(n¼ 62)

Recollection
Familiarity
MMSE
CERAD immediate total
CERAD delayed recall
CERAD delayed recognition
Digit span forward
Digit span backward
Trails A (s)
Trails B (s)
Category ﬂuency (animals)
BNT

ADsig
.10
.58nnn
.48nnn
.41nn
.56nnn
.48nnn
.27n
.19
 .07
 .13
.43nn
.43nn

PVC
.23
.29n
.13
.23
.35nn
.27n
.16
.18
 .14
 .12
.29n
.08

CN/MCI controlled
for group (n ¼62)

CN (n¼33)

ADsig
 .17
.29n
.19
 .02
.17
.30n
.14
.03
.15
.16
.17
.25#

ADsig
 .25
.39n
.19
.06
.24
 .01
 .02
.05
 .14
.13
.27
.19

PVC
.14
.16
 .05
.06
.26 þ
.17
.01
.12
 .06
 .01
.19
 .04

PVC
.35#
.22
 .07
.08
.26
 .28
 .05
.20
 .22
 .13
.24
.08

Note: One a-MCI patient in this analysis did not complete digit span. Correlations
with Trails A did not include one clear a-MCI outlier over 4 SD’s from the rest of
the group.
#

p ¼0.06;
p¼ 0.05;
n
p o 0.05;
nn
p o0.01;
nnn
p o0.001.
þ

3.3. Relationship of recollection and familiarity to ADsig
ADsig cortical thickness was compared in the 33 CN adults and
29 a-MCI patients with available MRI scans. Consistent with the
sensitivity of the ADsig cortical thickness measure to early AD
neurodegeneration, the a-MCI group displayed signiﬁcant thinning, controlled for age and gender [F(1,58)¼24.0, p o0.001],
with a Cohen’s d effect size of 1.29 (Table 1). Note that group
differences and absolute estimates of recollection and familiarity
were highly similar in this subset of patients with MRI available
relative to the data for the entire cohort.
Given that familiarity appears to be more sensitive and speciﬁc to
early AD based on the above analysis, we hypothesized that familiarity would be more highly related to the AD-speciﬁc brain changes
measured by the ADsig than recollection across the spectrum from
CN adults to MCI. To examine this, we calculated correlations of both
of these measures with the ADsig, controlling for age, education, and
gender, across both groups. As predicted, familiarity strongly correlated with ADsig thickness (r¼.58, ro0.001) while recollection did
not (r¼.10, p40.1) (Table 2 and Fig. 2). To assess the speciﬁcity of
these effects to AD-related neurodegeneration, we also correlated
these measures to cortical thickness in a ‘‘control’’ region, the primary
visual cortex (PVC), which is expected to be less affected by the AD
pathologic process. While the familiarity measure correlated much

