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Abstract

This study investigated the impact of Alzheimer's disease (AD) on conjunctive and relational

binding in episodic memory. Mild AD patients and controls had to remember item-color

associations by imagining color either as a contextual association (relational memory) or as a

feature of the item to be encoded (conjunctive memory). Patients' performance in each condition

was correlated with cerebral metabolism measured by FDG-PET. The results showed that AD

patients had an impaired capacity to remember item-color associations, with deficits in both

relational and conjunctive memory. However, performance in the two kinds of associative

memory varied independently across patients. Partial least square analyses revealed that poor

conjunctive memory was related to hypometabolism in an anterior temporal-posterior fusiform

brain network, whereas relational memory correlated with metabolism in regions of the default

mode network. These findings support the hypothesis of distinct neural systems specialized in

different types of associative memory and point to heterogeneous profiles of memory alteration in

Alzheimer's disease as a function of damage to the respective neural networks.
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1. Introduction

Binding processes in memory can create an associative link between independent items or

between items and context into episodic memories (relational memory) (Cohen et al., 1999).

An alternative process, conjunctive binding, allows associations to be encoded as a united

representation of features or a single entity (Mayes, Montaldi, & Migo, 2007; O'Reilly &

Rudy, 2001). Whereas memory for novel relational associations relies on the hippocampus,

parahippocampal cortex and regions of the default mode network (posterior cingulate cortex/

precuneus, lateral parietal and medial prefrontal cortex) (Diana, Yonelinas, & Ranganath,

2007; Mayes et al., 2007; Ranganath & Ritchey, 2012), conjunctive memory involves the

perirhinal cortex (Diana, Yonelinas, & Ranganath, 2010; Haskins, Yonelinas, Quamme, &

Ranganath, 2008; Staresina & Davachi, 2008).

Probable Alzheimer's disease (AD) is characterized by gradually progressive cognitive

deficits typically starting with severe impairment of episodic memory (McKhann et al.,

2011). Given that binding of information is a key feature of episodic memory,

characterization of the memory deficit in AD should consider whether this crucial

mechanism is compromised. Current evidence indicates that patients with Alzheimer's

disease (AD) show impaired long-term relational memory, as evidenced by decreased ability

to remember novel associations between words or pictures (Algarabel et al., 2012; Duchek

et al., 1991; Gallo et al., 2004; Lindeboom et al., 2002; Lowndes et al., 2008; Wolk et al.,

2011), between objects and locations (Bucks and Willison, 1997; Fowler et al., 2002;

Hanaki et al., 2011; Huijbers et al., 2011; Kessels et al., 2005; Lee et al., 2003; Swainson et

al., 2001), between verbal information and their source (Dalla Barba et al., 1999; Multhaup

and Balota, 1997) and between faces and names (Pariente et al., 2005; Sperling et al., 2003).

In contrast, little is known with regard to the effect of AD on conjunctive memory (i.e.,

object-feature associations). Studies of short term memory have indicated that AD patients

are impaired at remembering conjunctions of visual features (i.e., shape and color) (Della

Sala et al., 2012; Parra et al., 2009, 2010a, 2010b). In long-term memory, two studies

indicated that AD patients make more errors than controls when recalling the color of

studied objects (Della Sala et al., 2000; Lloyd-Jones, 2005).

However, as no study directly contrasted long-term conjunctive and relational memory in

AD, it is not known whether patients are differentially impaired on these forms of

associative memory. Based on known patterns of cerebral changes in the course of AD,

particularly early atrophy and dysfunction of the entorhinal and perirhinal cortices (Gour et

al., 2011; Juottonen et al., 1998), we predict impaired conjunctive memory in AD (Didic et

al., 2011; Wolk, Mancuso, Kliot, Arnold, & Dickerson, 2013). Additionally, altered

functional connectivity within the default mode network in AD (Pievani, de Haan, Wu,

Seeley, & Frisoni, 2011) may be associated with the disturbance of relational processes in

episodic memory. Interestingly, healthy older adults retain the capacity to learn new

conjunctions, but demonstrate impairment on relational memory tasks (Bastin, Diana, et al.,

