
Visual Integration and the Role of Structural
and Functional Brain Changes in the

Age-Related Associative Memory Deficit

Item Type text; Electronic Dissertation

Authors Memel, Molly

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 24/05/2023 20:33:07

Link to Item http://hdl.handle.net/10150/634411

http://hdl.handle.net/10150/634411


	 1	

	
	
	
	
	
	
	
	
	
	
	
	

VISUAL	INTEGRATION	AND	THE	ROLE	OF	STRUCTURAL	AND	FUNCTIONAL	BRAIN	
CHANGES	IN	THE	AGE-RELATED	ASSOCIATIVE	MEMORY	DEFICIT	

	
by	
	

Molly	Memel		
	

__________________________________	
Copyright		© Molly	Memel	2019 

	
A	Dissertation	Submitted	to	the	Faculty	of	the	

	
DEPARTMENT	OF	PSYCHOLOGY	

	
In	Partial	Fulfillment	of	the	Requirements	For	the	Degree	of	

	
DOCTOR	OF	PHILOSOPHY	

	
In	the	Graduate	College	

	
THE	UNIVERSITY	OF	ARIZONA	

	
	

2019	
	
	
	
	
	
	
	
	
	
	



	 2	

	
	

	



	 3	

	
	

	
	
	

STATEMENT	BY	AUTHOR	
	
	
	

This	dissertation	has	been	submitted	in	partial	fulfillment	of	the	requirements	for	an	
advanced	degree	at	the	University	of	Arizona	and	is	deposited	in	the	University	Library	to	

be	made	available	to	borrowers	under	rules	of	the	Library.		
	

Brief	quotations	from	this	dissertation	are	allowable	without	special	permission,	provided	
that	an	accurate	acknowledgement	of	the	source	is	made.		Requests	for	permission	for	
extended	quotation	from	or	reproduction	of	this	manuscript	in	whole	or	in	part	may	be	
granted	by	the	head	of	the	major	department	or	the	Dean	of	the	Graduate	College	when	in	
his	or	her	judgment	the	proposed	use	of	the	material	is	in	the	interests	of	scholarship.		In	all	

other	instances,	however,	permission	must	be	obtained	from	the	author.		
	
	
	

Molly	Memel		
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	 4	

	
	

ACKNOWLEDGMENTS		
	

	 I	would	like	to	thank	my	advisor,	Dr.	Lee	Ryan,	for	her	continued	support	and	

guidance	throughout	my	doctoral	career.	It	has	been	a	privilege	to	learn	from	an	expert	in	

the	field	and	you	have	played	a	pivotal	role	in	shaping	the	researcher	that	I	have	become.	I	

would	also	like	to	thank	my	committee	members,	Dr.	Elizabeth	Glisky,	Dr.	Matthew	Grilli,	

and	Dr.	Gene	Alexander.	Thank	you	for	all	of	your	feedback,	your	willingness	to	think	

through	ideas	with	me,	and	your	support	and	encouragement	throughout	this	process.	

Finally,	I	would	like	to	thank	my	family,	friends,	and	cohort	for	standing	beside	me	during	

the	triumphs	and	tribulations	of	graduate	school.	Your	encouragement,	support,	and	

laughter	provided	fuel	for	this	exciting	and	tireless	journey.		

	

	

	

	

	

	

	
	
	
	
	
	
	
	
	
	

	
	



	 5	

	
	

TABLE	OF	CONTENTS	
	

	

LIST	OF	FIGURES.…………………………………………………………………………..……………………….……..6	

LIST	OF	TABLES………………………………………………………………………………………………………...….7	

ABSTRACT…………………………………………………………………………………………………………………....8	

CHAPTER	1:	GENERAL	INTRODUCTION…….……………………………………………………………….…10	

CHAPTER	2:	GENERAL	DISCUSSION.………………………………………………………………………..……24	

REFERENCES…………………………………………………………………………………………………………...…..31	

APPENDIX	A:	MEMEL	&	RYAN	(2017)..………………………………………………………….…………..…..41	

APPENDIX	B:		

	 EXPERIMENT	2:	VISUAL	INTEGRATION	OF	OBJECTS	AND	SCENES	INCREASES	

	 RECOLLECTION-BASED	RESPONDING	DESPITE	DIFFRENTIAL	MTL	

	 RECRUITMENT	IN	YOUNG	AND	OLDER	ADULTS………………………………………..……..…53	

APPENDIX	C:		

EXPERIMENT	3:	CONTRIBUTIONS	OF	FRONTOTEMPORAL	WHITE	MATTER	

	 INTEGRITY	TO	ASSOCIATIVE	MEMORY	IN	YOUNG	AND	OLDER	

	 ADULTS………….…..………………………………………………………………………………………..…...86	

	
	
	
	
	
	
	
	
	
	



	 6	

LIST	OF	FIGURES		
	

	
FIGURE	B.1			EXAMPLE	STIMULI	FROM	BOTH	CONDITIONS……………………………..…………..61	

FIGURE	B.2	REACTION	TIME	DATA	FROM	STUDY	2…………………………………………….…...…..67	

FIGURE	B.3	LEFT	MEDIAL	HC	ACTIVATION.…………………………………………………………….…..69	

FIGURE	B.4	fMRI	ACTIVATION	FOR	MAIN	EFFECTS	AND	INTERACTION……….………….......69	

FIGURE	C.1	FRONTOTEMPORAL	REGIONS	OF	INTEREST……………………………………….…….97		

FIGURE	C.2	CORRELATIONS	BETWEEN	GLOBAL	DIFFUSION	MEASURES	AND	MEMORY	

PERFORMANCE.…………………………………………………………………………………………………………102	

	

	

	

	

	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	

	



	 7	

LIST	OF	TABLES	
	
TABLE	B.1	BEHAVIORAL	DATA	STUDY	2.………………….……..…………………………………………65	

TABLE	B.2	REACTION	TIMES	……………………...……………………………………………………….…….66	

TABLE	B.3	MAIN	EFFECT	OF	AGE..……………………………………………………………………………..70	

TABLE	B.4	MAIN	EFFECT	OF	CONDITION…………………………………………………………………..70	

TABLE	B.5	AGE	BY	CONDITION	INTERACTION………….……………………………………………….71	

TABLE	B.6	CORRELATIONS	BETWEEN	MEAN	CONTRAST	VALES	AND	BEHAVIORAL	

PERFORMANCE…………………………………………………………………………………………….………….72	

TABLE	C.1	BEHAVIORAL	DATA	STUDY	3…………………………………………………………………..98	

TABLE	C.2	WHITE	MATTER	INTEGRITY	MEASURES	ACROSS	TRACTS	………………………99	

TABLE	C.3	CORRELATIONS	BETWEEN	GLOBAL	DIFFUSION	MEASURES	AND	MEMORY	

PERFORMANCE	ACROSS	AGE	GROUPS……………………………………………………………………..101	

TABLE	C.4	CORRELATIONS	BETWEEN	TRACT-SPECIFIC	MEASURES	OF	WM	INTEGRITY	

AND	MEMORY	PERFORMANCE	IN	OLDER	ADULTS……………………………………………….....105	

TABLE	C.5	CORRELATIONS	BETWEEN	TRACT-SPECIFIC	MEASURES	OF	WM	INTEGRITY	

AND	MEMORY	PERFORMANCE	IN	YOUNG	ADULTS..………..………………………………………105	

TABLE	C.6	SIGNIFICANT	REGRESSION	MODELS………………………………………………………106	

	

	

	

	

	
	

	
	



	 8	

ABSTRACT	
	
	

In the present set of experiments, we investigated the effects of visual integration, and 

age-related changes in brain structure and function on associative memory for objects and 

scenes. The results of experiment 1 demonstrated improved associative memory when objects 

and scenes were visually integrated, through an increase in hits without a corresponding increase 

in false alarms. This profile was interpreted to reflect an increase in recollection-based 

responding when associative pairs were visually integrated. Although processing of visually 

integrated stimuli resulted in greater activation across medial temporal lobe (MTL) structures 

(e.g. hippocampus (HC), perirhinal cortex (PRC), parahippocampal cortex (PHC)) compared to 

non-integrated pairs and their respective controls, no difference in MTL or prefrontal (PFC) 

activation was observed after accounting for control activation. In young adults, activation across 

all three MTL structures predicted discrimination for non-integrated pairs, but only PRC 

activation predicted discrimination for visually integrated pairs. In older adults, MTL activation 

was not related to performance for non-integrated pairs, but HC and VLPFC activation predicted 

performance for visually integrated pairs. In experiment 2, we investigated differences in 

reaction time based on visual integration, and the neural correlates of associative recognition. 

Both young and older adults responded faster to visually integrated than non-integrated pairs, 

reflecting increased recollection-based responding. However, the difference between conditions 

was greater in older adults. While both groups exhibited a reduction in right HC and left PRC 

activation during recognition of visually integrated compared to non-integrated pairs, an 

interaction occurred in left medial HC. Young adults exhibited reduced activation in this region 

for visually integrated pairs, whereas high functioning older adults activated this region more for 

visually integrated than non-integrated pairs. Similar to results from encoding (Experiment 1), 
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HC activation was associated with recognition of non-integrated pairs in young adults, but no 

MTL region predicted performance for visually integrated pairs. In contrast, HC and PHC 

activation was only related to memory for visually integrated pairs in older adults. Contrary to 

findings from the verbal unitization literature that demonstrate improved memory in older adults 

through increased familiarity-based responding (Zheng et al., 2015; Ahmad et al., 2015), our 

findings suggest that visual integration improves performance across age-groups through an 

increased reliance on recollection. Notably, the neural correlates of this shift vary based on age. 

Finally, in experiment 3, we examined the role of white matter integrity in the tracts connecting 

frontal and temporal brain regions in predicting associative memory. White matter integrity in 

the fornix, uncinate fasciulucs, and PHC cingulum predicted associative memory in older adults, 

even after controlling for global white matter changes. The present findings demonstrate the 

benefit of visual integration as a strategy to improve associative memory across age groups. 

Further, we identified age-related changes in brain function and structure that are related to 

memory for visual pairs of objects and scenes.  
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CHAPTER	1	
	

GENERAL	INTRODUCTION	
	

During aging, recognition of individual items remains relatively preserved, whereas 

relational memory declines (Bastin & van der Linden, 2005; Naveh-Benjamin, Guez, Kilb, & 

Reedy, 2004; Castel & Craik, 2003; Naveh-Benhamin, 2000). Specifically, aging results in 

poorer memory for the relationships amongst items (Chen & Naveh-Benjamin, 2012; Naveh-

Benjamin, 2000, Experiments 1 &2), between an item and its context (Mitchell, Johnson, Raye, 

Mather & D’Esposito, 2000a; Borg, Leroy, Favre, Laurent & Thomas-Anterion, 2011; 

Fandakova, Sander, Werkle-Bernger & Shing, 2014), and to a lesser degree, between an item and 

its features (e.g. the color of an object) (Peterson & Naveh-Benajamin, 2016, Experiment 1; 

Brown & Brockmole, 2010, Experiment 2; Naveh-Benjamin, 2000, Experiment 3). These 

impairments have been observed across stimuli types, including object-location and object-color 

pairs (Chalfonte & Johnson, 1996) word pairs (Castel & Craik, 2003; Naveh-Benjamin, 2000), 

words and fonts (Naveh-Benjamin, 2000, Experiment 3), words and scenes (Bayen, 2000), face-

name pairs (Naveh-Benjamin et al., 2004), face-location pairs (Bastin & Van der Linden, 2006), 

face-scene pairs (Dennis, Hayes, Prince, Madden, Huettel, Cabeza, 2008) and picture pairs 

(Naveh-Benjamin, Hussain, Guez, & Bar-On, 2003).  

Models of Age-related Associative Memory Decline 

Three key hypotheses regarding age-related changes in associative memory emphasize 

changes in executive functioning, a shift from recollection to familiarity processes, and a shift 

from pattern separation to pattern completion processes with age. Focusing first on executive 

functioning, aging is associated with a decline in working memory (Hedden & Park, 2001; Park 

et al., 1996; Salthouse & Babcock, 1991, Cherry & Park, 1993), inhibitory control (Hasher, 
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Lustig & Zacks, 2007; Hasher & Zacks, 1988), task-shifting (for a review, Wasylyshyn, 

Verhaeghen, & Sliwinski, 2011), and the initiation of strategies during learning (Kirchoff, 

Anderson, Barch & Jacoby 2012; Old & Naveh-Benajamin, 2008).  These processes are critical 

during memory encoding and retrieval, as they are utilized to store important information for 

short periods of time, encode information in a meaningful way, focus on relevant information, 

while ignoring distraction, and evaluate the accuracy of retrieved information. According to the 

inhibitory control model, older adults are impaired in their ability to inhibit distracting 

information, resulting in a greater likelihood of “hyper-binding” between target information and 

non-target information in paired associate learning (Campbell, Trelle & Hasher, 2013; Healey, 

Hasher & Campbell, 2013). Hara and Naveh-Benjamin (2015) demonstrated impairments in 

face-name associative memory in young adults, when storage and working memory processing 

load was increased, providing evidence that decreased processing capabilities may play a role in 

the age-related associative deficit. Further, self-initiated encoding strategies are utilized less 

frequently in older adults, specifically in intentional encoding tasks (Kirchoff, Anderson, Barch 

& Jacoby 2012; Old & Naveh-Benajamin, 2008), which partially mediates age-related declines 

in associative memory (Naveh-Benjamin, Brav, and Levy, 2007). A recent fMRI study 

comparing prefrontal activation during relational encoding of “lower association” (fewer 

semantic associations) and “higher association” triads of words identified impoverished VLPFC 

activation in older adults compared to young during encoding of lower association words (Addis 

et al., 2014). The authors suggest that this VLPFC dysfunction when generative processing 

requirements increase might account for age-related deficits in relational processing.  

Aging is also associated with a greater reliance on familiarity processes during retrieval, 

and a decrease in recollection processes, compared to young adults (Ahmad, Fernandes & 
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Hockley, 2015; Daselaar, Fleck, Dobbins, Madden & Cabeza, 2006: Davidson & Glisky, 2002; 

Jennings & Jacoby, 1997). According to the Dual-Process model, familiarity-based retrieval is 

associated with less detailed memory representations and poorer overall performance (see 

Yonelinas & Jacoby, 2012 for review). In a study that grouped older adults based on medial 

temporal and frontal function, familiarity was driven exclusively by medial temporal function, 

whereas recollection depended on both medial temporal and frontal function, resulting in 

impaired recollection-based responding in older adults with greater frontal decline (Davidson & 

Glisky, 2002). Further, neuroimaging studies have revealed decreased recollection-related 

activity in the hippocampus and increased reliance on familiarity-related rhinal activity during 

word recognition in older adults (Daselaar, Fleck, Dobbins, Madden & Cabeza, 2006). Thus, a 

decline in recollection-based memory processes, which may be necessary to remember specific 

pairings between items, may contribute to the associative memory deficits in older adults.  

 Finally, aging is associated with a shift from pattern separation to pattern completion, 

which has been attributed to age-related hippocampal dysfunction in both animal and human 

models (Yassa, Lacy, Stark, Albert, Gallagher & Stark, 2011; Wilson et al., 2006). Pattern 

separation occurs when a new representation is differentiated from similar pre-existing 

representations, based on differences between representations. In contrast, pattern completion is 

a reliance on cues, either partial or degraded, to reinstate a pre-existing representation (Yassa et 

al., 2011). Older adults exhibit deficits in pattern separation compared to young adults, requiring 

greater dissimilarity between stimuli items for similar lure items to be classified as different 

rather than previously seen (Yassa et al., 2011). In addition, older adults activate CA3/dentate 

gyrus more than young adults during successful pattern separation, which is associated with an 

overall decrease in pattern separation performance (Yassa et al., 2011). During an associative 
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memory task involving faces and names, Miller and colleagues (2008a) identified hippocampal 

hyperactivity in low performing older adults compared to high performers and young adults. 

Based on these findings, it is believed that hippocampal hyperactivity in CA3/DG represents 

dysfunction in the auto-associative network. Specifically, hyperactivity has been attributed to 

decreased inhibitory input into CA3, which is thought to result from deterioration in inhibitory 

interneuron modulation and perforant path input (Yassa & Stark, 2011; Yassa et al., 2011; 

Geinisman et al., 1992; Barnes et al., 2000; Barnes, 1979). Evidence for this stems from high-

resolution diffusion tensor imaging (DTI) studies showing decreased perforant path integrity in 

aged rats (Smith et al., 2000) and humans (Yassa et al., 2010) that predicted poorer pattern  

separation performance in older adults (Yassa, Mattfeld, Stark & Stark, 2011).  