more strongly with ADsig thickness, both measures correlated with
PVC thickness (recollection: r¼.23, po0.09; familiarity: r¼.29,
po0.05). Thus, across the continuum from normal aging to a-MCI,
familiarity, but not recollection, tracks with a sensitive measure of
AD-related atrophy, while both measures are less strongly associated
with a non-speciﬁc measure of grey matter loss.
Finally, to mitigate against the potential role of group effects in
these correlations, we repeated these analyses, but included
group as a covariate as well. Here too, familiarity signiﬁcantly
correlated with ADsig (r ¼.29, po0.05) while recollection, again,
did not (r¼  .17, p 40.1). When controlling for group, neither of
these measures correlated with PVC (recollection: r ¼.14, p 40.1;
familiarity: r ¼.16, p 40.1). However, when examining the MCI
group alone, neither the recollection (r ¼ 0.09, p 40.1) nor
familiarity (r¼ .18, p 40.1) measure signiﬁcantly correlated with
ADsig. It is worth noting that removal of a potential outlier
(lowest familiarity, 3rd highest cortical thickness), increased the
positive correlation with familiarity, but still did not reach
statistical signiﬁcance (r¼ .33, p¼.11).
Most importantly, in addition to examining the sensitivity to
ADsig thinning across the continuum from controls to prodromal AD
(i.e., MCI), we were speciﬁcally interested in whether familiarity
would be sensitive to potential preclinical AD neurodegenerative
change. Therefore, we repeated the above analyses within the CN
group alone (Table 2 and Fig. 2). Consistent with our hypothesis, the
familiarity measure correlated with ADsig (r¼.39, po0.05) while
recollection did not (r¼  .18, p40.1). As noted earlier, high
recollection scores (40.60) tend to distort familiarity estimates
with the Process Dissociation Procedure and removal of the 4 CN
adults with high recollection further strengthened the correlation
(r¼.44, po0.05). Interestingly, the recollection measure again
approached signiﬁcance in correlation with PVC (r¼.35, p¼ 0.06)
in the CN sample, while the familiarity measure did not (r¼.22,
p40.1).
3.4. Comparison with other standard psychometric measures
We also wanted to compare the experimental recollection and
familiarity measures in their sensitivity to AD-related neurodegeneration, as measured by the ADsig, with standard psychometric measures. To do so, we examined the same correlations as
performed above, controlling for age, education, and gender
(Table 2). First, we included the entire cohort. While the familiarity measure was the most strongly associated with ADsig
thickness, delayed recall on the CERAD 10-item word-list was
similar in correlation strength (r¼.56, p o0.001). Further, a
number of other measures also produced signiﬁcant, but modestly
weaker, correlations, including the MMSE (r ¼.48, p o0.001),
immediate (r ¼.41, p o0.01) and recognition memory (r ¼.48,
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Fig. 2. Relationship between AD signature (ADsig) cortical thickness recollection and familiarity measures. The top plots include both cognitively normal adults (black
circles) and amnestic mild cognitive impairment patients (grey x’s). The second row includes just the cognitively normal group. Best linear ﬁt lines are presented.

p o0.001) on the CERAD word-list memory test, category ﬂuency
(r¼ .43, p o0.01), and BNT (r ¼.43, po0.01). Interestingly delayed
recall on the CERAD 10-item word-list also correlated most
strongly with the PVC thickness (r ¼.35, po0.01), suggesting that
while sensitive to AD-related change, it may be a fairly nonspeciﬁc measure.
When group was included as a covariate, delayed recall no
longer signiﬁcantly correlated with the ADsig measure. Notably,
recognition memory on the CERAD was the only standard
psychometric memory measure that correlated with ADsig when
controlling for group and to a similar degree as the experimental
familiarity measure, perhaps due to the potential dependence on
familiarity for item recognition memory. 1 Finally, and most
importantly, when these correlations were performed only with
the CN group, no standard psychometric measure was signiﬁcantly associated with ADsig. Thus, only the familiarity measure
appeared sensitive to AD-related neurodegenerative change in
those with normal cognition.
3.5. Exploration of familiarity measure with component ROIs
of ADsig
While not a central focus of the current analysis, we also
explored the relationship of the familiarity measure with the
individual ROIs that constitute the ADsig. Again, to reduce the
potential distortion of the familiarity measure due to high
recollection ( 40.6), we excluded four CN adults from the analysis. Not surprisingly, the familiarity measure positively correlated
1
Oddly, trails A, a test of visuomotor processing speed, also correlated with
the ADsig, but in the unexpected direction (faster performance associated with
more thinning; r¼ .33, p o 0.05). However, this was clearly driven by an MCI
‘outlier’ who performed greater than 4 SD’s worse than the rest of the group, and
removal eliminated this effect.