2013). If AD affects both kinds of associative memory, behavioral performance profiles

might differentiate AD from normal aging. In particular, if conjunctive binding is

disproportionately impaired in patients, this may represent a signature of AD.
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We assessed the impact of mild stage AD on long-term relational and conjunctive memory

by testing memory for novel word-color associations encoded under two conditions. The

context detail condition was designed to create an arbitrary, relational, association between

separate entities such that color becomes a contextual detail related to the item. In contrast,

the item detail condition was designed to create a unified, conjunctive, representation such

that color is integrated as a feature of the item (Diana et al., 2010). Patients' brain metabolic

activity at rest (FDG-PET) was analysed with spatio-temporal Partial Least Squares

(McIntosh, Bookstein, Haxby, & Grady, 1996) in order to assess the relation of behavioral

performance and activity in functional cerebral networks. We expect that the neural

correlates of conjunctive and relational memory will dissociate. Given heterogeneity in

cognitive and metabolic profiles in AD (Davidson et al., 2010; Salmon et al., 2009), we

hypothesized that both relational and conjunctive memory may be variably compromised

across patients due to variable amount of hypometabolism in distinct networks even if, as a

group, the patients may present with deficits in both kinds of associative memory. Impaired

performance in the item detail condition may be associated with hypometabolism in a

temporal network encompassing the perirhinal cortex, whereas deficits in the context detail

condition would be related to dysfunction within the default mode network.

2. Materials and methods

2.1 Participants

The participants in this study were 30 patients with a diagnosis of probable Alzheimer's

disease (19 women) (McKhann et al., 2011) and 24 healthy older adults (14 women). All

participants were community-dwelling, were native French speakers and had normal or

corrected-to-normal vision. Patients with probable AD were recruited in memory clinics in

the Liège area and were selected on the basis of general examination, neurological and

neuropsychological assessments, and neuroimaging. Temporoparietal hypometabolism

(FDG-PET) and cortical and/or hippocampal atrophy on structural magnetic resonance

image (MRI) were taken as biomarkers. Structural MRI showed mild leukoaraiosis

consistent with aging and degenerative processes. Patients were included if their symptoms

corresponded to a mild stage of AD, as indicated by a MMSE score above 20 (Folstein,

Folstein, & McHugh, 1975; Hugonot-Diener, 2001). Healthy older participants had no

global cognitive decline (as confirmed by their score superior to 132/144 on the Mattis

dementia rating scale (Mattis, 1973)) or psychiatric problems, were free of medication that

could affect cognitive functioning, and reported being in good health.

Table 1 presents the demographic and clinical characteristics of both groups. Patients and

healthy controls were comparable in terms of age, years of education and gender

distribution. Patients showed a significant cognitive decline as assessed by the Mattis

Dementia Rating Scale (Mattis, 1973) when compared to controls. There was no group

difference on the Geriatric Depression Scale (Yesavage et al., 1983).

Written informed consent was obtained from all participants according to the declaration of

Helsinki. The study was approved by the Ethics Committee of the University Hospital of

Liège.
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2.2 Materials and procedure

Mild AD patients and healthy older adults performed a source memory task where word

items were associated with one of two background colors (red or green) under two

conditions. In the context detail condition, participants were asked to imagine the item in a

situation with a green 100-euro bill if the background was green or with a red stop signal if

the background was red. In the item detail condition, participants were asked to imagine the

item as though it were the same color as the background.

A list of 40 concrete nouns, as well as the associated descriptive sentences were selected

from the materials used by Diana and colleagues (Diana, Yonelinas, & Ranganath, 2008;

Diana et al., 2010) and translated into French. Each sentence provided an explanation as to

why the word item might be associated with a stop sign or a 100-euro bill (context detail

condition) or why the item might be green or red (item detail condition). The words were

randomly divided in two sets of 20 items. Each word had a sentence for both the item detail

and context detail conditions such that assignment of the words to the two conditions could

be counterbalanced across participants. The descriptive sentences were selected based on a

pilot study in young adults that matched performance between conditions (Diana et al.,

2010). Examples of sentences in the item detail condition are “The turtle is red because kids

at the beach painted the shell so it would stand out amongst the other turtles” for the

association “turtle-red”, and “The cloth is green because the waiter used it to clean up

spilled pea soup” for the association “cloth-green”. Examples of sentences in the context

detail condition are “The monkey is on the stop sign to show people that they should turn

right to get to the zoo” for the association “monkey-red”, and “The sock has a 100-euro bill

in it because the traveler put the bill in his sock to keep it safe” for the association “sock-

green”.