 Despite growing research on pattern separation deficits, few studies have focused on age-

related changes in pattern completion. In a recent study, Vieweg and colleagues (2015) presented 

young and older adults with scenes and then later asked participants to identify previously 

viewed scenes from gradually masked versions of old and new scenes. While both groups 

exhibited poorer performance as masking increased, older adults were more impaired than 

young. Further, only older adults exhibited a tendency to classify novel scenes as familiar, 

demonstrating a bias towards pattern completion. Thus, behavioral and structural evidence 

support an age-related bias towards pattern completion and a decrease in pattern separation 

ability.  

Neural Correlates of Associative Memory  

Research on the neural correlates of associative memory suggests a role for both the 

medial temporal lobes and prefrontal cortex. Focusing first on the prefrontal cortex, the 

ventrolateral prefrontal cortex (BA 44, 45, and 47) contributes to successful memory encoding 
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(Ranganath, 2010) and implements control processes to select relevant item features, in order to 

create distinct memory representations (Paller & Wagner, 2002). Ventrolateral prefrontal activity 

has been found for successful item and associative encoding (Hawco, Berlim & Lepage, 2013; 

Muray & Ranganath, 2007; Ranganath, 2010), with no difference in activation between 

conditions (Blumenfeld, Parks, Yonelinas & Ranganath, 2011). The dorsolateral prefrontal 

cortex  (BA 9 and 46) is associated with the self-initiation of elaborative encoding strategies 

(Hawco, Belim & Lepage, 2013). It is active during item encoding, but activation increases 

during relational encoding (Hales, Israel, Swann & Brewer, 2009; Blumenfeld & Ranganath, 

2006), predicting subsequent memory performance (Murray & Ranganath, 2007). Notably, 

VLPFC activation during associative recognition has been associated with recollection 

monitoring, whereas recognition-related DLPFC activation has been associated with familiarity-

based monitoring demands (Bunge, Burrows & Wagner, 2004).  

          Turning toward the medial temporal lobes, greater debate surrounds the role of the 

hippocampus, perirhinal cortex, and parahippocampal cortex in associative memory. The 

hippocampus plays a critical role in memory formation and retrieval, by binding information into 

a cohesive representation at encoding (Naveh Benjamin, 2000) and linking disparate aspects of a 

memory trace at retrieval (Moscovitch et al., 2005). The role of two other medial temporal lobe 

structures – the parahippocampal cortex and the perirhinal cortex –is currently debated.   

          The Binding of Items and Context (BIC) model suggests that the perirhinal cortex supports 

familiarity by processing specific item information, the parahippocampal cortex supports 

recollection by processing contextual information, and the hippocampus binds item and context 

(Diana, Yonelinas & Ranganath, 2007).  Other models emphasize the content-specificity of these 

regions, with the parahippocampal cortex processing scenes or 3-D local space (Mullally & 
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Maguire, 2011), and the perirhinal cortex processing objects, with converging representations 

bound in the hippocampus (Staresina, Duncan & Davachi, 2011; Preston et al., 2010). Content-

specificity is supported by findings of perirhinal activity selectively predicting source memory 

for objects and parahippocampal activity preferentially predicting source memory for scenes 

(Staresina et al., 2011; Litman et al., 2009). Thus, it is not the contextual nature of the stimuli, 

but the type of stimuli processed that determines whether preferential activation will occur in 

perirhinal versus parahippocampal regions. According to the domain-dichotomy hypothesis 

(Mayes, Montaldi & Migo, 2007), associations between items that are processed in distinct 

cortical regions, including objects and scenes, require hippocampal contribution.  However, 

evidence for equal perirhinal and hippocampal recruitment during within domain (e.g. picture-

picture, word-word) and across domain (e.g. word-picture) associations provides contrary 

evidence (Park & Rugg, 2011), leaving it unclear whether the hippocampus is necessary for 

associations between domains (e.g. word and picture) and across stimuli types (e.g. faces and 

scenes, objects and scenes, etc.).  

          A newer process-based model of MTL function focuses on the computational processes 

performed in the multiple interactive circuits of the MTL (Burke et al., in prep). Primarily, it 

postulates two networks, one that supports “gist-like” representations of scenes and 

environments (sparse pathway), and one that adds fine-grained details of relevant stimuli to the 

representation (detailed pathway). Gist-like representations are supported through the indirect 

pathway from PRC and PHC through the entorhinal cortex to CA3/DG. Fine-grained details are 

supported through the direct pathway from PRC/PHC to CA1. These circuits ultimately converge 

in CA1. Notably, this model is unique compared to content-specificity models, as it suggests that 

both PRC and PHC contribute to the sparse and detailed pathways, by providing information on 
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spatial configurations and details of objects and other elements that make up the scene or 

environment. These HC-cortical pathways are recurrent loops that are iteratively updated in 

order to resolve ambiguity between representations.  

Age-Related Structural Brain Changes.  

Aging is associated with a decline in white matter integrity across the brain (for review 

see Madden, Bennet & Song, 2009). Animal models provide evidence for two processes that 

contribute to this decline: demylenation and dysmyelination. Demylenation involves a decay and 

loss of the myelin sheath that wraps around an axon. Dysmyelination occurs when new 

oligodendrocytes form to repair damaged sheaths, resulting in thinner sheaths that rely on a 

greater number of internodes for support (Peters, 2009). Using diffusion tensor imaging (DTI) in 

humans, Kennedy and Raz (2009) identified age-related reductions in fractional anisotropy (FA), 

a measure of the directionality of water flow, with the greatest age effects in prefrontal and 

occipital white matter. Higher prefrontal FA was related to faster processing speed and better 

executive functions amongst older adults, with greater temporal FA predicting better memory 

recall. Temporal diffusivity, a measure of the rate of diffusivity within a voxel, was negatively 

related to recall performance. Nordahl and colleagues (2006) found a positive correlation 

between white matter integrity and the ability to activate the dorsolateral prefrontal cortex during 

both working memory and episodic memory. A range of cardiovascular risk factors, including 

hypertension, diet, and level of physical activity, vary across older adults and affect the degree of 

white matter degeneration in the brain (Kullmann et al., 2016; Madden, Bennett & Song, 2009). 

Due to the critical involvement of frontal regions in associative encoding and retrieval, it is likely 

that older adults with greater white matter integrity in tracts connecting frontal and medial 
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temporal regions exhibit better memory performance. However, not much is known about the 

specificity of each tract in contributing to associative memory performance. 

The medial temporal lobe and prefrontal cortex are connected through direct and indirect 

pathways, relying on white matter tracts, including the uncinate fasciculus, arcuate fasciculus, 

fornix, and ventral cingulum bundle (Wendelken, Lee, Pospil, et al., 2014).  In rodents, the 

hippocamapal-thalamic-prefrontal cortex loop is involved in memory formation, and memory 

retrieval relies on the projection from the ventral hippocampus to the medial prefrontal cortex 

(Li, Long & Yang, 2015). Similar relationships have been observed in human studies with 

uncinate fasciculus integrity, connecting the anterior temporal lobes to the orbitofrontal cortex, 

predicting the rapid learning and immediate retrieval of visual-visual associations (Thomas, 

Avram, Pierpaoli & Baker, 2015), and episodic memory performance (Lockhart et al., 2012). 

The integrity of the arcuate fasciculus, which connects the lateral temporal cortex to the frontal 

cortex, predicts delayed story memory and language performance (McDonald et al., 2008). 

Fornix integrity has been related to pattern separation performance, but not recognition memory 

in healthy adults (Bennet, Huffman & Stark, 2015). The cingulum bundle serves as the primary 

input from the cortex to the entorhinal cortex (Bennet & Stark, 2015), which flows to the dentate 

gyrus through the perforant pathway (Witter, 2007). Pattern separation is mediated by the dentate 

gyrus (Norman & O’Reilly, 2003), suggesting a critical role for the cingulum in memory 

formation and discrimination (Bennet & Stark, 2015). Given age-related changes in white matter 

integrity, it is likely that aging differentially influences frontotemporal white matter tracts, and 

predicts associative memory performance.   

Age-Related Changes in MR Activation During Associative Memory 
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 Aging is associated with changes in medial temporal and prefrontal activation during 

associative memory tasks. However, these changes occur to a different extent across structures 

and across individuals. 

Medial Temporal Lobe Recruitment. Several fMRI studies have identified intact HC 

activation in older adults during associative encoding (de Chastelaine, Mattson, Wang, Donley & 

Rugg, 2016; Addis et al., 2014), with some evidence for intact HC function during associative 

recognition (de Chastelaine, Mattson, Wang, Donley & Rugg, 2016).  During encoding of word 

pairs, HC subsequent memory effects (activation for pairs correctly judged intact compared to 

pairs incorrectly judged rearranged) did not differ between young and older adults, and positively 

predicted performance (De Chaselaine et al., 2016). On a relational encoding task of word triads 

with varying levels of pre-existing semantic associations (lower-association vs. higher 

association), both young and older adults exhibited greater HC activation during higher relative 

to lower association trials (Addis et al., 2014), demonstrating age-invariant HC activation during 

associative encoding.  

During recognition of word pairs, Chastelaine and colleagues (2016) identified equivalent 

recollection effects within the HC, PHC, posterior cingulate cortex, left angular gyrus, and 

medial prefortnal cortex (mPFC), and equivalent retrieval monitoring effects within the anterior 

cingulate and right DLPFC across young and older adults. Across both age groups, the 

magnitude of HC, mPFC, anterior cingulate, and right DLPFC activation predicted memory 

performance. These findings suggest that the relationship between functional activation in MTL 

and prefrontal regions and memory performance remains stable during aging.  

However, research from the item recognition and pattern separation literature provides 

contradictory evidence, suggesting decreased HC function with age. During a word recognition 
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task, older adults exhibited less HC activation and greater PRC activation than young adults, 

which was attributed to a decrease in recollection and an increased reliance on familiarity with 

age (Daselaar et al., 2006b). In contrast, during scene encoding, low performing older adults 

exhibited greater activation within HC than high performing older adults or young adults (Miller 

et al., 2008). This activation was deemed “hyper-activation” and attributed to a dysfunctional HC 

network (Yassa et al., 2011). Similar findings were observed during a pattern separation task. 

Older adults were impaired compared to young adults, requiring a greater degree of dissimilarity 

between old items and similar lure items to classify them as new (Yassa et al., 2011). Further, 

poorer pattern separation performance was associated with greater activation in CA3/DG (Yassa 

et al., 2011). Thus, differential patterns of HC decline have been observed during aging, 

depending on task demands.  

Shifting to the rhinal cortices, research in our laboratory demonstrated poorer complex 

object discrimination performance in older adults compared to young, which was associated with 

decreased left PRC activation (Ryan et al., 2012). However, as previously noted, age-related 

increases in PRC activation occur during word recognition (Daselaar et al., 2006b). Thus, despite 

decreased PRC function during perceptually driven tasks, aging might increase contributions 

from PRC-related familiarity processing during memory retrieval.    

Despite decreased object discrimination with age, scene processing, which is associated 

with activation in the parahippocampal cortex (PHC), remains relatively preserved with age 

(Gutchess, Ieuji & Federeier, 2007). Chee et al. (2006) demonstrated age-related impairments in 

adaptation, a decrease in neural activation that is typically observed after repeated presentation of 

an item, for objects in the context of changing backgrounds. The absence of adaptation was 

interpreted to suggest that increased attention to the changing background, resulted in a lack of 
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attention to the object, and an absence of adaptation in object-processing regions. Thus, age-

related deficits may stem from weakened simultaneous processing of objects when presented 

with scenes. In a working memory task, Gazzaley, Cooney, Rissman and D’Esposito (2005) 

presented older adults with pictures of faces and scenes and instructed them to “remember faces, 

ignore scenes”. Older adults with low working memory ability demonstrated impaired 

suppression of cortical activity for task-irrelevant stimuli (scenes), but intact enhancement of 

activity for task-relevant activity (faces). Thus, it is possible that attentional capture from scenes 

in older age results in preserved activation in scene processing parahippocampal regions, with 

decreased activation in object-processing perirhinal regions during object-scene binding.  

Prefrontal Cortex Recruitment. Functional MRI studies have identified a shift in older 

adults from posterior to anterior brain activation during episodic encoding and retrieval (Davis, 

Dennis, Daselaar, Fleck & Cabeza, 2008), with decreased temporo-occipital activation and 

increased recruitment of bilateral frontal regions. As recruitment of key memory structures in the 

medial temporal lobes decreases, older adults recruit frontal regions to a greater extent during 

memory tasks (Lighthall, Huettel, & Cabeza, 2014).  For example, during associative encoding 

of word pairs, older adults exhibited greater subsequent memory effects in inferior frontal gyrus 

than young adults (De Chastelaine et al., 2016).  Further, a hemispheric asymmetry reduction is 

observed in older age (HAROLD) whereby older adults recruit bilateral regions to a greater 

extent than younger adults (Cabeza, 2002). Reuter-Lorenz and Cappell’s (2008) compensation-

related utilization of neural circuits hypothesis (CRUNCH) suggests that increased frontal 

activation improves memory performance in older age, with inhibitory TMS to either frontal 

hemisphere resulting in decreased performance. 
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However, age-related deficits in frontal recruitment have been observed during 

associative memory tasks. For example, on a relational encoding task of word triads with varying 

levels of pre-existing semantic associations (lower-association vs. higher association), older 

adults did not show an up-regulation of VLPFC activation during low-association trials, as was 

observed in young adults. The authors concluded that VLPFC dysfunction may contribute to 

relational encoding deficits in older adults.  

Unitization and Associative Memory  

Unitization is an encoding strategy that reduces the age-related deficit in relational 

memory (Bastin et al., 2013; Ahmad et al., 2015; Zheng et al., 2015). Associative pairs are 

unitized through the creation of a perceptually or semantically integrated representation that 

includes both items in the pair. Compound words are considered unitized compared to unrelated 

words, when they hold a pre-existing semantic meaning (e.g. MAIL-ROOM) or when they are 

related through an integrative statement (e.g. “CLOUD-LAWN: A yard used for sky-gazing). 

Words and colors can be unitized through instructing participants to imagine the word in the 

presented color (ELEPHANT in red), as opposed to imagining the word interacting with an 

object of that color (MONKEY sitting on a red stop sign) (Staresina & Davachi, 2006; Diana, 

Can den Boom, Yonelianas & Ranganath, 2011).  

Many studies have argued that unitizaeable associative pairs can be remembered through 

familiarity-based processing, a potential mechanism through which age-related deficits are 

reduced. For example, Haskins, Yonelinas, Quamme and Ranganath (2008) found a correlation 

between subsequent familiarity and encoding activation in the left perirhinal cortex in young 

adults when word pairs were unitized. Hypoxic patients, with impaired recollection, but intact 

familiarity, exhibited benefits when word pairs were unitized (Quamme, Yonelinas, & Norman, 
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2007), whereas no benefit was conferred to patients with left-temporal damage who 

demonstrated impaired recollection and familiarity. These findings support a role for non-HC 

MTL regions in familiarity-based decision-making and in memory for unitized pairs. Further, 

EEG studies of unitization in older adults have demonstrated an increase in the EEG-correlates 

of both recollection (parietal old/new effect) and familiarity (early frontal old/new effect) with 

unitization, with greater increases in familiarity than recollection-correlates when word pairs 

were unitized (Zheng et al., 2015). However, no study has explored the impact of unitization on 

the neural correlates of associative memory across both young and older adults.  

Visual Integration as a Unitization Method 

Most associative memory studies that investigate unitization present simultaneous word 

pairs, word-color pairs, or word-picture pairs. Less is known about the effect of unitization on 

visual stimuli and whether visual unitization improves associative memory in older adults similar 

to verbal unitization tasks. Based on the literature, it was unclear whether visually integrating 

two items in a pair, such as embedding an object in a scene, would result in similar mnemonic 

benefits as verbal unitization. Further, no study had investigated the influence of unitization on 

neural recruitment in a sample of young and older adults, during both encoding and recognition. 