with all of the ROIs although did not quite reach signiﬁcance with
a region in the inferior temporal (r ¼.25, p ¼0.07) and superior
frontal gyrus (r ¼.23, p o0.1). Also expected, the rostral medial
temporal lobe ROI, which includes a portion of the ERC and PRC,
displayed the strongest correlation with familiarity (r ¼.49,
po0.001), but several regions were similarly strongly correlated,
including anterior temporal lobe/temporal pole, superior parietal
lobule, caudal middle frontal gyrus, and supramarginal gyrus
(r’s ¼.44 to.46, p’s o0.01). None of these individual ROIs were as
strongly correlated as the full ADsig summary measure (r ¼.58,
po0.001). To further explore the relative contribution of these
regions to prediction of familiarity, a heirarchical regression
model was developed in which age, education, and gender were
entered as covariates ﬁrst and then each of the 9 ROIs were
entered in a stepwise fashion. The best model [F(3,54)¼6.2,
po0.001] included the medial temporal lobe (b ¼.43, p ¼0.001)
and the supramarginal gyrus ROI (b ¼.39, p¼ 0.002), suggesting
that regions beyond the medial temporal lobe may contribute to
driving the overall relationship with the ADsig. Nonetheless, some
of this effect may be driven by the relative sensitivity of these
regions to the presence of AD pathology rather than those regions
contribution to familiarity per se.