Participants were tested individually in two sessions about one week apart. Each participant

performed both conditions, which were administered in distinct sessions in order to

minimize the contamination of one encoding condition on the other. Half of the participants

started with the item detail condition, while the other half were first given the context detail

condition. Stimuli were presented on a laptop computer. Each trial consisted of the

presentation of a word against a background color (either green or red), with a sentence at

the bottom of the screen. Before each task, participants were informed that their memory for

the association between each word and the background color would be subsequently tested.

In the item detail condition, they were asked to imagine the item as if it were the same color

as the background, to read the sentence explaining why the item is that color, and to report

whether this explanation was easy or difficult to imagine. In the context detail condition,

participants were asked to imagine the item interacting with a stop sign (red background) or

with a 100-euro bill (green background), to read the sentence explaining why the item is

associated with the stop sign or the 100-euro bill, and to report whether that explanation was

easy or difficult to imagine. Pictures of a stop sign and a 100-euro bill were shown before

the task. The stimulus remained on the screen until a response was made. After a 20s

interval filled with conversation, the test phase began in which the participants were

presented with a randomized list of the studied words shown one at a time. For each word,
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they were asked to indicate whether the associated background was red or green. The test

phase was also self-paced.

2.3 Neuroimaging data acquisition

2.3.1 Cerebral metabolism—At the end of the first session, AD patients' brain metabolic

activity was measured during quiet wakefulness with eyes closed and ears unplugged after

intravenous injection of an average of 180 MBq of 18F-2-fluoro-2-deoxy-d-glucose (FDG).

PET images were acquired on a Siemens/CTI (Knoxville, TN) ECAT HR+ scanner (3D

mode; 63 image planes; 15.2 cm axial field of view; 4.4 mm axial resolution; and 2.4mm

slice interval). Images of the tracer distribution in the brain were used for analysis; the scan

starting time was 30 min after tracer injection. Scan duration was 20 min. Images were

reconstructed using the filtered backprojection method including corrections for measured

attenuation, random and scatter effects using the standard software supplied by the scanner

manufacturer.

2.3.2 Magnetic resonance imaging—MRI was performed at the end of the second

session in AD patients. Subjects were equipped with earplugs and their heads were

stabilized with foam pads to minimize head motion. In all AD patients, a high-resolution T1-

weighted anatomical image was acquired on a 3T headonly scanner (Magnetom Allegra,

Siemens Medical Solutions, Erlangen, Germany) operated with the standard transmit-receive

quadrature head coil [TR 7.92 ms, TE 2.4 ms, FA 15°, 176 sagittal slices, FoV = 256 × 224

mm2, slice thickness 1 mm, matrix size 256 × 224 (Deichmann, Schwarzbauer, & Turner,

2004)].

2.4 Cerebral image preprocessing and analyses

All imaging data were preprocessed with SPM8 (Wellcome Department of Cognitive

Neurology, London, UK). For each participant, the structural MRI image was segmented

and normalized to the MNI space using unified segmentation (Ashburner & Friston, 2005).

A mean image of all patients' normalized segmented grey matter image was computed and

used as mask in the statistical analyses. Each subject's PET image was coregistered to the

corresponding MRI image and normalized by applying parameters from the spatial

normalization of the anatomical MRI data. The normalized PET images were smoothed with

an isotropic 12 mm full-width half-maximum (FWHM) Gaussian kernel. All anatomical

images were also submitted to VBM8 toolbox in SPM8 (http://dbm.neuro.unijena.de/

vbm.html). Modulated images of regional grey matter density were extracted with default

parameters and smoothed (8 mm FWHM).