The first two studies in this dissertation were designed to assess the mnemonic benefit of visual 

integration for young and older adults and to determine whether visual integration influenced the 

neural correlates of associative memory similarly for young and older adults during associative 

encoding (Study 1) and recognition (Study 2). Specifically, the focus of Study 1 was to 

determine whether visual integration of associative pairs reduced activation in HC and DLPFC 

during encoding and increased PRC-based processing. Study 2 was designed to determine 

whether visual integration resulted in increased activation of MTL regions associated with 
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recollection (HC and PHC) or greater correlations between these regions and behavioral 

performance. Given the importance of the MTL and PFC in associative memory, the final study 

in this dissertation examined the role of white matter integrity in the tracts connecting 

frontotemporal regions of the brain, in predicting associative memory performance.  
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Chapter	2	
	

	GENERAL	DISCUSSION	
	
	 In	the	present	set	of	experiments,	I	investigated	the	effects	of	visual	integration,	

functional	brain	activation,	and	white	matter	integrity	on	associative	memory	in	young	and	

older	adults.		As	has	been	found	in	studies	of	verbal	unitization,	visual	integration	

improved	associative	memory	in	young	and	older	adults.	However,	unlike	the	majority	of	

unitization	studies	that	found	greater	improvements	in	memory	for	older	adults	than	

young	(Bastin	et	al.,	2013;	Ahmad	et	al.,	2015;	Zheng	et	al.,	2015;	but	see	also	Delhaye	&	

Bastin,	2016),	visual	integration	improved	memory	equivalently	across	age	groups.	

Improved	discrimination	was	associated	with	an	increase	in	hits,	without	increased	false	

alarms.	This	behavioral	profile	is	notable,	as	it	suggests	that	memory	improved	without	a	

corresponding	increase	in	familiarity-based	responding.	Further,	both	young	and	older	

adults	recognized	visually	integrated	pairs	faster	than	non-integrated	pairs,	a	finding	

associated	with	increased	recollection	responding	(Gimbel et al., 2011).		

Visual	integration	of	objects	and	scenes	resulted	in	greater	medial	temporal	lobe	

activation	(HC,	PHC,	PRC)	during	encoding,	suggesting	preferential	processing	of	objects	

that	are	naturally	embedded	within	scenes,	as	they	would	be	perceived	in	the	real	world.	

This	is	not	surprising	given	findings	from	the	perception	literature,	which	demonstrate	

faster	and	more	accurate	object	identification	and	recognition	when	objects	are	processed	

within	a	naturally	occurring	and	semantically-consistent	scene	(Olivia	&	Torralba,	2007).			

Age	differences	in	medial	temporal	and	prefrontal	activation	were	observed	at	

encoding	and	recognition.	Overall,	young	adults	activated	all	three	medial	temporal	regions	

and	smaller	regions	of	prefrontal	cortex	more	than	older	adults,	whereas	older	adults	
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activated	larger	regions	of	prefrontal	cortex	more	than	young.	These	findings	are	

consistent	with	the	associative	memory	literature,	demonstrating	decreased	medial	

temporal	activation	in	older	adults	compared	to	young	(Hayes	et	al.,	2017;	Nordin	Harlitz,	

Larsson,	Soderlund,	2017;	Gutchess	et	al.,	2005),	and	variable	prefrontal	age	effects	

depending	on	anterior-posterior	and	lateral-medial	location	and	task	demands	(Hayes	et	

al.,	2017;	Cabeza	et	al.,	2002;	Cappell,	Gmeindl	&	Reuter-Lorenz,	2010).	Our	results	were	

consistent	with	the	compensation	literature	(Reuter	&	Lorenz	&	Cappell,	2008),	

demonstrating	decreased	hippocampal	activation	and	increased	utilization	of	the	

prefrontal	cortex	during	successful	associative	recognition	in	older	adults.	Notably,	greater	

VLPFC	encoding	activation	was	associated	with	better	associative	memory	in	older	adults	

for	visually	integrated	but	not	non-integrated	pairs.	Thus,	our	findings	are	consistent	with	

the	compensation-related	utilization	of	neural	circuits	hypothesis	(CRUNCH)	suggesting	

that	compensatory	activation	is	effective	when	task	demands	are	low,	during	the	visually	

integrated	condition,	but	during	the	more	difficult	non-integrated	condition,	a	resource	

ceiling	is	reached	and	PFC	activation	is	no	longer	associated	with	performance.		

After	accounting	for	control	activation,	no	memory-specific	differences	between	

visual	integration	conditions	were	observed	in	medial	temporal	or	prefrontal	regions	

during	encoding.	However,	visual	integration	resulted	in	differential	activation	of	medial	

temporal	regions	at	recognition.	Namely,	right	HC	and	left	PRC	activated	less	for	visually	

integrated	than	non-integrated	pairs.	The	HC	is	often	described	as	an	“index”	or	“pointer”	

to	disparate	items	within	an	episode	(Samsonovich	&	Ascoli,	2005;	Nadel	&	Moscovitch,	

2001;	Tulving,	2002).	As	such,	decreased	hippocampal	activation	might	reflect	decreased	

processing	requirements	once	objects	and	scenes	are	integrated	into	one	unitized	
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representation.	Further,	the	PRC	is	associated	with	object-processing	(Barense	et	al.,	2007;	

Ryan	et	al.,	2012),	and	the	current	findings	suggest	that	once	an	object	is	integrated	into	a	

naturalistic	scene,	perirhinal	processing	decreases,	and	the	more	“scene-like”	

representation	might	rely	to	a	greater	degree	on	PHC	scene-processing.	A	shift	from	

perirhinal	to	parahippocampal-mediated	recognition	might	be	particularly	beneficial	for	

older	adults,	who	show	impairments	in	perirhinal-driven	object	discrimination	and	pattern	

separation	tasks	(Ryan	et	al.,	2012;	Yassa	et	al.,	2011;	Reagh	et	al.,	2016),	but	intact	scene	

recognition	and	spatial	discrimination	(Gutchess	et	al.,	2007;	Yassa	et	al.,	2016).			

While	visual	integration	resulted	in	reduced	bilateral	HC	activation	in	young	adults,	

an	interaction	was	observed	in	left	medial	HC,	a	region	likely	falling	within	CA3/DG.	Older	

adults	activated	this	region	more	for	visually	integrated	than	non-integrated	pairs,	while	

the	reverse	was	true	in	young	adults.	Several	explanations	might	account	for	this	finding.	

During	a	pattern	separation	task,	Yassa	and	colleagues	(2011)	identified	CA3/DG	“hyper-

activation”	in	older	adults	during	correct	rejections	of	lure	trials	that	was	associated	with	

worse	overall	pattern	separation	performance.	They	attributed	HC	hyper-activation	to	a	

dysfunctional	network	that	computationally	biased	processing	from	pattern	separation	to	

completion.	However,	they	suggested	that	this	activation	might	reflect	attempted	

compensation.	Given	that	medial	HC	activation	was	related	to	better	memory	for	visually	

integrated	object	and	scene	pairs,	our	findings	are	consistent	with	a	compensatory	

explanation.	However,	due	to	differences	in	task	demands	between	our	associative	

recognition	task	and	Yassa’s	pattern	separation	task,	older	adults	in	our	study	who	

exhibited	greater	activation	in	medial	HC	were	able	to	correctly	reject	more	associative	

lures	than	older	adults	with	less	medial	HC	activation.	Thus,	medial	HC	activation	served	as	
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an	index	of	successful	compensation.	More	recent	process-based	models	describe	HC	

function	in	terms	of	sparse	and	detail	oriented	pathways,	with	DG/CA3	falling	within	the	

“sparse”	pathway	(Burke	et	al.,	in	prep).	According	to	this	model,	our	findings	suggest	that	

visual	integration	reduced	use	of	the	sparse	pathway	in	young	adults,	and	might	reflect	

increased	reliance	on	the	detailed	pathway.	Given	that	the	detailed	pathway	from	PRC	to	

CA1	is	more	susceptible	to	age-related	decline,	activation	of	the	sparse	pathway	(CA3/DG)	

bolstered	memory	performance	for	visually	integrated	pairs	in	older	adults,	but	was	unable	

to	serve	a	compensatory	role	when	stimuli	were	visually	non-integrated.		Due	to	our	low	

spatial	resolution,	we	were	unable	to	identify	changes	in	the	“detail”	pathway	connecting	

PRC	to	CA1.	However,	it	is	possible	that	low	performing	older	adults	exhibit	deficient	

activation	in	both	the	sparse	and	detailed	pathway,	resulting	in	worse	overall	recognition.		

Importantly,	during	recognition,	the	correlation	between	HC	activation	and	memory	

performance	was	greater	for	visually	integrated	than	non-integrated	pairs	in	older	adults.	

This	finding	provides	further	support	that	visual	integration	improves	associative	memory	

through	an	increase	in	recollection,	rather	than	a	shift	to	perirhinally-driven	familiarity	

responding.	Further,	PHC	activation	predicted	memory	for	visually	integrated,	but	not	non-

integrated	pairs	in	older	adults,	suggesting	that	embedding	an	object	within	a	semantically-

related	scene	increased	reliance	on	PHC.		Given	the	general	preservation	of	PHC	function	

with	age	(Gutchess	et	al.,	2007;	Yassa	et	al.,	2016),	and	the	role	of	PHC	in	recollection-based	

responding	(Ranganath,	2010;	Diana	et	al.,	2010),	utilization	of	strategies	that	increase	

recruitment	of	PHC	may	be	particularly	beneficial	for	increasing	recollection	and	improving	

associative	memory	in	older	adults.		
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	 Therefore,	visual	integration	improved	associative	memory	in	young	and	older	

adults	by	increasing	recollection-based	responding.	However,	the	neural	correlates	of	this	

increase	varied	across	young	and	older	adults.	In	young	adults,	decreased	HC	and	PRC	

activation	was	accompanied	by	a	reduction	in	the	correlations	between	MTL	activation	and	

memory	performance.	In	older	adults,	recollection	was	supported	by	increased	left	medial	

HC	activation,	and	greater	correlations	between	MTL	activation	and	memory	performance.		

These	findings	are	difficult	to	reconcile,	but	might	suggest	that	two	different	

processes	are	involved	in	recognition	of	visually	integrated	and	non-integrated	

associations	of	objects	and	scenes.	It	is	possible	that	objects	embedded	within	semantically	

related	scenes	rely	heavily	on	pattern	separation	processes	driven	by	the	HC	for	successful	

recognition.	In	contrast,	visually	distinct	entities	that	require	additional	binding	during	

encoding	and	retrieval	may	rely	to	a	greater	degree	on	strategic	processing	that	involves	

both	prefrontal	and	medial	temporal	regions.		Prior	studies	from	our	laboratory	suggest	

that	visually	integrated	objects	and	scenes	are	bound	automatically	in	young	adults	(Hayes	

et	al.,	2007),	which	accounts	for	the	lack	of	correlation	between	MTL	activation	and	

performance	for	visually	integrated	pairs.	However,	aging	is	associated	with	changes	to	

DG/CA3	hippocampal	subfields,	regions	critical	for	pattern	separation,	that	may	bias	older	

adults	to	utilize	pattern	completion	processes	(Yassa	et	al.,	2011).	The	degree	to	which	

older	adults	are	able	to	rely	on	intact	pattern	separation	processes	may	explain	the	

relationship	between	MTL	activation	and	associative	memory	performance	for	visually	

integrated	pairs.		

From	this	perspective,	memory	for	visually	non-integrated	pairs	should	be	

associated	with	activation	in	both	medial	temporal	and	prefrontal	regions.	This	pattern	is	
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observed	in	young	adults,	but	not	older	adults.	In	young	adults,	encoding	activation	in	

VLPFC	and	all	three	MTL	regions	predicted	associative	discrimination,	and	recognition-

related	activation	in	HC	predicted	correct	rejections.	Findings	in	older	adults	were	less	

consistent,	with	no	direct	correlation	between	ROI	activation	and	associative	memory.		It	is	

possible	that	older	adults	reached	a	resource	ceiling,	where	greater	activation	in	each	

region	of	interest	was	no	longer	sufficient	to	improve	memory.		However,	evidence	from	

the	diffusion	study	demonstrated	that	white	matter	integrity	in	the	tracts	connecting	

medial	temporal	and	prefrontal	regions	explained	unique	variance	in	memory	for	non-

integrated	associative	pairs	in	older	adults.	This	suggests	that	the	connections	between	

prefrontal	and	medial	temporal	regions	are	critical	for	associative	memory	during	aging,	

Further,	it	is	possible	that	fMRI	activation	in	individual	brain	regions	is	not	the	best	

predictor	of	associative	memory	during	aging,	and	that	a	functional	connectivity	approach	

might	better	reflect	changes	in	network	dynamics	that	predicts	associative	memory.			

Future	work	should	explore	the	functional	connectivity	between	these	regions	to	

determine	whether	increased	coherence	between	prefrontal	and	medial	temporal	regions	

plays	a	larger	role	in	predicting	memory	for	visually	non-integrated	than	visually	

integrated	associative	pairs.	This	would	support	the	hypothesis	that	two	different	

processes	are	involved	in	associative	memory	for	visually	integrated	and	non-integrated	

pairs	of	objects	and	scenes.			

	 Across	the	three	studies	presented	here,	we	examined	the	relationship	between	

visual	integration,	brain	function,	brain	structure	and	associative	memory	performance	in	

young	and	older	adults.	Our	findings	demonstrate	the	positive	effect	of	visual	integration	

on	associative	memory	across	young	and	older	adults.	Further,	we	identified	the	neural	
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correlates	of	associative	memory,	focusing	on	important	contributions	from	medial	

temporal	and	prefrontal	regions,	as	well	as	the	white	matter	tracts	connecting	these	

regions.	While	addressing	my	proposed	hypotheses,	several	interesting	questions	emerged,	

along	with	a	model	for	explaining	varying	age	effects	based	on	level	of	visual	integration.	In	

order	to	answer	these	questions,	future	work	should	focus	on	narrowing	and	broadening	

the	scope	of	these	analyses.	High-resolution	fMRI	would	be	useful	to	investigate	age-related	

changes	in	HC	subfield	activation	during	these	associative	memory	tasks.	Further,	a	

network	approach	could	provide	critical	information	about	the	coherence	between	

prefrontal	and	medial	temporal	regions	during	recognition	of	visually	integrated	and	non-

integrated	associative	pairs.			
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A B S T R A C T

The ability to remember associations between previously unrelated pieces of information is often impaired in
older adults (Naveh-Benjamin, 2000). Unitization, the process of creating a perceptually or semantically
integrated representation that includes both items in an associative pair, attenuates age-related associative
deficits (Bastin et al., 2013; Ahmad et al., 2015; Zheng et al., 2015). Compared to non-unitized pairs, unitized
pairs may rely less on hippocampally-mediated binding associated with recollection, and more on familiarity-
based processes mediated by perirhinal cortex (PRC) and parahippocampal cortex (PHC). While unitization of
verbal materials improves associative memory in older adults, less is known about the impact of visual
integration. The present study determined whether visual integration improves associative memory in older
adults by minimizing the need for hippocampal (HC) recruitment and shifting encoding to non-hippocampal
medial temporal structures, such as the PRC and PHC. Young and older adults were presented with a series of
objects paired with naturalistic scenes while undergoing fMRI scanning, and were later given an associative
memory test. Visual integration was varied by presenting the object either next to the scene (Separated
condition) or visually integrated within the scene (Combined condition). Visual integration improved associative
memory among young and older adults to a similar degree by increasing the hit rate for intact pairs, but without
increasing false alarms for recombined pairs, suggesting enhanced recollection rather than increased reliance on
familiarity. Also contrary to expectations, visual integration resulted in increased hippocampal activation in both
age groups, along with increases in PRC and PHC activation. Activation in all three MTL regions predicted
discrimination performance during the Separated condition in young adults, while only a marginal relationship
between PRC activation and performance was observed during the Combined condition. Older adults showed
less overall activation in MTL regions compared to young adults, and associative memory performance was most
strongly predicted by prefrontal, rather than MTL, activation. We suggest that visual integration benefits both
young and older adults similarly, and provides a special case of unitization that may be mediated by recollective,
rather than familiarity-based encoding processes.