4. Discussion
In this study, we further investigated whether familiaritybased memory is sensitive to AD in pre-dementia stages of
disease. Consistent with our prior work (Wolk et al., 2008), we
found that both recollection and familiarity were impaired in
a-MCI. Also consistent with the majority of the literature, weaker
recollection, but not familiarity, was associated with normal aging
(Davidson & Glisky, 2002; Howard et al., 2006; Jacoby, 1999;
Jennings & Jacoby, 1997; Light et al., 2004; Parkin & Walter, 1992;
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Yonelinas, 2002). These ﬁndings suggest that alterations of
familiarity may be speciﬁc for early AD and a potentially useful
tool in discrimination of disease from age effects. Indeed, our
measure of familiarity was strongly associated with atrophy in
‘‘AD-signature’’ regions of the cerebral cortex, a well-established
measure of cortical thickness that is sensitive to AD-associated
atrophy spanning the spectrum from preclinical to mild AD
(Dickerson & Wolk, 2012; Dickerson et al., 2009, 2011; Quiroz,
Stern, & Reiman, 2012). In particular, we found that familiaritybased memory was associated with this measure in cognitively
normal older adults, suggesting that decrements in familiarity
may be sensitive to preclinical AD neurodegeneration. We will
discuss each of these points in more detail below.
Conﬁrming our prior ﬁndings, which utilized the current and
two other experimental tasks (Wolk et al., 2008), we found that
familiarity-based memory is signiﬁcantly impaired in a-MCI. In
fact, as reported before, familiarity appeared to better discriminate groups than our recollection measure. However, it should be
at least noted that when one considers the additive effects of both
aging and a-MCI status, that impairment of recollection may be
the most salient feature of a-MCI patients relative to ‘‘normal’’
memory in young adults. While there has been universal agreement that associative, or recollection-based memory (Algarabel
et al., 2012; Ally et al., 2009; Embree et al., 2012; Serra et al.,
2010; Westerberg et al., 2006; Wolk et al., 2008), is impaired in
early AD, there has been considerable disagreement about
whether familiarity is also involved in prodromal stages of
disease. Indeed, studies of MCI have reported ﬁndings of both
sparing (Hudon et al., 2009; Serra et al., 2010; Westerberg et al.,
2006) and involvement (Algarabel et al., 2009; Ally et al., 2009;
Embree et al., 2012; Wolk et al., 2008) of this memory process.
A number of factors have been postulated to potentially explain
the conﬂicting results in the literature. One of the most important
is related to subject characteristics and the relatively small sample
sizes of prior studies. This is particularly an issue in studies of aMCI in which only a portion of the patients likely have underlying
AD as the etiology for their cognitive decline (Petersen et al., 2009).
Progression to clinical AD after 5 years in this population ranges
from 50 to 75% in specialty centers such as our own and rates of
‘‘positive’’ amyloid PET scans, which are sensitive to ﬁbrillar
amyloid plaques that are a hallmark of AD, have similarly been
around 45–70% (Fleisher, Chen, & Liu, 2011; Jagust et al., 2010;
Wolk et al., 2009). Thus, a-MCI is clearly a heterogeneous construct
with different populations varying in their relative enrichment of
patients with prodromal AD. This can have signiﬁcant implications
for results in small cohorts. For example, some proportion of a-MCI
patients may just be exhibiting greater age-associated decline,
which may inﬂuence the qualitative pattern of memory impairment when over-represented in any particular study. Furthermore,
about 1/3 of cognitively normal older adults have underlying AD
pathology (Morris et al., 2011; Wolk & Klunk, 2009). Thus, the
relative proportion of preclinical AD patients in the control group
also may inﬂuence ﬁndings.
When combining patients from the current sample with previously collected data, the current dataset represents by far the
largest sample to date addressing this issue (75 CN adults, 53 aMCI patients). Even taken alone, data from the newly collected
cohort is still larger than most prior studies and replicated our
previously reported ﬁndings (Wolk et al., 2008). In addition, this is
the ﬁrst study to examine these measures in the context of another
AD biomarker, the AD signature MRI marker of cortical neurodegeneration. The ﬁnding that this structural measure strongly
discriminated our a-MCI group from CN adults suggests that our
a-MCI cohort was indeed enriched in patients with prodromal AD.
In addition to heterogeneity of etiology, a-MCI patients can
differ in severity within this category, and it is worth noting that
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the mean MMSE of this sample is slightly higher than a-MCI
patients in the Alzheimer’s Diseases Neuroimaging Initiative
(ADNI) (27.4 vs. 27.0, respectively), a cohort of  400 individuals
that has served as a benchmark for the ﬁeld of ‘typical’ a-MCI
(Petersen et al., 2010). Thus, it is unlikely that the involvement of
familiarity-based memory in this study relative to others is due to
our cohort’s being particularly more impaired.
Another potential source of inconsistency across studies is the
diagnostic criteria for a-MCI. While the current study included
patients with both single- and multiple-domain a-MCI (i.e.,
patients who have memory plus at least one other cognitive
domain in the impaired range), other studies have exclusively
enrolled patients with single-domain a-MCI. Indeed, some investigators have argued that this may explain the relative sparing of
familiarity or item memory in their cohorts relative to other
groups (Serra et al., 2010; Troyer et al., 2012). This difference in
recruitment may indeed account for some of the discrepancies
across studies. However, it is important to note that while the
construct of single-domain a-MCI was hypothesized to reﬂect a
more ‘‘pure’’ prodromal AD group relative to multiple-domain
a-MCI (Petersen, 2004), which was conceptualized as being more
heterogeneous, most data have not supported this contention.
A number of studies have found higher rates of conversion to AD,
less reversion to normal, and greater rates of evidence for
molecular markers of AD in multiple-domain a-MCI patients
(Aretouli, Okonkwo, Samek, & Brandt, 2011; Han et al., 2012;
Nordlund et al., 2012; Wolk et al., 2009). Thus, multiple-domain
a-MCI may actually be more enriched with prodromal AD patients
than the single-domain form.