In order to determine the set of brain regions where metabolism positively correlated with

performance in the item detail and the context detail conditions, AD patients' PET data were

analyzed using spatiotemporal Partial Least Squares (PLS) (McIntosh et al., 1996), a

multivariate method that operates on the covariance between the metabolic values in the

voxels and the behavioral scores to identify one component (latent variable, LV) that

optimally relates the two. For this analysis, we used non-rotated behavioral PLS where a

design matrix consisting of a contrast representing condition comparison (item detail

performance - context detail raw performance, contrast [1 -1]) and the image data matrix
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(one mean-centered PET image per subject) were submitted to singular value

decomposition. The resulting LV has a singular value which represents the amount of

covariance between the design matrix and the image matrix accounted by the LV. Each

brain voxel has a weight on the LV, known as a salience, that indicates how that voxel is

related to the LV. The salience was positive for voxels correlating with item detail

performance but not with context detail performance (item detail > context detail condition)

or negative when the correlation was specifically with the context detail performance

(context detail > item detail condition). Another analysis was run looking for pattern of

regions whose metabolism covaried with performance in both conditions (conjunction of

item and context detail conditions, contrast [1 1]). The significance for the LV was

determined by a permutation test, which involves a random reordering of the data matrix and

calculation of a new LV for each reordering. The singular value of each newly permuted LV

is compared to the singular value of the original LV, yielding a probability of the number of

occurrences that the permuted values exceed the original value. Five hundred permutations

were conducted and the statistical significance level was set at p < .05. Finally, the reliability

of the saliences for the brain voxels characterizing each LV was assessed by a bootstrap

analysis of the standard errors using 100 bootstrap samples (Efron & Tibshirani, 1986). A

reliable contribution for a given voxel was defined as a ratio of salience to standard error

superior or equal to 3 (cluster size > 5, p < .005).

Finally, a PLS analysis was performed in order to assess the correlation between

performance in the two conditions and grey matter density. As for the analysis of PET data,

the significance of the latent variable was assessed with 500 permutations and a statistical

threshold set at p < .05.

3. Results

3.1 Source memory performance

Table 2A presents the proportions of correct source judgments (correctly recalled

background color) for the item detail and the context detail conditions in each group. The

proportions were submitted to a 2 (group) by 2 (condition) repeated measure ANOVA.

There was a significant main effect of group, F(1, 52) = 46.10, p < .001, indicating that AD

patients produced less accurate source judgments than healthy controls. Performance was

also better in the item detail than the context detail condition, F(1, 52) = 14.6, p < .001, as

also observed in Bastin, Diana et al. (2013). The group by condition interaction was not

significant, F(1, 52) = 0.52, p = .47.

In order to more directly compare the degree of impairment of patients across both

conditions and account for the global difference in level of performance (i.e., globally better

performance in the item detail condition), z-scores were calculated for the AD group

referenced to the control mean and standard deviation (Wolk et al., 2013; Wolk, Signoff, &

DeKosky, 2008). Control-referenced z-scores for the item detail and context detail

conditions were -1.83 and -1.12, respectively. In AD patients, a paired-samples t-test

revealed a significantly lower z-score in the item detail than the context detail condition

[t(29) = -3.69, p < 0.001]. This differential impairment may however be due to the fact that

performance was closer to chance in the context detail than in the item detail condition.
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Indeed, as age-related differences exist only in the condition where color was encoded as a

contextual detail (Bastin, Diana, et al., 2013), this would leave less room for the deficit to

manifest itself in AD patients in the relational memory condition. When comparing only

high-performing patients and controls (i.e., scoring above the median, so well-above floor),

we observed a main effect of group, F(1, 24) = 34.74, p < .001, but no main effect of task (p

= .25) and no interaction (p = .19). The comparison of control-referenced z-scores confirmed

greater impairment in the item detail than in the context detail conditions [t(11) = -4.46, p < .

001].

At encoding, participants reported whether the association with the color was easy versus

difficult to imagine on the basis of the provided explanation. A group by condition ANOVA

on the proportions of easy-to-imagine judgments showed that AD patients judged the

associations to be easy to imagine less frequently than did controls (M = .50 in AD and .58

in controls, F(1, 52) = 5.07, p < .05). There was no effect of condition, F(1, 52) = 0.45, p = .

50, and no interaction, F(1, 52) = 1.36, p = .24.