1. Introduction

Older adults often have difficulty with associative memory – the
ability to remember associations between previously unrelated pieces of
information (Naveh-Benjamin, 2000; reviewed in Old and Naveh-
Benjamin (2008)). Age-related associative memory impairment in older
adults relative to young adults has been observed across various types
of stimuli, including word pairs (Naveh-Benjamin, 2000; Castel and
Craik, 2003), words and fonts (Naveh-Benjamin, 2000, Experiment 3),
words and scenes (Bayen, 2000), faces and names (Naveh-Benjamin
et al., 2004), faces and locations or scenes (Bastin and Van der Linden,
2006; Dennis et al., 2008), objects and locations or colors (Chalfonte
and Johnson, 1996), and picture pairs (Naveh-Benjamin et al., 2003).

Associative memory performance can be improved among older
adults in several ways. The deficit, relative to young adults, is reduced
when the stimulus pairs have a pre-existing semantic relationship, such
as the word pair Abdomen-Stomach compared to an unrelated word pair
like Zero-Sad (Naveh Benjamin et al., 2005; Patterson et al., 2009;
Badham et al., 2012). Semantic relatedness may improve associative
memory by narrowing down potential responses at retrieval and
helping to reject unrelated lures (Badham et al., 2012). However, some
exceptions exist. For example, Gutchess and Park (2009) found little
influence of semantic-relatedness of object-scene pairs on performance
in older adults.

Providing adults with explicit instructions to engage in elaborative
encoding also boosts associative memory performance, for example, by
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creating a sentence that meaningfully links two words in a pair (Naveh-
Benjamin et al., 2007), or by constructing a mental image that includes
both items in a pair (Naveh-Benjamin et al., 2005). It is interesting to
note that sometimes these elaborative strategies benefit only older
adults (Naveh-Benjamin et al., 2007), but sometimes benefit both
young and older adults equally (Naveh-Benjamin et al., 2005), preser-
ving the overall age differences in associative memory performance
between groups.

While elaborative encoding strategies may build a bridge between
items, Parks and Yonelinas (2015) suggest that the optimal associative
encoding strategy is one where two items are fully integrated or
“chunked” so that they are encoded as a single unit rather than two
linked, but still separate entities, a process they refer to as “unitization”.
The mnemonic benefit of unitization has been demonstrated with items
that share a pre-existing unitized meaning, such as “GREEK-MYTHOL-
OGY” (Zheng et al., 2015) or words imagined in a relevant integrated
color, such as “BALLOON” imagined in yellow (Diana et al., 2011). In
addition, previously unrelated items can be unitized through an
integrative sentence such as “CLOUD-LAWN: A yard used for sky-
gazing” that seeks to combine the original meaning of both words to
produce a single new meaning (Quamme et al., 2007) or by imagining
an object in a previously unrelated color, such as “ELEPHANT” in red
(Staresina and Davachi, 2006; Diana et al., 2011).

Like elaborative encoding, unitization attenuates age-related asso-
ciative memory deficits (Bastin et al., 2013; Ahmad et al., 2015). The
mnemonic benefit of unitization in older adults has been demonstrated
with verbal stimuli including compound words (Bader et al., 2010;
Zheng et al., 2015) and word-color pairs (Bastin et al., 2013). However,
the mechanism underlying the effect is unclear. Unitization may
decrease the degree to which strategic binding is necessary for
subsequent successful associative recognition (Haskins et al., 2008),
and at the same time may increase reliance on familiarity-based
responding at retrieval (Bastin et al., 2013; Parks and Yonelinas,
2015) that has been shown to remain relatively intact in older adults
compared to recollection (Daselaar et al., 2006).

While the benefits of unitization for older adults have been
demonstrated with verbal stimuli, less is known about visual unitiza-
tion. Most associative memory paradigms using visual stimuli have
presented two items as separate entities on a black or white back-
ground, such as pictures of faces and tools placed side by side (Düzel
et al., 2003), or pictures of faces and houses placed randomly on a black
background (Piekema et al., 2010). In the real world, however, objects,
faces, and houses are linked to one another within the broader visual
context of the scene in which they are experienced. Objects and scenes,
for example, are virtually always perceived in relation to one another,
and thus may be inherently integrated. Multiple previous experiments
in our laboratory have suggested that objects presented in a scene are
integrated into a single unit, such that changes to the scene result in
impaired recognition for the object (Hayes et al., 2007). Consistent with
Gaffan (1994), we have argued that objects within a scene are
processed relatively automatically as an integrated unit; they are not
merely an object plus a scene.

The present study will investigate whether visual integration of
objects and scenes has similar benefits for older adults as the semantic
unitization manipulations used by Quamme et al. (2007) and Zheng
et al. (2015). We predict that visually integrating an object within a
scene will benefit older adults (and possibly young adults) on an
associative memory task, relative to the more typical presentation of an
object adjacent to its paired scene on a white background. Importantly,
all the objects and scene pairs included in the study were strongly
semantically related (such as a lamp in a living room) and the
instructions to participants emphasized the elaborate encoding of each
object with its unique scene, thus providing optimal circumstances for
successful associative memory in older adults.

The study will also investigate the impact of visual integration on
patterns of fMRI activation in cortical regions involved in visual

associative memory. Associative memory is assumed to rely on inter-
actions between medial temporal and prefrontal regions (Gaffan et al.,
2002; Bunge et al., 2004; Barker and Warburton, 2015). In the medial
temporal lobes, unimodal sensory association areas that process
information about object qualities (the “what” pathway) serve as the
primary input to the perirhinal cortex (PRC), which mediates the
perception and representation of complex object-feature conjunctions
(Barense et al., 2007; Ryan et al., 2012). Polymodal visual and spatial
processing regions (the “where” pathway) project to the parahippo-
campal cortex (PHC) (Eichenbaum et al., 2007), presumably mediating
the well-established role of PHC in visual-spatial associations and scene
processing (Sommer et al., 2005; Davachi, 2006; Awipi and Davachi,
2008; Preston et al., 2010; Staresina et al., 2011). These two pathways
converge in the hippocampus (HC), suggesting a unique role for the HC
in binding objects with spatial locations (Squire et al., 2004), their
contexts (Bar and Aminoff, 2003), and three-dimensional space
(Mullally and Maguire, 2011).

Unitization may decrease reliance on hippocampally-mediated
binding for successful subsequent associative memory. Several lines of
evidence support this notion. First, amnesic patients with hypoxic
damage limited to the HC show better associative memory for unitiz-
able word pairs compared to pairs that are not easily unitized,
suggesting that they may rely to a greater extent on extra-hippocampal
structures for encoding unitized pairs (Quamme et al., 2007). Second,
using ROC curves, Parks and Yonelinas (2015) demonstrated that
memory for unitized pairs relied to a greater extent on familiarity
during retrieval, compared to associated but not unitized pairs.
Familiarity-based retrieval is thought to be dependent upon the PRC
rather than the HC (Diana et al., 2007; Eichenbaum et al., 2007). Items
that are later recognized based on familiarity show less hippocampal
activation during encoding than items subsequently recognized based
on recollection (Otten, 2007), but it is not clear whether PRC activation
also increases during encoding of these items. To our knowledge, no
study has compared directly the activation in the PRC and HC during
encoding of unitized and non-unitized associative pairs.

In the present study, we predicted that encoding of visually
integrated pairs relative to non-integrated pairs would show less
activation in HC and increased activation in extra-hippocampal medial
temporal lobe structures, such as the PRC. Alternatively, it is possible
that objects embedded within scenes are processed simply as a “scene”,
thereby reducing the amount of activation in PRC and shifting the
emphasis instead from HC to PHC.

This shift away from HC to other medial temporal lobe structures
may be even more prominent for older adults, who tend to rely on
familiarity-based responding more than young adults (Daselaar et al.,
2006). Alternatively, older adults may rely to a greater degree than
young adults on dorsolateral prefrontal cortex (DLPFC) and ventrolat-
eral prefrontal cortex (VLPFC) for successful encoding. These regions
show consistent fMRI activation during both associative encoding and
associative recognition (Bunge et al., 2004; Park et al., 2012). VLPFC
activation is thought to reflect the maintenance and rehearsal of
information in working memory (Rypma and D’Esposito, 2000),
whereas DLPFC activation may reflect the manipulation of information
in working memory (Barbey et al., 2013). Both regions have been
implicated in age-related compensation (Hayes et al., 2017; Erk et al.,
2011; Cabeza et al., 2002). Thus, better associative memory may be
observed in older adults who engage these regions to a greater degree
during associative encoding.

In order to understand the impact of unitization on age-related
associative memory and the cortical structures mediating unitization,
we presented young and older adults with associative pairs of objects
and naturalistic scenes while undergoing fMRI scanning. Objects were
presented either visually integrated into a semantically related scene as
they would be perceived in the real world (Combined condition), or
objects and semantically related scenes were presented adjacent to one
another on a white background (Separated condition), as depicted in

M. Memel, L. Ryan Neuropsychologia 100 (2017) 195–206

196



	 44	

	

Fig. 1. We hypothesized that associative memory would be more
difficult for older adults in the Separated condition compared to the
Combined condition, due to the greater need for hippocampally-
mediated binding. Further, we were interested in understanding
whether integrated visual configurations of objects and scenes engaged
medial temporal and frontal regions differently than visually distinct
object-scene pairs. In both young and older adults, we predicted greater
HC and DLPFC activation during encoding of the visually Separated
pairs, due to the greater need for integration. In addition, we predicted
a shift in the relationship between MTL activation and discrimination,
such that the correlation between HC activation and discrimination

would be attenuated for Combined compared to Separated pairs,
whereas the relationship between PRC activation and discrimination
would be strengthened. Compared to young adults, we expected
decreased hippocampal activation among older adults and greater
activation of prefrontal regions during encoding.

2. Methods

2.1. Participants

Nineteen young adults (10 women and 9 men; mean age=24 years,

Fig. 1. Example stimuli from both conditions. At test, either an intact or a recombined pair is presented. In the Combined example, pair 1 depicts a vase on a table and pair 2 depicts a
power cord on a night-stand. Note that each Combined image is presented on a white background, but has been cropped for the purposes of this example. In the Separated example, pair 1
depicts a mug next to a living room table, pair 2 depicts a large tin next to a round table.
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range =18–33 years, mean level of education=16.0 years, range 12–20
years) and 24 cognitively normal older adults (13 women and 11 men;
mean age=71 years, range=61–80 years, mean level of educa-
tion=16.2 years, range=13–20 years) were recruited from an existing
cohort in our laboratory, and from advertisements in the local news-
paper (see sample demographics in Table 1). The groups were well
matched on education, t(41)< 1. Participants were screened for prior
significant head injury, current and past drug or alcohol abuse,
psychiatric disorder, and the use of anti-depressive, antipsychotic,
and sleep medications, and contraindications to MRI. All older adults
were living independently in the community and were given an
extensive neuropsychological test battery. Participants were excluded
if they scored at or below −1.5 SD on composite scores of executive
functioning or memory (see Ryan et al. (2010)).

2.2. Materials

Adobe Photoshop was used to combine photographs of unique
objects with photographs of unique scenes in order to create object-
scene images (for examples, see Fig. 1). Photographs of objects included
typical household items ranging from lamps to small kitchen appli-
ances, silverware, board games, vases, etc. Photographs of scenes were
taken in houses and department stores, and drawn from Google image
searches to include offices, bathrooms, kitchens, dining rooms, and
other living spaces. Object and scene pairs were randomly assigned to
either the Combined or Separated condition. Combined pairs consisted
of an object positioned naturally in a realistic and semantically-related
scene, such as a lamp on a living room table, with appropriate shading
was added so that object was fully integrated visually into the scene.
Target objects were always positioned in the center of the screen
relative to any background objects, and were in greater focus, allowing
participants to clearly identify the object of interest. Separated pairs
consisted of an object on a white background next to a realistic and
semantically-related scene. While object size varied somewhat between
trials due to differences in object shape, the average object size
remained consistent across Combined and Separated pairs. For the
purposes of the fMRI study, control images were created from Fourier
transformed images of objects in scenes overlaid with an “X” or an “O”.
These images were included to control for the presentation of a visual
image and motor responses, and in the case of Separated controls, the
need to attend to both object and scene images.

Study materials included 172 object-scene pairs, 86 Combined and
86 Separated pairs, and 40 control images (20 Combined, 20
Separated). Four study lists were created, two Combined lists and two
Separated lists. Each study list consisted of a total of 43 object and
scene pairs, including three primacy and two recency filler trials that
were not included at test, and 10 randomly ordered control trials. At
test, four lists were presented, two Combined and two Separated. Each
test list consisted of 38 object-scene pairs: 16 intact pairs that were
presented the same way as they were seen during study, 22 recombined
pairs that maintained their semantic relatedness, consisting of an object
from a study pair combined with a scene from a different study pair,
and 10 control images.

2.3. Procedure

The experiment was conducted in a single session that included four
study-test sets. In each study-test set, participants saw one study list,
followed by a test list. Before the study phase, participants were told
that they were going to see a series of images of object-scene pairs and
that they should remember each pair for a later memory test. During
study, participants saw a series of object-scene pairs presented one a
time on a computer screen for 3.5 s with a 500 millisecond inter-trial
interval. In order to ensure that participants associated the object and
the scene, an elaborative encoding strategy was provided. Participants
were asked to indicate by pressing the left key if they thought the
design of the object fit well with the décor of the scene or the right key
if the design of the object did not match the décor of the scene.
Responses and reaction times were recorded. A recognition test
immediately followed each study list, after brief test instructions were
presented lasting 8 s. Before the test phase, participants were instructed
to press the left key if the object was presented with the exact same
scene that they earlier during the study phase, and the right key if the
object was presented with a different scene than the one they studied
earlier. Thus, all objects and scenes were equally familiar because they
had been presented previously during the study phase. For the control
trials in the Separated condition, participants were instructed to press
the left or right key depending on where an X occurred. In the
Combined condition, participants pressed the left button when an X
occurred, and the right button when an O occurred.

The fMRI session lasted approximately 28 min, and included 4
scans, one for each study-test set. The order of study-test sets was
counter-balanced across participants (i.e. two Combined preceded two
Separated or vice versa). While in the bore of the magnet, stimuli were
presented to participants using a back projection system.

In order to familiarize participants with the images and procedure,
one practice session for each condition was performed outside of the
scanner (8 practice study trials and 9 practice test trials per condition)
prior to the fMRI session. After practice, participants entered the
scanner and an E-prime response box was placed in their right hand,
with their index and middle finger on the response keys.

2.3.1. fMRI data acquisition
Images were collected on a Siemens 3.0 Tesla Skyra Magnet

equipped with a 32-channel head coil. Total scan time was 1 h. The
order of sequences was as follows: localizer scan, four fMRI scans, and a
high resolution structural MPRAGE. The localizer was collected in 62 s
(direction: inferior to superior, TR=8.6 ms, TE=4.0 ms, flip angle=20,
FOV=250 mm, 5 slices, 7 mm slice thickness). Whole-brain functional
images were collected axially and aligned along the anterior commis-
sure–posterior commissure plane using an Echo Planar Imaging (EPI)
sequence (direction: inferior to superior, TR 2800 ms, TE 27 ms, flip
angle =90, matrix 64 x 64, FOV 24 cm, 45 slices, 3 mm sections, no
skip). Four functional scans were collected, each one corresponding to
one study-test set and lasting approximately 7 min. Functional scanning
lasted 28 min. A high-resolution structural MPRAGE sequence was
collected in 9 min (direction: anterior to posterior, TR =2300 ms, TE
=2.95 ms, 1 slab, 176 slices per slab). High angular resolution diffusion
tensor data were also collected during the session, but are not included
in the present study.

2.3.2. fMRI image processing and analysis
Functional images were pre-processed and analyzed using SPM8

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). The first four vo-
lumes were excluded to allow the MR signal to reach equilibrium.
Images were corrected for differences in slice acquisition timing using
the middle section in each volume as a reference image, then motion
corrected using B-spline interpolation by aligning all images to the
mean image of the scanning session. Each participant’s functional scans
were normalized to the Montreal Neurological Institute (MNI) 152

Table 1
Means and standard deviations for demographic information.

Younger Adults Older Adults
N=19 N=24
(18–33) (61–80)

Age 24 (3.6) 71 (5.2)
Gender (F/M) 10/9 13/11
Education 16 (2.5) 16 (1.5)
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subject standard EPI template, interpolated to 2 mm isotropic voxels,
and smoothed using a Gaussian 6 mm FWHM kernel.