A ﬁnal potential source of disagreement between studies is the
type of process estimation method utilized. All of these
approaches are associated with a variety of assumptions and are
variably ‘‘process pure’’ in their estimates. The current study used
a modiﬁcation of the process dissociation procedure, which is
subject to this issue as much as other commonly used assessments. It will be important for multiple approaches to be used in
the same cohorts to assess more rigorously whether differences
reported are related to the paradigms and their interpretation or
subject characteristics.
It is also important to note that the presence of familiarity
impairment in prodromal AD or MCI is quite consistent with the
MTL amnesic literature. A number of studies, using a variety of
estimation methods, have reported impairment of recollection, but
sparing of familiarity, in patients with selective hippocampal lesions
(Aggleton et al., 2005; Mayes et al., 2004; Yonelinas et al., 2002).
However, when lesions include extra-hippocampal cortical MTL
structures, additional impairment of familiarity is reported (Bowles
et al., 2007; Stark & Squire, 2000; Yonelinas, 2002; Yonelinas et al.,
2002). As already described, AD NFT pathology begins in extrahippocampal MTL regions (PRC/ERC) and by the time patients
develop the clinical symptoms of MCI, autopsy studies have suggested that most are at least at Braak Stage II or III (Guillozet,
Weintraub, Mash, & Mesulam, 2003; Petersen et al.,, 2006) in which
there is, if anything, greater involvement of these extrahippocampal
MTL structures, but frequently hippocampal pathology as well.
Indeed, the greater involvement of these extrahippocampal regions
in this stage of disease is consistent with the more signiﬁcant
impairment of familiarity relative to recollection observed. Nonetheless, as the hippocampus is also likely involved in most patients
with prodromal AD, one would predict that patients with MCI would
qualitatively display a memory proﬁle similar to that of amnesic
patients with more global MTL involvement, as was observed here.
The dual process model espoused here has not been without
controversy and some have questioned whether various methods
that estimate recollection and familiarity conﬂate these measures
with ‘strong’ and ‘weak’ memories, respectively (Squire, Wixted, &
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Clark, 2007; Wixted et al., 2010). From this perspective, dissociations of ‘familiarity’ impairment in patients with selective hippocampal lesions versus more global MTL involvement are suggested
to be on the basis of the capacity of extrahippocampal structures to
support such ‘weak’ memories, as opposed to ‘strong’ memories
dependent on the hippocampus. While the current ﬁndings do not
clearly adjudicate between this perspective and the dual process
model, the pattern of memory loss in a-MCI is, again, in keeping
with that of non-neurodegenerative patients with combined cortical and hippocampal MTL lesions. That is, even if the impairment
of familiarity really is just a reﬂection of a reduced capacity for
supporting weak memories in a-MCI, the current ﬁnding would be
congruent with the diminishment of both weak and strong
memories in amnesics with global MTL lesions.
Irrespective of the theoretical model, our familiarity measure
demonstrates sensitivity to brain changes suggestive of preclinical
AD in the CN group in contrast to recollection or any other standard
psychometric measure. This ﬁnding adds to an emerging literature
that subtle cognitive changes may be evident at this stage of disease
(Hedden et al., 2012; Mielke et al., 2012; Parra et al., 2010; Rentz
et al., 2011). Given the movement of the AD ﬁeld towards therapeutic trials in preclinical populations, cognitive tests that are
sensitive to early ‘asymptomatic’ brain changes will become increasingly important as measures of treatment effect. One strategy is to
use difﬁcult memory tests with the expectation that they will be
particularly challenging to individuals with preclinical AD. For
example, Rentz et al. (2011) have found that a task that requires
the binding of names to faces, which declines with normal aging, is
sensitive to evidence of preclinical AD measured by amyloid
imaging . Alternatively, familiarity impairment may reﬂect a qualitative, rather than quantitative, difference with normal ageassociated decline, as this form of memory appears relatively inert
to normal aging in this and other reports (Davidson & Glisky, 2002;
Howard et al., 2006; Jacoby 1999; Jennings & Jacoby, 1997; Light
et al., 2004; Parkin & Walter, 1992; Yonelinas, 2002). Thus, it may be
a particularly speciﬁc measure to the early neurodegenerative
effects of preclinical disease. It is, perhaps, the case that several
different measures, varying in their sensitivity and speciﬁcity, will
ultimately produce an optimal cognitive battery for screening and
monitoring of preclinical AD.
It should also be noted that the paradigm used here may gain
additional speciﬁcity in differentiating preclinical and prodromal
AD from normal age-related changes based on several additional
properties of the testing format. Age-associated changes in
episodic memory are generally thought secondary to decrements
in controlled and effortful strategic processing supported by
frontal-subcortical networks (Buckner, 2004; Moscovitch &
Winocur, 1995; Park & Reuter-Lorenz, 2009). Older adults tend
to perform better on memory tasks that provide some degree of
‘environmental support’ at encoding and retrieval, which mitigates against their decline in strategic processing (Logan, Sanders,
Snyder, Morris, & Buckner, 2002; Naveh-Benjamin, Brav, & Levy,
2007). The current paradigm required semantic elaboration as
part of the incidental encoding procedure and used a recognition
memory format. Both of these properties may have reduced the
inﬂuence of normal age-associated effects on memory performance. Further, familiarity-based memory itself is thought to be a
relatively ‘automatic’ process and is therefore less susceptible to
these age-related changes in controlled processing.
There are several limitations to the current work. When just
considering the CN group with available MRI data (n¼ 34), the
sample size is still relatively small for a study of preclinical
disease. Most work suggest that 1/4 to 1/3 of older adults
display evidence of preclinical disease and thus we would expect
only 10–15 individuals in the CN group to be in this early AD
stage (Morris et al., 2011; Wolk & Klunk, 2009). Given the likely