The proportions of correct source responses were further analyzed by considering the ratings

that the participants provided during the encoding phase (see Table 2B). Thus, proportions

of correct source judgments were computed separately for associations judged as easy to

imagine and for associations judged as difficult to imagine. A 2 (group) by 2 (condition) by

2 (encoding judgment: easy versus difficult) ANOVA on the proportions of correct

responses showed a main effect of group, F(1, 51) = 36.54, p < .001, and a main effect of

condition, F(1, 51) = 7.89, p < .01, as in the previous analysis. There was also a significant

main effect of encoding judgment, F(1, 51) = 12.46, p < .01. This was qualified by the

significant condition by encoding judgment interaction, F(1, 51) = 7.48, p < .01. This

showed that, for associations that were easy to imagine, there was a greater proportion of

correct source responses in the item detail than the context detail condition (HSD Tukey test,

p < .001). In contrast, for associations that were difficult to imagine, there was no difference

in the proportion of correct source responses between the two conditions (p = .92). No other

interaction was significant (ps > .19). Thus, the efficiency at mentally integrating the color

into the item seems more beneficial to subsequent memory for the color than the efficiency

at mentally imagining an interaction between the item and a colored object. This was

observed in controls as well as in AD patients.

AD patients' performance in both conditions varied largely (variation coefficient of 20.8% in

the item detail condition and 23.1% in the context detail condition) and patients' scores in

the two conditions did not correlate significantly (r = .29, p = .11). One cannot exclude

however that the lack of correlation is partly driven by the fact that patients' performance in

the context detail condition was close to chance. The following analysis of PET data

explored the metabolic correlates of performance variability that are specific to each

condition and investigated whether common metabolic correlates can also be found.

3.2 Metabolic correlates of source memory performance

In patients with mild Alzheimer's disease, PLS analyses revealed a significant pattern of

metabolic activity that correlated specifically with each condition (accounting for 76.48 %

of the covariance in the data; p < .05, Tables 3 and 4). AD patients' proportion of correct
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responses in the item detail condition was specifically and positively correlated with the

metabolic activity of a network encompassing regions extending from the ventral

temporopolar cortex to the posterior fusiform cortex on the left hemisphere, as well as the

uncus, the amygdala, the perirhinal and parahippocampal gyri on the right hemisphere

(Figure 1 A). There was also a correlation with the anterior and middle cingulate cortex and

right superior prefrontal cortex (BA 6/9). With regard to performance in the context detail

condition (context detail > item detail condition), there was a significant positive correlation

with the precuneus, the anterior medial prefrontal cortex and the right temporoparietal

junction (Figure 1 B), and with the right middle prefrontal cortex (BA46).

An analysis looking for a set of regions commonly associated with performance in both

conditions did not reveal any significant latent variable (p > .12). When the neural correlates

of each condition were evaluated individually (data not shown), the PLS analyses revealed

broadly the same networks as the analysis contrasting the two conditions. Notably, the

correlation with performance in the item detail condition again showed the involvement of

the fusiform cortex, medial temporal cortex around the collateral sulcus and the temporal

pole (bootstrap ratio > 3, p < .005). The only difference was that the occipito-temporal

network was less extended in the left hemisphere, but more extended in the right-

hemisphere, including also the right anterior hippocampus. As for the network correlating

with performance in the context detail condition, it involved the anterior medial prefrontal

cortex, the temporoparietal cortex, and also the dorsomedial prefrontal cortex and the

retrosplenial cortex, but not the precuneus (bootstrap ratio > 3, p < .005).

3.3 Voxel-based morphometry analyses

The PLS analysis looking for correlation between grey matter density and performance in

the item detail or context detail conditions did not reveal any significant latent variable (p > .

81). No site showed correlation with performance in both conditions (conjunction, LV, p > .

57). This lack of significant correlation suggests that the above-mentioned metabolic

correlates were not driven by atrophy.