Statistical analyses were performed in two stages. In the first stage,
for each participant and each condition (Combined, Combined Control,
Separated, Separated Control), trial-related activity during encoding
was modeled by a delta function and convolved with the canonical
hemodynamic response function. Functions for each model were
entered into a General Linear Model (GLM) and high pass filtered using
a cut-off of 128 to remove low frequency noise. The two runs for each
condition were modeled separately and then combined to create one
contrast file per condition. Parameter estimates for each trial type were
calculated at each voxel to create a single contrast image for each
participant and each condition.

Due to our specific regional hypotheses, all analyses were limited to
the five regions of interest (ROIs): DLPFC, VLPFC, HC, PRC, and PHC.
ROIs were created using masks from the MNI anatomical automatic
labeling program to delineate the HC and PHC. PHC masks were
visually inspected to ensure that they met the criteria described in
Pruessner et al. (2002). The PRC mask was created by using the
probability map created by Devlin and Price (2007) that identifies
PRC with a 70% probability that we have employed previously (Ryan
et al., 2012). DLPFC and VLPFC ROIs were created in MarsBar
encompassing the Brodmann areas most commonly identified as
primary DLPFC (BA 9, 10, 46) and VLPFC (BA 44, 45, 47) (Mitchell
and Johnson, 2009). Activation within the five regions of interest
(DLPFC, VLPFC, HC, PRC, PHC) was identified employing a small
volume correction with an FDR corrected criterion of p< .05 with 5
contiguous voxels, consistent with previous studies using similar ROI
approaches (Dulas and Duarte, 2014, 2012; Uncapher and Rugg, 2005;
Cansino et al., 2002; Zeidman et al., 2015; Hayes, Williams, Liu &
Verfaellie, 2017).

To address our hypotheses, two full factorial ANOVAs were
employed as second level random effects analyses with a minimum
threshold criterion of p< .05, FDR corrected, and an extent of five
contiguous voxels. The first ANOVA determined regions within the five
ROIs involved in encoding, and whether encoding differed as a function
of visual integration, comparing activation across conditions
(Combined, Separated) and between study and control trials
(Stimulus Type). A second ANOVA investigated encoding activation
(Combined>Combined Control, Separated> Separated Control) to
determine whether the effects of visual integration differed across age
groups.

MarsBar (http://marsbar.sourceforge.net/) was used to create 5 mm
radius spherical ROIs around group peaks of activation within each
region of interest. Parameter estimate maps were extracted from the
spherical ROIs for each participant to obtain mean contrast values for
each condition of interest. Further analyses were conducted in SPSS,
correlating mean contrast values for each ROI with discrimination in
order to determine whether visual integration influenced the relation-
ship between encoding activation and performance. For these correla-
tions, we focused on discrimination as a single measure of memory
performance in order to decrease Type 1 error and because discrimina-
tion is generally a more sensitive measure than hits or false alarms
alone (Swets, 2014).

3. Results

3.1. Behavioral Results

Hits, false alarms, and d-prime were analyzed using mixed factorial
ANOVAs with age group (Young, Old) as a between-subject factor and
condition (Combined, Separated) as a within-subject factor. Proportions
of hits, false alarms, and d-prime are listed in Table 2. Hits were defined
as intact pairs that were correctly classified as intact. False alarms were
defined as recombined pairs falsely classified as intact. D-prime was
calculated based on the following formula: d’ = ZH- ZFA and adjusted

for participants with 0 false alarms or 100% hits by replacing false
alarms with .5/n where n was the number of recombined trials, and
replacing hits with (n-.5)/n, where n was the number of intact trials
(MacMillan and Kaplan, 1985).

3.1.1. Hits
Both age groups were more accurate in recognizing Combined pairs

than Separated pairs, resulting in a main effect of condition, F(1,41)
=44.45, p< .001, ηp2=.52. Young and older adults did not differ in
mean hit rate, F(1,41)=1.99, ns. However, the significant interaction
between age group and visual integration, F(1,41)=9.74, p< .01,
ηp2=.19, indicated that older adults performed more poorly than young
adults in the Separated condition, t(41)=−2.9, p< .01, while the two
groups performed similarly in the Combined condition, t(41)< 1.

3.1.2. False alarms
Older adults responded with more false alarms overall compared to

young adults, F(1,41)=31.66, p< .001, ηp2=.44. Both groups made
significantly more false alarms in the Separated than the Combined
condition, F(1,41) =9.15, p< .01, ηp2=.18. No interaction between
group and condition was observed, F(1,41)=2.4, ns.

3.1.3. D-prime
In order to account for the significant difference in false alarms

between young and older adults, a discrimination index was calculated.
When hits and false alarms were combined in a single measure of
discrimination (D-prime), an interaction between age group and
condition was no longer apparent (see Fig. 2). Instead, young adults
performed better than older adults overall, as demonstrated by a main
effect of age group, F(1,41)=25.31, p< .001, ηp2=.38. D-prime scores
for both groups were higher in the Combined condition than the
Separated condition, F(1,41)=54.83, p< .001, ηp2=.57. No interac-
tion between visual integration and age group was present, F
(1,41)< 1.

3.1.4. The impact of peripheral objects in scenes
In using a wide range of realistic scenes, it was inevitable that some

Table 2
Means and standard deviations for proportion of hits, false alarms, and d-prime. Means
are collapsed across both retrieval trials for each stimuli condition.

Age Group Visual Integration Hits False Alarms D-Prime

Young Combined .83 (.13) .10 (.11) 2.52 (.84)
Separated .78 (.10) .17 (.11) 1.88 (.62)

Old Combined .84 (.11) .30 (.11) 1.66 (.64)
Separated .69 (.10) .32 (.12) 1.01 (.48)

Fig. 2. Discrimination index across conditions and groups (*indicates significance at
p< .001).
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scenes included peripheral objects, such as napkins on a table or books
on a desk, in addition to the target object, which was always placed
prominently in the center of the scene. The presence of peripheral
objects might add interference, which could be particularly deleterious
to the performance of older adults (Biss et al., 2013). In order to address
this issue, we performed post-hoc analyses on hits, false alarms, and the
discrimination index in order to determine if peripheral objects
influenced the patterns of memory performance described above. First,
we note that the distribution of scenes with and without peripheral
objects did not differ between conditions, (χ2=2.96, ns). Hits were
overall greater for pairs that involved scenes without peripheral objects
compared to those with peripheral objects (x=̅.80 vs. .74, respectively,
F(1,41)=11.31, p< .05). The impact of peripheral objects, however,
did not differ across Combined and Separated conditions (F<1) or,
importantly, across age groups (F(1, 41)=2.07, ns). Peripheral objects
also increased false alarm rates within the Separated pairs (x=̅.19 vs.
.29) but not the Combined pairs (x=̅.19 vs. .17), indicated by a
significant interaction with condition (F(1,41)=20.26, p< .001). As
with hits, the impact of peripheral objects on false alarms did not
interact with age group (F(1,41)=1.34, ns). Not surprisingly, discrimi-
nation was better for pairs that included scenes without peripheral
objects during the Separated condition (x=̅1.74 vs. 1.19), but no
difference was observed in the Combined condition (F(1,41)=18.21,
p< .001). Once again, the impact of this variable did not differ across
age groups (F<1). Taken together, the results suggest that associative
memory for objects paired with scenes improves when scenes do not
include peripheral objects that may increase interference for the central
object, particularly when the associative pairs are visually separated.
For the present study, importantly, this variable did not interact with
age (hits, false alarms, or discrimination indices), and did not change
the key finding that unitization increased associative memory perfor-
mance equally across age groups.

3.2. Imaging results

3.2.1. Impact of visual integration on encoding
A 2×2 ANOVA was conducted on the data collapsed across age

groups to examine the neural activation associated with encoding,
comparing Condition (Combined, Separated) and Stimuli Type (Study
Item, Control). Results indicated two main effects. First, a main effect of
condition was present in bilateral HC, right PRC, and right PHC, F
(1168)=9.76. Peak activations are reported in Table 3. Activation for
Combined trials (study and control trials) was greater than Separated
trials (study and control trials) in bilateral HC, right PRC, and right
PHC. One cluster in the right PHC was more active for Separated items
than Combined.

Second, a main effect of Stimuli Type (indicating an encoding effect)
was present in bilateral HC, PHC, DLPFC, VLPFC, and right PRC (see
Table 4). Activation was greater for study pairs than controls trials in
left HC, bilateral PHC, right PRC, and bilateral VLPFC. Activation
during control trials was greater than study pairs in a small region of
the right HC and in bilateral DLPFC. Thus, activation in DLPFC was not

associated with encoding of associative pairs. No interaction between
Condition and Stimuli type was observed.

3.2.2. Age group differences in encoding
A 2×2 ANOVA was conducted on the first level contrast images that

identified regions associated with encoding (e.g.
Combined>Combined Control, Separated> Separated Control), in
order to determine the main effects of age group (Young, Old) and
condition (Combined, Separated), and the interaction between condi-
tion and age group. This analysis was confined to four of the ROIs – HC,
PRC, PHC, and VLPFC – that showed increased activation associated
with encoding, thus excluding DLPFC. Activations in these regions are
represented in Fig. 3, and reported in Table 5.

A main effect of age group was present in bilateral HC, PRC, PHC,
and VLPFC, F(1,82)=6.92. Young adults activated the right HC, left
PRC, bilateral PHC, and left inferior frontal triangular gyrus of VLPFC
more than older adults (see Table 6). Older adults activated a region of
left HC and bilateral VLPFC more than young adults. Somewhat
surprisingly, no main effect of condition or interaction between age
and condition was present.

3.2.3. Predicting discrimination performance
For each age group, the relationship between medial temporal lobe

and prefrontal activation in the Combined condition and discrimination
in the Combined condition was assessed, as well as the relationship
between activation in the Separated condition and discrimination in the
Separated condition. Spherical ROIs with 5 mm radii were created
around activation peaks in the HC, PRC, PHC, and VLPFC identified by
the main effect of age group. Mean contrast values were extracted from
each ROI and correlated with D-prime. Because we hypothesized that
increased activation would predict increased associative memory
performance, unidirectional (one-tailed) t-tests were employed.

Results are listed in Table 7. Among young adults, activation in all
three medial temporal regions predicted performance during the
Separated condition, as hypothesized. In contrast, only a marginal
relationship between PRC activation and discrimination was observed
during the Combined condition. In addition, VLPFC activation pre-
dicted performance in the Separated condition, but not the Combined
condition. In older adults, medial temporal activation did not predict
discrimination during the Separated condition, although one region of
HC activation correlated with discrimination for the Combined pairs. In
contrast to medial temporal lobe regions, bilateral regions of activation
in VLPFC predicted discrimination in older adults during the Combined,
but not the Separated condition. None of the correlations between
activation and discrimination survived a Bonferroni correction for
multiple comparisons.

3.2.3.1. Age-related changes in DLPFC activation. Although DLPFC did
not show an effect of encoding (activation for study pairs was not
greater than control trials), large areas of DLPFC activation were
observed in both conditions and both age groups. Due to previous
studies implicating DLPFC in associative encoding (Murray and

Table 3
MNI coordinates for peaks of activation in regions of interest identified by main effect of condition during random effects analysis.

ROI Lateralization MNI Coordinates F Value Cluster Size

x y z

C>S Hippocampus Left -22 -12 -20 16.32 47
Right 30 -16 -22 20.47 75

C>S PHC Right 28 -14 -24 22.96 23
C>S 26 0 -36 14.74 18
S>C 18 -42 -4 14.04 8
C>S PRC Right 26 0 -36 14.74 29

FDR corrected p< .05, C> S reflects greater activation during the Combined than Separated condition, whereas the reverse is true for S>C.
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Ranganath, 2007; Staresina and Davachi, 2006) and age-related
compensation (Erk et al., 2011; Cabeza et al., 2002), we performed a
post-hoc analysis investigating differences in DLPFC activation between
age groups, and the correlations between DLPFC activation and
performance. Employing the same criterion threshold (p< .05, FDR
corrected, 5 contiguous voxels), older adults activated bilateral DLPFC
more than young adults for both visually integrated and non-integrated
pairs, with young adults activating two regions in left DLPFC more than
older adults. ROIs were created around peaks within DLPFC that
differed in activation between age groups. Activation in bilateral
DLPFC predicted discrimination performance in older adults during
the Combined condition, with correlations ranging from .29 to .56,
whereas none of the ROIs predicted performance in young adults.
Activation in DLPFC ROIs did not predict performance in the Separated
condition in either age group. After Bonferroni correction, only one
region in the right middle frontal gyrus (34 6 38) predicted Combined
discrimination in older adults (r=.56, p=.002).

Finally, we note that the results of the present study made a
subsequent memory analysis untenable. Given the relative small
numbers of pairs in each test condition, young adults and some older
adults had zero or very few misses in one or more conditions. Thus,
insufficient trials were available to reliably model encoding activation
for subsequent misses in a random effects model.

4. Discussion

In summary, the results of the present study provide evidence that
visually integrating objects within semantically-appropriate scenes
boosts discrimination performance equally for both young and older
adults, while maintaining the age-related deficit in associative memory.
fMRI results indicated that visually integrated pairs activated the HC,
PRC, and PHC more than non-integrated pairs for both age groups. This
finding is contrary to our hypothesis that visual integration would
minimize the need for hippocampally-mediated binding during encod-
ing, thereby decreasing HC activation compared to non-integrated
pairs. Compared to older adults, young adults showed overall greater
activation in all three medial temporal regions of interest (HC, PRC, and
PHC). Additionally, activation in MTL regions predicted performance
among young adults in the Separated condition, but not the Combined
condition. Among older adults, ventrolateral and dorsolateral prefron-
tal regions were more strongly associated with better associative
memory than MTL regions. Taken together, although these findings
demonstrate an overall mnemonic benefit of visual integration, inte-
gration does not attenuate the age-related associative memory deficit.
Further, the results do not support the proposed shift towards famil-

iarity-based processing for visually integrated (unitized) pairs. Rather,
as discussed below, we suggest that visual integration may be a special
case of unitization that increases reliance on recollection.

4.1. The recollective benefit of visual integration for associative memory

Consistent with prior literature (see Old and Naveh-Benjamin
(2008), for review), older adults were more likely than young adults
to incorrectly identify recombined object-scene pairs as previously
studied pairs, regardless of whether the pairs were visually integrated.
As hypothesized, discrimination performance among older adults
increased when the pairs were visually integrated, as objects and
scenes would be experienced in the real world, than when items were
presented as visually distinct entities. However, two caveats regarding
the behavioral results are important. First, somewhat unexpected, the
benefit of visual integration was the same for both young and older
adults, thereby maintaining the same age-related difference in associa-
tive memory performance across conditions, consistent with a recent
study of unitization using highly familiar compound words (Delhaye
and Bastin, 2016). More commonly, studies report a differential benefit
of unitization, where unitization benefits older adults to a greater
degree than young adults, thereby reducing age-related differences in
associative memory (Bastin et al., 2013; Ahmad et al., 2015; Zheng
et al., 2015).

Second, the reason that discrimination performance improved
differed in young and older adults. In young adults, visual integration
increased hits for intact pairs and decreased false alarms for recom-
bined pairs. In older adults, integration increased hits for intact pairs,
while false alarms for recombined pairs remained the same. These
findings differ from most studies of unitization using verbal material,
and are inconsistent with the notion that unitization increases reliance
on familiarity-based recognition (Diana et al., 2008; Bastin et al., 2013;
Ahmad et al., 2015; Parks and Yonelinas, 2015) that typically results in
increased false alarms for recombined pairs. For example, Ahmad et al.
(2015) showed that verbal unitization increased hits (to differing
degrees) in young and older adults, but also increased false alarms
equivalently in both age groups, an effect that they attributed to
increased familiarity. Similarly, Delhaye and Bastin (2016) found that
unitization based on pre-existing semantic representations increased
false alarms equivalently in young and older adults, while benefitting
hits somewhat less for young than older adults. A recent study by
Peterson and Naveh-Benjamin (2016) investigated age differences for
intra-item associations (shape and color) compared to extra-item
associations (object feature and spatial location). False alarms increased
for object-location pairs compared to shape-color pairs among both

Table 4
MNI coordinates for peaks of activation in regions of interest identified by main effect of stimuli type during random effects analysis.