subtlety of cognitive deﬁcits in this population, much larger
studies will be needed to conﬁrm the sensitivity of this and other
promising novel measures of preclinical AD. In addition, even
when these measures are linked to an association with an AD
biomarker (e.g., amyloid imaging, ADsig), longitudinal data will
be important to determine whether they both predict and track
cognitive deterioration and eventual development of clinical AD.
Another potential issue with the current work is that we used
a structural imaging marker of preclinical AD rather than a
molecular one. The proposed research criteria for preclinical AD
requires the presence of ‘cerebral amyloidosis’, which can be
detected with amyloid imaging or cerebrospinal ﬂuid Ab (Sperling
et al., 2011). In the present data, we do not know whether or not
those with greater AD signature thinning truly have cerebral
amyloidosis. However, our prior work has demonstrated that
cortical thinning of the AD signature is associated with a high
rate of an AD-like CSF proﬁle, ‘positive’ amyloid scans, and
progression to AD (Dickerson & Wolk, 2012; Dickerson et al.,
2009, 2011). Further, there may be advantages to using a marker
of downstream neurodegeneration in preclinical populations
when trying to relate to sensitive cognitive measures. Preclinical
AD has been conceptualized as including a stage in which there is
development of cerebral amyloidosis without neurodegenerative
change (stage 1). This is thought to be followed by development
of synaptic and neuronal injury/loss (stage 2 and 3), which may
be evident with structural imaging (Sperling et al., 2011). As we
also expect changes in cognition to be a reﬂection of the downstream neurodegenerative changes of AD molecular pathology,
inclusion of all preclinical patients deﬁned solely by amyloid
status (stages 1–3) may obscure the relationship of a cognitive
measure with preclinical AD. Speciﬁcally, we would not expect
those with stage 1 disease to display cognitive change relative to
those without evidence of cerebral amyloidosis. Future studies
will need to include both molecular and neurodegenerative
markers to better characterize these patients and any relationship
with subtle cognitive change.
Despite these limitations, the current work provides promising
data that familiarity-based memory may be inﬂuenced by the
presence of preclinical AD, but not normal, age-associated decline
consistent with the early involvement of extra-hippocampal MTL
structures in the AD pathologic process. Such cognitive measures, if
reliable, are potentially of considerable value as an inexpensive
screening tool to determine who should go on to obtain more
speciﬁc molecular or structural measures. Additionally, given the
growing interest in preclinical intervention studies, measures sensitive to subtle cognitive change may become important outcome
measures with, perhaps, greater face-validity than other biomarker
outcomes (e.g., structural change (Sperling, Jack, & Aisen, 2012)).
Certainly more work assessing this and other psychometric
measures informed by the cognitive neuroscience literature and
the anatomical distribution of AD pathology is merited.
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