4. Discussion

The current study investigated relational and conjunctive encoding in early Alzheimer's

disease by comparing long-term memory for information that was associated with an item

either as a contextual detail (context detail condition, measuring relational memory) or as a

feature of that item (item detail condition, measuring conjunctive memory). Mild AD

patients demonstrated a deficit in both kinds of associative memory. Importantly, the

patients' performance varied widely in both tasks and this variation was related to the

functional integrity of distinct networks of cerebral regions. Indeed, deficits in the item

detail condition were associated with hypometabolism in the left parahippocampal gyrus and

fusiform gyrus from the ventral temporopolar cortex to the occipitotemporal region, as well

as in the right anterior extrahippocampal medial temporal cortex and amygdala. In contrast,

poor memory performance in the context detail condition was related to decreased activity in

the anterior medial prefrontal cortex, precuneus and right temporoparietal junction.
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This study provides novel evidence for impaired conjunctive memory in AD. The finding of

impaired relational memory in mild AD also adds to previous evidence for deficits in

memory for inter-item associations and item-context associations (Algarabel et al., 2012;

Dalla Barba, Nedjam, & Dubois, 1999; Gallo, Sullivan, Daffner, Schacter, & Budson, 2004;

Kessels, Feijen, & Postma, 2005; Sperling et al., 2003; Swainson et al., 2001; Wolk, Dunfee,

Dickerson, Aizenstein, & DeKosky, 2011). More critically, by directly comparing both

kinds of associative memory in a single study, we show that conjunctive binding in long-

term memory is as much, if not more, disrupted as relational memory in AD. This pattern of

impairment contrasts with decline due to healthy aging which affects relational memory

more than conjunctive memory (Bastin, Diana, et al., 2013). Vulnerability of conjunctive

memory may thus be a cognitive marker of Alzheimer's disease, as suggested by Didic et al.

(2011) in their theoretical review.

Furthermore, Didic et al. (2011) predicted that AD is associated with an early deficit of

long-term item/conjunctive memory due to initial deterioration of extrahippocampal medial

temporal lobe regions. The results of our cognitive-metabolic correlation analysis support

this hypothesis and point to a relation between AD patients' performance in the item detail

condition and the functional integrity of parahippocampal and fusiform regions. The finding

of significant clusters in the fundus of the collateral sulcus in the rostral portion of the

fusiform and parahippocampal gyri, corresponding to the perirhinal cortex (Ding & Van

Hoesen, 2010; Insausti et al., 1998) is consistent with fMRI studies of conjunctive memory

in healthy young adults. These fMRI studies showed that the perirhinal cortex is activated

when participants learn new associations where two words are integrated to form a new

concept (Haskins et al., 2008) or when color is encoded as an item feature (Diana et al.,

2010; Staresina & Davachi, 2006, 2008).

However, the regions where metabolism correlated with performance in the item detail

condition also included more posterior regions such as the occipitotemporal cortex. In line

with our findings, earlier work in Mild Cognitive Impairment (MCI) has found that impaired

visual object recognition memory was associated with hypoperfusion in the medial temporal

lobe extending to the occipitotemporal junctions (Guedj et al., 2006). The network

associated with conjunctive binding in AD thus combines the ventral visual stream and

anterior medial temporal lobe. These regions also belong to the perceptual-mnemonic/

feature-conjunction neural network (Baxter, 2009; Bussey & Saksida, 2005, 2007; Graham,

Barense, & Lee, 2010) which is assumed to support the representation of feature

conjunctions of increasing complexity. According to this view, the perirhinal cortex

subserves memory and perception of complex conjunctive representations. A refinement of

the view was proposed by Staresina and Davachi (2010), who pointed to a functional

distinction along the MTL-ventral visual pathway with regard to perceptual integration and

memory formation of unitized representations. More specifically, in that fMRI study,

participants were presented with pictures of objects visually intact or separated into two or

four fragments, surrounded by a color background. The encoding instruction was to imagine

the object in the background color, so that participants had to mentally unitize the object

fragments into a single representation. Memory for these objects and the associated color

was subsequently tested. The results showed that successful encoding of object and object-

color associations activated the perirhinal cortex independently of the level of
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fragmentation. In contrast, the anterior fusiform gyrus and inferior temporal cortex were

sensitive to both the level of fragmentation and subsequent memory effect, and

occipitotemporal cortices showed only effects of fragmentation level. This suggests that the

components of a visual image are fused into an integrated entity in the ventral visual

processing stages before reaching the perirhinal cortex where experience with this integrated

item is encoded into long-term memory.