ROI Lateralization MNI Coordinates F Value Cluster Size

x y z

Hippocampus Left -20 -32 -2 14.97 31
Study>Control -30 -36 -8 11.12 16

-22 -16 -20 8.34 11
Right 22 -30 -4 9.82 11

Control> Study 40 -12 -16 8.99 15
PHC Left -32 -44 -10 115.9 189

Study>Control Right 34 -40 -12 78.36 234
20 -12 -22 9.73 15

Study>Control PRC Right 36 -12 -34 7.60 5
Control> Study DLFPC Left -38 30 34 11.93 95
Study>Control -26 34 32 6.99 6
Control> Study Right 38 24 38 12.05 100
Study>Control VLPFC Left -44 30 14 20.37 41

-38 30 -18 10.27 45
Right 32 32 -16 7.93 29

FDR corrected p< .05.
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young and older adults, but to a greater degree for older adults. While
this study did not include an encoding task that promoted the creation
of a semantically or perceptually unitized representation, it never-
theless suggests that increases in false alarms can occur with both
verbal and visual materials.

In contrast, we found that false alarms for recombined pairs either
remained stable or decreased when the pairs were unitized. Although it
is possible that older adults relied on familiarity during both the

Separated and Combined conditions resulting in equivalent false alarms
between conditions and higher overall false alarms, this possibility does
not account for the decrease in false alarms observed for recombined
pairs in young adults. False alarms are not a perfect index of familiarity
and definitive conclusions cannot be drawn without measures specifi-
cally assessing familiarity, such as confidence ratings. However, the
present findings suggest that recollective processes are responsible for
the benefit conferred through visual integration of objects and scenes,

      Left  
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Youn
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ng Adults

R

s
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Fig. 3. Average encoding activation across conditions in the five regions of interest (HC, PRC, PHC, DLPFC, VLPFC) per group. Hippocampus is depicted in red, PRC is depicted in blue,
PHC is depicted in yellow, and prefrontal regions are depicted in violet. The blue lines mark the location of the slices presented. The lower image is expanded from the boxed region to
emphasize MTL activation.
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and may be constitute a special case of unitization that increases
recollection. We have argued elsewhere that there is an automatic and
obligatory binding at encoding between an object and its context
(Hayes et al., 2007) resulting in an integrated or conjunctive repre-
sentation posited by O’Reilly and Rudy (2001); see also Moses and Ryan
(2006). Using similar stimuli (realistic objects embedded within
naturalistic and semantically-related scenes), Hayes et al. (2007) found
that object recognition was exquisitely sensitive to changes in scene
context, even when the encoding task directed attention to the object,
or when participants were fully aware that the scene would be altered
at test. Furthermore, in their Experiment 5, these authors reported that
subsequent presentation of the object alone reinstated the pattern of
fMRI activation associated with the original object embedded in a
scene, suggesting that the object served as a cue for reinstatement of the
complete object-scene representation. Recent perceptual work (re-
viewed by Oliva and Torralba (2007)) further supports this notion,
suggesting that representations of objects in scenes are not based solely
on object-to-object relations, but also include a wholistic statistical
summary of the scene that provides an effective source of information

for contextual inference, resulting in faster and more accurate object
identification and object recognition in naturally-occurring scenes.

4.2. Medial temporal lobe contributions to visual integration

The suggestion that visual integration increases recollection-based
responding is also consistent with the fMRI results. In contrast to the
suggestion that unitization results in a shift from predominantly
hippocampally-mediated retrieval in non-unitized conditions to PRC-
mediated retrieval for unitized pairs (Parks and Yonelinas, 2015;
Haskins et al., 2008), we found that activation in all MTL regions,
including bilateral hippocampus, increased significantly during encod-
ing of visually integrated object-scene pairs compared to non-integrated
pairs, consistent with the suggestion that MTL regions are preferentially
engaged by naturalistically-presented scenes (Goh et al., 2004; Gronau
et al., 2008). Previous research has identified a role for the hippocam-
pus in recollection-based remembering (for review, Skinner and
Fernandes, 2007), with increased activation in rhinal cortices including
the PRC (Montaldi et al., 2006; Haskins et al., 2008) and PHC (Eldridge

Table 5
MNI coordinates for peaks of activation in regions of interest identified by average effect of condition during random effects analysis.

ROI Lateralization MNI Coordinates T Value Cluster Size

x y z

Hippocampus Left -20 -10 -24 10.79 621
Right 26 -14 -22 7.65 575

PRC Left -34 -10 -34 9.86 96
Right 36 -14 -30 8.03 134

PHC Left -28 -38 -14 16.24 284
Right 34 -40 -12 15.01 660

VLPFC Left -34 6 28 8.95 372
-38 34 -14 7.15 455
-48 28 10 6.46 98
-48 36 4 3.32 5
-30 38 -8 2.99 7

Right 48 32 14 8.43 265
30 34 -12 5.70 300
44 22 14 3.6 19

All regions are active at a criterion of p< .05, FDR corrected.

Table 6
MNI coordinates for peaks of activation in regions of interest identified by main effect of age during random effects analysis.

ROI Lateralization MNI Coordinates T Value Cluster Size

x y z

Old>Young Hippocampus Left -20 -40 8 17.04 12
Young>Old Right 30 -10 -18 17.64 47
Young>Old 16 -32 -4 17.50 6
Young>Old PRC Left -30 -12 -32 24.66 43

Right 28 -10 -34 10.27 14
PHC Left -28 -44 -6 21.85 62

Young>Old Right 30 -44 -6 31.41 156
24 -8 -32 12.46 39

Old>Young DLPFC Left -28 34 30 28.94 93
Old>Young -38 38 20 13.79 7
Young>Old -34 6 38 12.02 7
Young>Old -36 6 32 11.84 5
Old>Young Right 34 22 40 29.91 150
Old>Young 6 44 36 27.95 720
Old>Young 20 46 36 23.93 31
Old>Young 32 50 10 11.12 6
Old>Young 0 52 30 7.95 5
Young> old VLPFC Left -42 14 30 25.49 139
Old>Young -26 34 -14 17.57 130
Old>Young Right 50 16 -4 23.80 193
Young>Old 44 12 30 10.15 8
Old>Young 26 30 -10 9.99 13

P< .05 (FDR Corrected).
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et al., 2000) during familiarity-based recognition memory (but see
Awipi and Davachi (2008), for a notable exception). Contrary to our
hypothesis, both young and older adults exhibited greater hippocampal
activation during encoding of visually integrated pairs compared to
objects and scenes presented separately. Additionally, young adults
showed overall greater activation in bilateral PRC and PHC, as well as
hippocampus, compared to older adults, which is difficult to reconcile
with a familiarity-based argument.

One potential alternative is to consider content-specific processing
in medial temporal lobe regions. The PRC has been shown to activate
preferentially for objects (Staresina et al., 2011; Litman et al., 2009),
while HC and PHC activate preferentially for scenes (Zeidman et al.,
2015) and during the reinstatement of episodic memories that occur
within a spatial and contextual setting (Staresina et al., 2012). By this
view, differences in hippocampal activation may not be expected based
on level of visual integration, since both our encoding conditions
included a complex scene. While encoding of visually integrated
associative pairs might be associated to a greater degree with increased
PRC activation compared to non-integrated pairs, HC activation may
not differ between conditions.

It is interesting to note, among young adults, that activation in all
three MTL regions predicted discrimination performance for non-
integrated pairs, while only a marginal correlation was observed
between activation in PRC and performance for integrated pairs. This
finding could suggest that when objects and scenes are visually
integrated, hippocampal function no longer drives performance and
PRC activation alone mediates recognition, consistent with familiarity-
based explanations. Alternatively, given the fact that visual integration
resulted in significant increases in activation in all three MTL regions as
well as performance increases, it may be that ceiling effects in
activation and/or performance masked predictions of individual differ-
ences.

Among older adults, associative memory performance for the
unitized pairs was associated with greater activation in bilateral regions
of the VLPFC and DLPFC, and the degree of activation predicted
discrimination performance for visually integrated pairs. Although this
pattern may represent compensation (Reuter-Lorenz and Cappell,
2008), it is somewhat surprising that this relationship was not observed
during the more difficult non-integrated condition. This pattern may
represent attempted rather than successful compensation (Cabeza and
Dennis, 2013; Raz and Rodrigue, 2006). Successful compensation
occurs when activation in regions whose alteration affects cognitive
functioning is positively correlated to performance. Based on this
criterion, DLPFC and VLPFC activation during the Combined condition
reflects successful compensation, whereas activation during the Sepa-

rated condition may reflect attempted but unsuccessful compensation.
Regardless of the nature of prefrontal activation, the results are
consistent with the notion that aging results in a greater reliance on
prefrontal cortex during associative encoding, as medial temporal
regions activation decreases relative to young adults.

Although our study did not include an analysis of encoding
activation related to subsequent successful memory performance,
similarities between our findings and the subsequent memory literature
exist. In our study, at least among young adults, activation in all medial
temporal lobe regions (HC, PRC, and PHC) as well as VLPFC predicted
better discrimination performance in one or more associative memory
condition. In a recent meta-analysis, Kim (2011) identified five regions,
including the VLPFC and hippocampal formation that predicated
subsequent memory for associative pairs. In a comprehensive meta-
analysis, Spaniol et al. (2009) identified subsequent memory effects for
a wide variety of episodic memory tasks in left DLPFC, left VLPFC and
medial temporal lobe regions including HC and parahippocampal gyrus
(incorporating PHC), overlapping with the regions in the present study
that correlated with discrimination.

In summary, our findings suggest that visual integration leads to
unitization of objects and scenes, increasing associative memory for
both young and older adults to a similar degree, in much the same way
that semantic integration of verbal material leads to an associative
benefit for older adults (Bader et al., 2010; Zheng et al., 2015; Bastin
et al., 2013). The underlying mechanism for visual and verbal unitiza-
tion, however, may differ. While the present study did not directly
measure recollection and familiarity responses, the pattern of changes
to hits and false alarms, coupled with the fMRI findings, are incon-
sistent with the notion that visual unitization leads to a greater reliance
on familiarity-based processes. Instead, we suggest that visual integra-
tion of objects and scenes, particularly when those scenes are semanti-
cally-related, may constitute a special case of unitization that increases
MTL binding and results in increased recollection-based recognition.
The question remains as to the specific circumstances when recollective
versus familiarty-based processes are engaged as a result of unitization.
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APPENDIX	B	

	
EXPERIMENT	2:	VISUAL INTEGRATION OF OBJECTS AND SCENES INCREASES 

RECOLLECTION-BASED RESPONDING DESPITE DIFFRENTIAL MTL RECRUITMENT 

IN YOUNG AND OLDER ADULTS 

Abstract 
 

Aging is associated with a decline in self-initiated encoding strategies (Naveh-Benjamin 

et al., 2007). Unitization, the process of creating one coherent representation that includes 

previously independent units, is an encoding strategy that improves associative memory in both 

young and older adults (Memel & Ryan, 2017; Delhaye & Bastin, 2016), in some cases, 

differentially benefiting older adults (Bastin et al., 2013; Ahmad et al., 2015; Zheng et al., 2015). 

The unitization of verbal stimuli reduces reliance on the hippocampus for successful encoding of 

associative pairs and shifts to perirhinal-based processing (Haskins et al., 2008). However, this is 

not the case for visual pairs (Memel & Ryan, 2017).  The present study was designed to assess 

the influence of visual integration on the neural correlates of associative recognition, and to 

determine whether differences were present across age groups. In contrast to our findings from 

encoding, visual integration reduced hippocampal and perirhinal activation for successful 

retrieval of object and scene associative pairs across age groups. However, older adults exhibited 

increased activation in a region of left medial HC for visually integrated compared to non-

integrated pairs, suggestive of an age-specific increase in pattern completion processes during 

recognition of unitized associative pairs.  Although PHC activation did not vary based on visual 

integration, the correlation between PHC activation and behavioral performance was only 

significant for visually integrated pairs, and only in older adults. This pattern, combined with 

behavioral findings of improved accuracy without increased false alarms, suggests that visual 
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integration increases recollection-based responding across young and older adults. While young 

adults exhibited an overall reduction in MTL processing required for successful retrieval of 

unitized pairs, older adults’ ability to recruit HC and PHC predicted successful memory.  

Introduction  
 

Associative memory, the ability to form and retrieve links between single bits of 

information (Naveh-Benjamin, 2000) declines with age. Unitization is a process that improves 

associative memory in older adults (Memel & Ryan, 2017; Bastin, et al., 2013; Ahmad et al., 

2015), by combining disparate items within an associative pair into one coherent representation 

during encoding (Parks & Yonelinas, 2015). If unitization is successful at encoding, only one 

representation must be retrieved during recognition. This is particularly beneficial for older 

adults who exhibit impairments in associative memory, but intact item memory when compared 

to young adults (Old & Naveh-Benjamin, 2008). At encoding, item memory tasks rely less on 

PFC, HC and the parietal lobes than associative tasks, and less left DLPFC and superior parietal 

activation is observed during recognition (Achim & Lepage, 2005). Further, findings from 

studies of verbal unitization demonstrate a shift from hippocampal to perirhinal activation 

predicting successful associative recognition (Diana, et al., 2010; Bader et al., 2014). Though the 

literature on unitization is growing, to our knowledge, no study has examined the interaction 

between visual unitization and aging on the neural correlates of associative recognition, using 

functional MRI.  

Most studies of unitization in young adults have utilized one of two paradigms. In studies 

of verbal unitization, pairs of unrelated words and compound words are presented. In some 

cases, the compound pair holds a pre-existing meaning “GREEK-MYTHOLOGY” (Zheng et al., 

2015), in other cases a previously unrelated word pair is unitized through a defining sentence that 
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integrates the new pair ““CLOUD-LAWN: A yard used for sky- gazing” (Quamme et al., 2007). 

Other studies present a word on a colored background and ask the participant to either imagine 

the word interacting with an object of that color (e.g. “MONKEY” on a red background, imagine 

a monkey sitting on a stop sign) or for unitized pairs, imagine the word in that color (e.g. 

“CLOTH” on a green background, imagine a cloth used to clean up spilled pea soup) (Staresina 

& Davachi, 2006; Diana et al., 2010).   

Using the latter paradigm, several studies have shown that verbal unitization increases 

familiarity-based responding (Diana et al., 2010; Diana et al., 2011). In an fMRI task, Diana and 

colleagues (2010) identified MTL correlates of recollection in both the non-unitized (left PHC 

and HC) and unitized conditions (PRC, left HC and right PHC). In contrast, familiarity-based 

responding was only correlated with right PRC activation during recognition of unitized pairs, 

with no MTL region predicting familiarity-based responding of non-unitized pairs.  Further, PRC 

activation was greater during recognition of unitized than non-unitized pairs. These results 

suggest that verbal unitization increases contributions from non-HC MTL regions to both 

recollection and familiarity for unitized pairs. Similar findings emerged from an EEG analysis, 

whereby a parietal distributed positivity (PO3 1000-1500 msec) associated with recollection 

occurred for both high and low unitization conditions, and a frontally distributed positivity (Fz 

750-1000 msec) associated with familiarity-based responding occurred only during the high 

unitization condition (Diana et al., 2011). These results provide further evidence that verbal 

unitization increases familiarity-based responding associated with PRC. However, it was unclear 

based on these studies whether HC activation was maintained or reduced for unitized pairs. 

Evidence for reductions in the HC recollection network during recognition of unitized pairs has 

been reported (Bader et al., 2014).  
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Given age-related impairments in associative memory (Naveh-Benjamin, 2000), and 

increased familiarity-based responding (Yonelinas, 2002; Bartlett & Fulton, 1991), several 

studies have explored unitization as a method to improve associative memory performance in 

older adults (Ahmad et al., 2015; Bastin et al., 2013; Zheng et al., 2015). Across studies, 

unitization differentially benefited older adults compared to young, reducing the age-related 

associative deficit for unitized pairs. Behavioral results from these studies indicate an increase in 

false alarms for unitized pairs across age groups (Ahmad et al., 2015), which has been associated 

with an increased reliance on familiarity. Further, using ROC curves, Bastin et al. (2013) 

reported equivalent recollection for unitized and non-unitized pairs in older adults, but an 

increase in familiarity-based responding for unitized pairs. Thus, it appears that verbal 

unitization improves performance by increasing familiarity-based responding across young and 

older adults, while maintaining recollection processes. However, it remains unclear whether 

unitization benefits older adults through an increased recruitment of non-HC MTL regions, along 

with increased familiarity based responding, as is observed in young adults (Diana et al., 2010).  