Recent evidence showed that MCI and AD patients have an impaired capacity to

perceptually discriminate between objects with overlapping features, reflecting

compromised representation of complex conjunctions (Kivisaari, Monsch, & Taylor, 2013;

Newsome, Duarte, & Barense, 2012). Consequently, the impaired ability of AD patients to

remember the color associated with the word in the item detail condition may stem from a

deficiency of the integration process itself. That is, our finding of decreased metabolism in

the occipitotemporal cortices may indicate that the patients failed to create a fused image of

the item in the designated color. During the encoding phase, AD patients found it more

difficult to imagine the new item-color associations than healthy controls, which may

suggest a decreased capacity to mentally create a perceptual representation of the stimulus.

This was however not specific to the item detail condition, as patients judged new

associations as equally difficult to imagine in the item detail and the context detail condition.

Alternatively, their memory deficit may be driven by failures in encoding the integrated

association into long-term memory, as suggested by hypometabolism in the perirhinal

cortex. Finally, the involvement of the ventral temporal pole may indicate an impairment in

interpreting the item-color associations on the basis of the provided explanation (e.g., ‘the

cloth is green because the waiter used it to clean up spilled pea soup’) due to either semantic

conceptual unitization processing or integration with emotion (Patterson, Nestor, & Rogers,

2007; Wong & Gallate, 2012). Any of these problems may result in impaired conjunctive

memory in the current task. Future studies should explore which of these processing deficits

best explain AD patients' difficulty integrating color as an item feature. Another possibility,

to be tested, is that AD patients' deficit originates from altered connectivity between

structures along the ventral visual-medial temporal lobe-temporal pole pathway, so that the

products of perceptual unitization, conceptual integration and memory processing do not

converge into a coherent memory representation.

With respect to relational memory, AD patients' performance in the context detail condition

correlated with metabolic activity in the anterior medial prefrontal cortex (BA 10), the

precuneus, and the right temporoparietal junction. These regions have been involved in the

default mode network (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010; Fox et

al., 2005; Kahn, Andrews-Hanna, Vincent, Snyder, & Buckner, 2008; Vincent et al., 2006)

and belong to an episodic memory neural system (Rugg & Vilberg, 2013) whose general

role may consist in building a mental representation of the relationships between entities,

contextual details, actions and outcomes (Ranganath & Ritchey, 2012). Moreover, the

association of metabolism in the anterior medial prefrontal cortex, precuneus and

temporoparietal junction with item-context associative memory is consistent with the results

from numerous fMRI studies indicating that source memory judgments and the retrieval of

qualitative details encoded with the studied items activate these regions (Cansino, Maquet,

Dolan, & Rugg, 2002; Diana et al., 2010; Hayama, Vilberg, & Rugg, 2012; Henson, Rugg,
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Shallice, Josephs, & Dolan, 1999; Lundstrom, Ingvar, & Petersson, 2005; Rugg, Fletcher,

Chua, & Dolan, 1999; Simons, Gilbert, Owen, Fletcher, & Burgess, 2005; Yonelinas, Otten,

Shaw, & Rugg, 2005).

The present findings have some relevance to the current debate about the impact of MCI and

Alzheimer's disease on recollection and familiarity memory functions. Research

characterizing patients' memory deficits in terms of recall of qualitative details about an item

(recollection) and retrieval based on feeling of oldness devoid of any recall of contextual

information (familiarity) has consistently shown that MCI and AD patients have impaired

recollection. However, the results regarding familiarity are divergent. On the one hand,

several reports of impaired familiarity in MCI and AD patients (Algarabel et al., 2009; Ally,

Gold, & Budson, 2009; Didic et al., 2013; Embree, Budson, & Ally, 2012; Wolk et al.,

2013; Wolk et al., 2008) are consistent with the prediction that item familiarity should be

disrupted very early in the course of Alzheimer's disease due to initial deterioration of the

extrahippocampal medial temporal lobe regions on which it depends (Didic et al., 2011). On

the other hand, there is contrasting evidence of spared familiarity in MCI and AD, notably in

memory tasks for pictures (Embree et al., 2012; O'Connor & Ally, 2010; Westerberg et al.,

2013; Westerberg et al., 2006), but also in verbal memory tasks (Anderson et al., 2008;

Belleville, Menard, & Lepage, 2011; Genon et al., 2013, 2014; Serra et al., 2010).

Although the contribution of recollection and familiarity has not been evaluated in the

current tasks, previous work with this procedure demonstrated that performance in the item

detail condition is more dependent on familiarity than in the context detail condition (Bastin,

Diana, et al., 2013; Diana, Van den Boom, Yonelinas, & Ranganath, 2011; Diana et al.,

2008, 2010). The deficit that AD patients manifested in the item detail condition may thus

indicate disrupted familiarity for integrated items in relation to hypometabolism of

extrahippocampal MTL regions. Nevertheless, as discussed above, this conclusion cannot be

verified here because patients may fail to create an integrated perceptual and conceptual

representation of the item-color conjunction before it is available for familiarity-related

memory processes. More generally, it is likely that contradictory evidence regarding the

integrity of familiarity in the course of Alzheimer's disease arises because of the influence of

various task-related or patient-related factors, such as the intrinsic properties of the methods

used to estimate recollection and familiarity (Wolk et al., 2008), the extent to which memory

decisions benefit from the use of processing fluency (Ally, 2012; Bastin, Willems, Genon, &

Salmon, 2013), or the severity and nature of patients' cognitive deficits (e.g., Bastin,

Willems, et al., 2013; Hoppstadter et al., 2013).

In conclusion, it appears that associative memory is not globally and indiscriminately

affected by Alzheimer's disease. Even though the task setting was identical in the item detail

and context detail conditions, the different encoding instructions promoted distinct binding

processes which are dissociable in terms of their cerebral metabolic correlates and variably

affected among patients with mild Alzheimer's disease. Consistent with the theoretical views

proposing that memory for item-context associations and memory for intra-item details rely

on distinct neural networks (Diana et al., 2007; Mayes et al., 2007; Ranganath & Ritchey,

2012), this variability relates to the amount of hypometabolism affecting a network centered

on the parahippocampal and fusiform gyri, and an anterior-posterior midline network
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respectively. Several questions remain to be clarified in future studies. One question is

whether the relative dysfunction of the two types of associative memory also varies in the

prodromal stages of Alzheimer's disease and whether they decline similarly in the course of

the pathology. The precise nature of the impairment of conjunctive memory should also be

investigated to determine whether it stems from the integration process itself or subsequent

memory processes. Finally, one fundamental question is whether the neural underpinnings

of these associative memory disorders in Alzheimer's disease reflect regional alteration or

altered network connectivity.
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Highlights

- Alzheimer's disease disrupts relational and conjunctive binding in episodic memory

- Relational binding scores related to default mode network resting-state metabolism

- Conjunctive binding scores are associated with integrity of anterior temporal

network

- Variable alteration of specialized memory systems occurs in Alzheimer's disease
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Figure 1.
Results of the PLS analyses showing metabolic regional activity significantly correlated

with the proportion of correct source judgments (A) when color was integrated as an item

feature (conjunctive memory) and (B) when color was associated to the item as a contextual

detail (relational memory) in patients with Alzheimer's disease. Results rendered on a

patient anatomical image.
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Table 1

Demographic and clinical characteristics of the participants.

AD (n = 30) Controls (n = 24) p-value

Age (years) 77.1 (6.4) 75.9 (8.1) .56

Education (years) 12.1 (3.6) 11.6 (2.7) .62

Gender F/M* 19/11 14/10 .70

Mattis DRS 125.9 (8.1) 140.5 (3.1) < .001

MMSE 23.9 (2.0) -

GDS 2.9 (2.3) 2.6 (1.5) .58

Standard deviations in brackets. DRS Dementia Rating Scale. GDS Geriatric Depression Scale.

*
Chi-square test; other analyses used t-tests.
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Table 2

Proportions of correct source judgments as a function of group and condition. A. Global performance. B.

Performance assessed separately for easy-to-imagine and difficult-to-imagine associations.

AD Controls

A. Item detail .63 (.13) .87 (.13)

Context detail .56 (.13) .77 (.18)

B. Item detail

Easy to imagine .66 (.17) .94 (.11)

Difficult to imagine .56 (.21) .77 (.19)

Context detail

Easy to imagine .58 (.20) .78 (.18)

Difficult to imagine .58 (.17) .74 (.25)

Standard deviations in parentheses.
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