Since the majority of unitization tasks utilize verbal stimuli, not much is known about the 

unitization of visual pairs. Based on visual paired associate tasks, older adults are impaired 

compared to young (Dennis et al, 2008, Naveh-Benjamin et al., 2003), and exhibit greater age 

deficits in prefrontal and hippocampal activation for pairs (faces and scenes) than items (faces or 

scenes alone), along with reduced activation in PHC and fusiform face area across item and 

associative tasks (Dennis et al., 2008). However, it was unclear whether visual unitization would 

decrease the differences observed in these tasks.  

 In a recent paper, using pairs of realistic objects and scenes, we utilized visual 

integration to unitize associative pairs, by presenting an object embedded within a paired scene 



	 57	

(Combined condition), rather than next to and visually distinct from its paired scene (Separated 

condition) (Memel & Ryan, 2017). Unlike the differential age benefits conferred through verbal 

unitization tasks, we found an equivalent improvement in performance across age groups when 

objects and scenes were visually integrated. Further, while verbal unitization typically results in 

increased false alarms for unitized pairs, which is attributed to increased familiarity-based 

responding (Ahmad et al., 2015), we found a reduction or maintenance of false alarms for 

visually integrated pairs, along with an increase in hits, improving discrimination. Based on this 

pattern and equivalent HC encoding activation across conditions, we concluded that verbal 

unitization might function differently then verbal unitization, by increasing recollection-based 

responding.  

While encoding activation did not differ with visual integration in Memel & Ryan (2017), 

no study has examined the neural correlates of visual integration during associative recognition. 

The present study will seek to further understand the neural correlates of visual integration at 

retrieval and how they might differ across age groups through an fMRI analysis of associative 

recognition. Based on findings from the verbal unitization literature, we hypothesized that visual 

integration would result in maintained HC activation during retrieval (Diana et al., 2010), while 

increasing reliance on recollection-based processing in PHC. One of the critical differences 

between our stimuli and that of verbal unitization tasks is the realistic nature of our object and 

scene pairs. Thus, we predicted that once an object was naturally embedded within a paired 

scene, the role of PHC in memory retrieval would increase (Sommer et al., 2005; Davachi, 2006; 

Awipi & Davachi, 2008; Preston et al., 2010; Staresina et al., 2011). We hypothesized that this 

shift would be measurable either through an increase in overall PHC activation during 

recognition of visually integrated compared to non-integrated pairs, or through a greater 
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correlation between PHC activation and behavioral performance. Based on the literature, it was 

unclear how visual integration would influence the relationship between PRC/HC activation and 

correct rejections. If visual integration increases familiarity, we would expect an increased 

correlation between PRC activation and correct rejections. However, if visual integration 

increases recollection based responding, we would expect an increased correlation between HC 

activation and correct rejections. Correct rejections were chosen for this analysis because they 

are traditionally thought to rely on recollection, as both entities in the recombined pairing are 

familiar, and familiarity cannot be relied on alone to evaluate the associative pair (Yonelinas, 

1997; Donaldson & Rugg, 1998; Hockley & Consoli, 1999; Tibon et al., 2014).   

Although we were primarily interested in the effects of visual integration on medial 

temporal lobe contributions to associative memory, we included DLPFC and VLPFC in our 

analyses due to their well-established role in associative recognition (Ranganath, 2010). Studies 

comparing fMRI activation during item and associative recognition tasks have identified a 

greater role for DLPFC in tasks that require relational processing and frontal retrieval monitoring 

(Achim & Lepage, 2005a; Devitt & Schacter, 2016). For this reason, we predicted a reduction in 

DLPFC activation for visually integrated compared to non-integrated pairs. Activation in DLPFC 

and VLPFC has also been differentiated based on the dual-process model, with mixed results 

(Bunge et al., 2004, Scalici et al., 2017; Henson et al., 1999). During an associative memory task 

with strongly or weakly associated pairs of novel visual patterns, strong associations were 

associated with greater recollection-responding than weak associations and greater retrieval 

activation in HC and VLPFC. In contrast, weak associations were associated with greater 

activation in DLPFC, which the authors attributed to increased familiarity-based responding. 

However, contradictory findings relating VLPFC activation to familiarity-based responding also 



	 59	

exist (Scalici et al., 2017; Henson et al., 1999). If DLPFC activation is associated with familiarity 

and VLPFC activation is associated with recollection, we would expect an increase in VLPFC 

activation for visually integrated pairs and no change in DLPFC activation.  

While Memel and Ryan (2017) focused primarily on discrimination performance, the 

present study will focus on hits, correct rejections, and reaction times. Reaction time analyses 

were conducted to provide evidence of more subtle changes in behavior that might not be 

detected based on accuracy. Behaviorally, we predicted that beyond improved discrimination, 

visual integration would reduce reaction times, a pattern that has been associated with an 

increase in recollection-based responding (Gimbel et al., 2011). Further, we predicted that visual 

integration would not influence the degree of HC activation during associative recognition, but 

would increase PHC activation for young and older adults. Alternatively, this pattern might be 

reflected through similar correlations between HC activation and performance across conditions, 

and a greater correlation between PHC activation and performance for visually integrated pairs. 

Further, based on compensation models, we hypothesized that older adults would exhibit an 

increased reliance on prefrontal regions for successful associative memory (Cabeza & Dennis, 

2013).  

Methods 
 

 The general methods including materials, procedures, and fMR acquisition were reported 

in Memel & Ryan (2017).  

 
Participants 

Nineteen young adults and 24 cognitively normal older adults were recruited for Memel 

& Ryan (2017). For the current study, one young adult was excluded from analyses due to an 

unusually high number of false alarm responses, suggesting that they did not understand the task 
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or follow instructions.  This left us with a sample of 18 young adults (10 women and 8 men; 

mean age = 24 years, range = 18-33 years, mean level of education = 16 years, range = 13-20 

years) and 24 older adults (13 women and 11 men; mean age = 71 years, range = 61-80 years, 

mean level of education = 16 years, range = 13-20 years). Age groups were matched on 

education (t(41)<1).  All participants were screened for prior significant head injury, drug or 

alcohol abuse, psychiatric disorder, and the use of anti-depressive, antipsychotic, and sleep 

medication, and any contraindications to MRI.  

Materials 

 As described in Memel and Ryan (2017), photographs of unique household objects 

(lamps, silverware, vases, etc.) were combined with unique household scenes (offices, 

bathrooms, kitchens, etc.) in order to create object-scene pairs. These pairs were randomly 

assigned to either the Combined or Separated condition. Combined object-scene pairs consisted 

of an object positioned naturally in a realistic scene, such as a lamp on a living room table, so 

that the photograph of the object was indistinguishable from the photograph of the scene. 

Separated object-scene pairs consisted of an object on a white background next to a realistic 

scene (see Figure 1). Control images were created for the purposes of the fMR study from 

Fourier transformed images of objects in scenes overlaid with an “X” or an “O”.  

Study materials included 172 object-scene pairs, 86 Combined and 86 Separated pairs, 

and 40 control images (20 Combined, 20 Separated).  Four study lists were created, two 

Combined lists and two Separated lists. Each study list consisted of a total of 43 object-scene 

pairs, including three primacy and two recency filler trials that were not included at test, and 10 

randomly ordered controls. At test, four lists were presented, two Combined and two Separated. 

Each test list consisted of 38 object-scene pairs: 16 intact pairs that were presented the same way 
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at test as they were at study, 22 recombined pairs that consisted of an object from study paired 

with a scene from a different study pair, and 10 control images (see Figure 1).  

 
 
Figure B.1. Example stimuli from both conditions.  

Procedure 

Participants completed four study-test sets. Prior to the first study list, participants were 

told that they were going to see a series of images of object-scene pairs and that they should 

remember each pair for a later memory test. During study, object-scene pairs were presented one 

at a time on a computer screen, each presented for 3.5 seconds with a 500 millisecond inter-trial 

interval. In order to ensure that participants associated the object and the scene, they were asked 

to indicate whether or not the design of the object matched the décor of the scene. Responses and 

reaction times were recorded by button presses. A recognition test immediately followed. Before 

the test phase, participants were instructed to indicate whether the object was presented with the 



	 62	

exact same scene as they saw at study or if the object was presented with a different scene than 

they saw at study. Pairs were presented one at a time, for 3.5 seconds each. Participants then 

completed 3 additional study-test sets.  

The fMRI session lasted approximately 28 minutes, and included 4 scans, one for each 

study-test set. The order of study-test sets was counter-balanced across participants (ie. two 

Combined preceded two Separated or vice versa). While in the bore of the magnet, stimuli were 

presented to participants using a back-projection system. All study and test responses and 

reaction times were recorded.  

Prior to the scanning session, a practice session for each condition was performed (8 

practice study trials and 9 practice test trials per condition). After practice, participants entered 

the scanner and an E-prime response box was placed in their right hand, with their index and 

middle finger on the response keys.  

fMRI data acquisition.  Images were collected on a Siemens 3.0 Tesla Skyra Magnet 

equipped with a 32-channel head coil. Total scan time was 1 hour. The order of sequences was as 

follows: localizer scan, four fMRI scans, a Structural MPRAGE, and a diffusion-weighted 

imaging (DWI) scan.  The localizer was collected in 62 seconds (direction: inferior to superior, 

TR= 8.6 ms, TE=4.0 ms, flip angle = 20, FOV=250 mm, 5 slices, 7 mm slice thickness). Whole-

brain functional images were collected axially and aligned along the anterior commissure–

posterior commissure plane using an Echo Planar Imaging (EPI) sequence (direction: inferior to 

superior, TR 2,800 ms, TE 27 ms, flip angle =90, matrix 64 x 64, FOV 24 cm, 45 slices, 3 mm 

sections, no skip). There were four functional runs, each one corresponding to one study-test set. 

Functional scanning lasted 28 minutes, and occurred in 4 scans, each approximately 7 minutes 

long.  
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fMRI image processing and analysis. Functional images were pre-processed and 

analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). The first four volumes 

were excluded to allow the MR signal to reach equilibrium. Images were corrected for 

differences in slice acquisition timing using the middle section in each volume as a reference 

image, then motion corrected using B-spline interpolation by aligning all images to the mean 

image of the scanning session. Each participant’s functional scans were normalized to the 

Montreal Neurological Institute (MNI) 152 subject standard EPI template, interpolated to 2 mm 

isotropic voxels, and smoothed using a Gaussian 6 mm FWHM kernel.   

Statistical analyses were performed in two stages. In the first stage, for each participant 

and each condition, trial-related activity was modeled by convolving a vector of trial onsets with 

a regressor of the canonical hemodynamic response function. Functions for each model were 

entered into a General Linear Model (GLM) and high pass filtered using a cut-off of 128 to 

remove low frequency noise. Parameter estimates for each trial type were calculated at each 

voxel to create a single contrast image for each participant and each condition.  

For second-level analyses, a 2x2x2 mixed design analysis of variance (ANOVA) was 

conducted with Group (Young, Old) as a between subject factor, and Condition 

(Combined>Combined Control, Separated> Separated Control), and Response Type (Hit, 

Correct Rejection) as within-subject variables. Misses and false alarms were not included in this 

model due to the limited number of these response types across participants. Several participants 

in each age group responded with zero misses or false alarms in a given condition.  

All analyses were limited to five regions of interest (ROIs): DLPFC, VLPFC, HC, PRC, 

and PHC. To identify activation within DLPFC and VLPFC regions, masks were created in 

MarsBar encompassing the Brodmann’s areas most commonly identified as primary DLPFC 
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(BA 9, 10, 46) and VLPFC (BA 44, 45, 47) (Mitchell & Johnson, 2009). The HC and PHC 

masks were created using the MNI anatomical automatic labeling program, and PHC activation 

was visually inspected to ensure it met the criteria described in Pruessner, et al. (2002). The PRC 

ROI was created using the probability map created by Devlin and Price (2007) that identifies 

PRC with a 70% probability.  Small volume corrections were applied to each ROI, employing a 

threshold of p<.005 with a cluster extent of 18 voxels. This resulted in a corrected cluster-wise 

significance level of p<.05, as determined using Monte Carlo simulation implemented in DPABI 

(AlphaSim) (Yan et al., 2016).  

In order to correlate fMRI activation with behavioral performance, peaks within each 

ROI were chosen bilaterally based on the highest F-value from the average effect of condition, 

and 5 mm spherical ROIs were created. Mean contrast values were extracted from the contrast 

Correct Rejections > Control, as correct rejections represent the ability to correctly remember an 

associative pairing and reject the pairing of familiar items.  For each condition, mean contrast 

values were correlated with number of correct rejections.  

Results 
Behavioral Results 
 

All behavioral analyses were limited to hits and correct rejections due to missing data for 

multiple participants in both age groups who responded with no misses or false alarms in a given 

condition. 

 Hits and correct rejections were analyzed with a 2x2x2 ANOVA with a between subject 

factor of age group (Young, Old), and within subject factors of condition (Combined, Separated), 

and response type (Hit, Correct Rejection). Consistent with a mnemonic benefit from visual 

integration, both groups remembered more Combined than Separated pairs, F(1,40) =46.03, 

p<.001, ηp
2= .54. Overall, older adults performed worse than young adults, F(1,40) = 30.90, 
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p<.001, ηp
2 = .44 (see Table 2). While young adults responded with more hits and correct 

rejections in the Combined than Separated condition (Hits: t(17) = 3.02, p<.01; CR: t(17) = 5.40, 

p<.001), older adults responded with more hits in the Combined than Separated condition (t(23) 

= 7.10, p<.001), but equivalent correct rejections across conditions (t(23) = .91, ns), resulting in 

a three-way interaction, F(1,40) = 11.71, p=.001, ηp
2= .23. No main effect of response type, 

F(1,40) = .09, ns, or interaction between age and condition was present, F(1, 40) = .57, ns.  

  
Table B.1. Means and Standard Deviations for Proportion of Hits, Correct Rejections, and D-
prime. Means are Collapsed Across Both Retrieval Trials for Each Stimuli Condition.  
 

 
Age 

Group 

 
Visual 

Integration 

 
Hits 

 
Correct 

Rejections 

 
D-Prime 

Young Combined .84 (.13) .93 (.05) 2.66 (.70) 

 Separated .78(.10) .86(.08) 1.94 (.59) 

Old Combined .84(.11) .70(.11) 1.66 (.64) 

 Separated .69(.10) .68(.12) 1.01 (.48) 

 

Reaction Time (RT). RTs were analyzed using a 2x2x2 mixed factorial ANOVA with 

age group (Young, Old) as a between-subject factor and visual integration (Combined, 

Separated) and response type (Hit, Correct Rejection) as within-subject factors. Main effects of 

age group, condition, and response type were present. Both groups responded faster to Combined 

than Separated pairs, F(1,40) = 9.34, p<.01, ηp
2  =.19, demonstrating a benefit from visual 

integration (see Table 2). Not surprisingly, young adults responded faster than older adults across 

conditions, F(1,40) = 28.36, p<.001, ηp
2  =.42, and both groups responded faster to hits than 
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correct rejections, F(1,40) = 40.27, p<.001, ηp
2  =.50. Importantly, visual integration reduced 

reaction times to a greater extent in older adults than young adults, resulting in a group by 

condition interaction, F(1,40)= 5.45, p<.05, ηp
2  =.12 (Depicted in Figure 2).  However, a three 

way interaction was present, F(1,40) = 6.16, p<.05, ηp
2  =.13. To understand the three-way 

interaction, we conducted separate 2x2 ANOVAs for hits and correct rejections. For hits, an 

interaction between age and condition was present, such that the reduction in reaction time for 

Combined compared to Separated hits was greater in older adults than young, F(1,41) = 10.41, 

p=.002, ηp
2  =.20. The reduction in reaction time for Combined compared to Separated correct 

rejections did not differ between groups, as indicated by a non-significant age by condition 

interaction, F(1,41) = 1.13, ns.  

Table B.2. Reaction Time Means and Standard Deviations in Milliseconds For Hits and Correct 
Rejections in Both Visual Integration Conditions 
 

 
Age 

Group 

 
Visual 

Integration 

 
Hits 

 
Correct 

Rejections 
Young Combined 1,371 (220)  1,424 (270) 

 Separated 1,402 (380) 1,453 (433) 

Old Combined 1,567 (256) 1,892 (342) 

 Separated 1,886 (258) 2,016 (246) 
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Figure B.2. Reaction times collapsed across hits and correct rejections for each condition and age 
group. Both groups responded faster to Combined than Separated pairs, but this difference was 
greater in older adults, resulting in an interaction.   
 
 
Imaging Results 
 
 A 2x2x2 ANOVA was conducted for each ROI with factors of Age Group (Young, Old), 

Condition (Combined, Separated), and Response Type (Hits> Control, Correct 

Rejections>Control).  

Young adults showed greater activation than older adults in all five regions, including 

bilateral HC, bilateral PHC, right PRC, and regions in left DLPFC and VLPFC across conditions. 

In contrast, older adults showed greater activation than young in bilateral regions of DLPFC and 

VLPFC.  

Differences in activation based on condition were identified in HC, PRC, and VLPFC. 

No differences related to condition occurred in PHC or DLPFC. Further, no main effect of 

response type or interaction involving response type was observed. The following section will 
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focus on the main effect of condition and the interaction between age and condition in HC, PRC, 

and VLPFC.  

HC. Both age-invariant and age-specific effects of condition were observed in HC. 

Across age groups, right lateral HC showed greater activation for Separated than Combined 

pairs. However, an age by condition interaction occurred in left medial HC (see Figures 3 and 4). 

In order to analyze this interaction, mean contrast values were extracted from a 5 mm spherical 

ROI surrounding the peak within left medial HC and follow-up analyses were conducted in 

SPSS. 

Young adults showed greater activation for Separated than Combined correct rejections 

in left medial HC (t(18) = -4.17, p= .001), but activation did not differ for hits across conditions 

(t(18)=-1.5, ns).  In contrast, older adults showed greater activation in left medial HC for 

Combined than Separated correct rejections (t(23) = 2.39, p=.025) and hits (t(23) = 2.31, p=.03). 

 Notably, a clear distinction between lateral and medial HC activation was observed, such 

that both groups exhibited decreased activation in lateral HC with visual integration, while age 

differences were observed in medial HC. This finding is particularly important given the 

anatomical distinction between HC subfields, with CA1 falling laterally and CA3/DG occurring 

medially. Although the authors acknowledge that high-resolution fMRI is necessary to confirm 

subfield localization, it is worth interpreting these results in light of possible distinctions in 

subfield functionality.   
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Figure B.3. Left medial HC activation across response types for both conditions and groups, 
demonstrating an age by condition interaction (F(1,41) = 19.93, p<.001)  
 
 

 
 
Figure B.4. Right HC (red) and left PRC (violet) activated more for Separated than Combined 
pairs across age groups. Left medial HC (yellow) activated more for Separated than Combined 
pairs in young adults, but more for Combined than Separated pairs in older adults, as indicated 
by an interaction F(1,160) = 16.44, p<.005.  
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PRC. Left PRC showed less activation for Combined compared to Separated pairs across 

age groups.  No interaction between age and condition was present in PRC.  

VLPFC. In contrast to HC and PRC, right VLPFC showed greater activation during 

recognition of Combined than Separated pairs. No interaction between age and condition was 

present in VLPFC.  

Table B.3. MNI Coordinates for Peaks within Regions of Interest (HC, PRC, PHC, DLPFC) 
demonstrating main effect of age, p<.005 (Uncorrected) 
 

 
ROI 

 
 

 
Lateralization 

MNI 
Coordinates 

T 
Value 

Cluster 
Size 

   x y z   
Hippocampus Young>Old Left -18 -32 -4 4.01 23 

  Right 34 -10 -20 4.47 73 
PRC Young>Old Right 30 -6 -36 3.26 26 
PHC Young>Old Left -32 -46 -6 6.67 85 

  Right 30 -44 -6 5.70 151 
DLPFC Young>Old Left -38 4 40 5.20 191 

 Old>Young Left -2 52 -8 5.68 152 
   -30 36 30 4.25 41 
  Right 2 56 -2 4.51 55 
   32 38 30 4.02 38 

VLPFC Young > Old Left -34 18 -4 5.05 45 
 Old > Young Left -28 32 -14 4.48 42 
   -56 8 16 3.55 25 
  Right 44 32 -14 4.56 26 
   48 14 0 4.42 43 
   54 20 16 4.24 30 
   58 6 22 3.34 24 

 
Table B.4. MNI Coordinates for Peaks within Regions of Interest demonstrating main effect of 
condition, p<.005 (uncorrected) 

 
 

 
ROI 

 
Lateralization 

MNI 
Coordinates 

T 
Value 

Cluster 
Size 

   x y z   
Separated > Hippocampus Right 38 -20 -18 4.57 52 
Combined  

 PRC Left -32 -10 -38 3.39 20 
Combined >         

Separated VLPFC Right 56 12 20 3.63 60 
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Table B.5. MNI Coordinates for Peaks within Regions of Interest demonstrating an interaction 
between age and condition, p<.005 (uncorrected) 
 

 
ROI 

 
Lateralization 

MNI 
Coordinates 

F 
Value 

Cluster 
Size 

  x y z   
Hippocampus Left -30 -28 -6 16.44 38 

 

MTL Activation and Behavioral Performance. In order to further investigate the 

relationship between MTL activation and behavioral performance, mean contrast values from the 

major peaks, determined based on the highest significance values within each ROI, were 

extracted and correlated with hits and correct rejections in both conditions (see Table 6). These 

correlations were conducted separately for young and older adults.  

MTL activation was not correlated with hits during either condition for either age group, 

with the exception of a marginal correlation between right HC activation and Combined hits in 

young adults (r=.39, p<.06).   

A more consistent relationship between MR activation and behavioral performance 

occurred among older adults during the Combined condition across all three ROIs. Greater 

bilateral HC and left PHC activation was associated with a higher rate of Combined correct 

rejections (Right HC: r = .49, p<.05; Left HC: r = .61, p<.01; Left PHC: r = .53, p<.01). The 

correlations between PRC activation and correct rejections did not meet significance, but were 

numerically greater in the Combined than Separated condition. Fisher’s Z-tests were conducted 

to determine if the correlations between MTL activation and correct rejections were significantly 

greater in the Combined than Separated condition across all three regions. The correlations 

between left HC and left PHC activation and correct rejections were significantly greater for 

Combined than Separated pairs (HC:-22 -32 -2; z=2.82, p<.01, PHC: -28 -44 -8, z=2.71, p<.01), 

but the correlation between right HC activation and correct rejections did not differ across 
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conditions (22 -30 -4; z=0.70, ns). The correlations between PRC activation and correct 

rejections did not differ across conditions (Left PRC, -32 -8 -38, z= .53, ns; Right PRC, 32 -6 -

38, z=0.35, ns). Further, MR activation did not predict behavioral performance for older adults 

during the Separated condition.  

In contrast, MR activation was only associated with correct rejections for young adults 

during the Separated condition. Greater left HC activation was associated with a higher rate of 

Separated correct rejections (r=.68, p<.01), with near-significant correlations in PRC. PHC 

activation was not related to performance. Left HC was the only region with a greater correlation 

between activation and correct rejections in the Separated than Combined condition in young 

adults (z= -2.11, p<.05).  

Table B.6. Correlations between mean contrast values in ROIs and behavioral performance in 
both conditions for each age group 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

** p<.01, *p<.05 
+ indicates significant Fisher’s Z between conditions  
 

Age 
group 

Region of 
Interest 

MNI 
Coordinates 

(x y z) 

Combined  
Correct 

Rejections 

Separated 
Correct 

Rejections 
  

HC 
22 
-14 
-22 
38 

-30 
-38 
-32 
-16 

-4 
10 
-2 
-12 

.11 

.06 

.04 

.17 

.27 
.68**+ 

.17 

.06 
 PRC -32 -8 -38  -.02 .23 

Young   32 -6 -38 -.13 .37 
 PHC -28 -44 -8  -.23  .02 
  34 -40 -12 -.25 .05 
  

 
HC 

22 
-14 
-22 
38 

-30 
-38 
-32 
-16 

-4 
10 
-2 
-12 

.49* 
.02 

.61**+ 
.34^ 

.31 

.04 
-.16 
.04 

Old PRC -32 -8 -38 .21 .05 
  32 -6 -38 .33 .23 
 PHC -28 -44 -8 .53**+ -.24 
  34 -40 -12 .32 .04 
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 Medial HC Follow-up Analysis. During a face-name associative memory task, Miller et 

al. (2008) found greater HC activation in low performing older adults compared to high 

performing older adults and also compared to young adults, which the authors attributed to a 

dysfunctional hippocampal network. Similarly, during a pattern separation task, greater CA3/DG 

activation during correct rejections of lures was associated with worse overall pattern separation 

performance in older adults (Yassa et al., 2011).   Since we found a significant difference in HC 

activation across conditions and age groups in left medial HC, a region likely falling within 

CA3/DG (-30 -28 -6), we performed a follow-up analysis to determine if left medial HC 

activation was positively or negatively correlated with behavioral performance. When older 

adults were divided into high and low performers through a median-split, we found the opposite 

result of the aforementioned studies.  High performing older adults activated left medial HC 

more than low performing older adults during Combined correct rejections (t(22) = -2.83, p<.05), 

but not during Combined hits (t(22) = -.41, ns). No difference in left medial HC activation was 

present between high and low performing older adults during Separated hits (t(22) = 1.17, ns) or 

Separated correct rejections (t(22) = 1.30, ns). Interestingly, high performing older adults 

activated left medial HC more for Combined correct rejections than young adults (t(29) = 3.60, 

p=.001), whereas low performing older adults and young adults activated the HC to the same 

extent across conditions and response types (Combined Hit: t(29) = .70, ns; Combined CR:  t(29) 

= 1.50, ns; Separated Hit: t(29) = -.98, ns, Separated CR: t(29) = -1.01, ns).   

Discussion    

This study was designed to assess the effects of visual integration on the neural correlates 

of associative recognition. Our behavioral findings suggest that visual integration improved 

associative memory across age groups through an increase in recollection-based responding. 
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FMRI findings of reduced activation in left PRC during recognition of visually integrated pairs, 

suggest a reduced reliance on familiarity-based retrieval (Ranganath, 2010; Eichenbaum, 

Yonelinas & Ranganath, 2007). However, the neural correlates of increased recollection-based 

responding differed across young and older adults. In older adults, visual integration was 

associated with an increase in left medial HC activation and an increased correlation between 

accuracy and activation in HC and PHC, regions associated with recollection (Ranganath, 2010; 

Eichenbaum, Yonelinas & Ranganath, 2007). Findings in young adults were less clear, with an 

overall reduction in bilateral HC activation and no correlations between accuracy and MTL 

activation for visually integrated pairs.  

 Visual Integration and Associative Memory. Our results provide partial support for 

our hypotheses. Behaviorally, our findings were consistent with an increase in recollection-based 

responding across age groups, but to a greater degree in older adults than young. Visual 

integration of associative pairs improved discrimination performance equivalently in young and 

older adults, without increasing false alarms, suggesting higher rates of recollection (for further 

discussion, see Memel & Ryan, 2017). In addition, both age groups responded faster to visually 

integrated pairs than non-integrated pairs, a finding consistent with increased recollection-based 

responding (Gimbel et al., 2011). However, older adults exhibited a greater reduction in reaction 

time than young adults when responding to visually integrated compared to non-integrated pairs.  

Age-related impairments in associative memory often result from a greater number of 

false alarms in old compared to young adults (Peterson & Naveh-Benjamin 2016; Naveh-

Benjamin et al., 2003 Experiment 1), or a greater number of false alarms in addition to decreased 

hits (Bender, Nave-Benjamin & Raz, 2010; Naveh-Benjamin et al., 2003, Experiment 2), which 

has been attributed to greater familiarity-based responding (Ahmad et al., 2015). In our study, 
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older adults responded with fewer hits and correct rejections than young adults across conditions, 

consistent with the age-related associative deficit, and suggestive of an overall greater reliance 

on familiarity-based memory retrieval.  

However, the behavioral pattern observed when associative pairs were visually integrated 

was inconsistent with a familiarity-based improvement in performance. As discussed in Memel 

& Ryan (2017), visual integration of associative pairs increased hits and reduced false alarms 

(reflecting a greater rate of correct rejections) for both age groups.  If visual integration increased 

familiarity-based responding, and false alarms serve as an index of familiarity, we would expect 

increased hits, but also increased false alarms. Thus, our behavioral findings are inconsistent 

with a familiarity-based improvement in performance. This differentiates visual integration from 

studies of verbal unitization that identify increased false alarms when pairs are unitized, which 

they attribute to increased familiarity-based responding (Ahmad et al., 2015). Interestingly, Parks 

and Yonelinas (2015, Experiment 1) identified an increase in both familiarity and recollection 

based responses among young adults when associative pairs were highly unitized compared to a 

low unitization condition (see also Bader et al., 2014), suggesting that unitization may influence 

both memory processes.  

Studies have consistently shown that faster reaction times are associated with “remember 

hits” (i.e. higher confidence ratings during memory retrieval) compared to “know hits” (i.e. 

lower confidence ratings) presumably reflecting recollection processes, rather than familiarity 

(Gimbel et al., 2011; Dewhurst et al., 2006; Rotello & Zeng, 2008; Wixted, 2009; Wixted & 

Stretch, 2004). In our task, both young and older adults responded faster to visually integrated 

pairs, with older adults benefitting to a greater extent than young. Compared to non-integrated 

pairs, older adults recognized visually integrated pairs 200 milliseconds faster, while the benefit 
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for young adults was 34 milliseconds on average. Taken together, visual integration improves 

discrimination without increasing false alarms and reduces reaction times for visually integrated 

compared to non-integrated pairs. These findings are consistent with our hypothesis that visual 

integration results in an increase in recollection-based responding.   

MTL Effects of Visual Integration. Inconsistent with our hypotheses regarding MR 

activation, visual integration reduced right lateral HC activation in both young and older adults. 

However, in left medial HC, visual integration interacted with age. Young adults showed less 

activation in left medial HC for visually integrated compared to non-integrated pairs, whereas 

older adults showed the opposite pattern – greater activation for visually integrated than non-

integrated pairs. In contrast to verbal studies that found greater PRC activation for unitized pairs, 

visual integration was associated with a reduction in PRC activation across age groups. 

Furthermore, when MR activation was correlated with behavioral performance in older adults, 

HC and PHC activation was associated with correct rejections of visually integrated, but not non-

integrated pairs. In contrast, only HC activation was correlated with correct rejections in young 

adults, and only for non-integrated pairs. It is worth noting that even though there was no 

difference in overall PHC activation based on visual integration, PHC activation was only 

correlated with performance for visually integrated pairs, and this pattern was observed in older 

adults but not young adults. We will discuss each of these findings in the following sections.    

Lateral HC. Across age groups and response types, visual integration reduced activation 

in lateral HC, a region that could fall within CA1. Similar decreases in HC activation have been 

observed in verbal unitization tasks; however, it is unclear whether this activation fell within 

lateral or medial HC (Ford, Verfaellie & Giovanello, 2010; Bader et al., 2014). Reductions in HC 

activation during retrieval of unitized compared to non-unitized pairs have been attributed to a 
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decreased need for effortful recollective processes when unit familiarity provides a sufficient 

signal to recognize unitized pairs (Bader et al., 2014). While this is a possibility, it may also be 

the case that reduced HC activation reflects a decreased need for HC to serve as an index to the 

multiple parts in each associative pair when objects and scenes are combined into one coherent 

object and scene representation. In the latter case, recollective processes may remain stable 

despite decreased processing demands. When interpreting this HC finding in lieu of our 

behavioral results and the relationships between other MTL structures and behavioral 

performance across visual integration conditions, our results are more in line with the latter 

explanation.  

Differential Age Effects in Medial HC. Notably, visual integration did not reduce HC 

activation uniformly across groups. Visual integration resulted in reduced bilateral HC activation 

for young adults, a pattern consistent with the verbal unitization literature (Ford, Verfaellie & 

Giovanello, 2010; Bader et al. 2014). However, older adults exhibited reduced activation in right 

lateral HC for visually integrated compared to non-integrated pairs, but greater activation in left 

medial HC for visually integrated pairs. We acknowledge that at our limited voxel resolution of 3 

mm isotropic, it is difficult to draw definitive conclusions about HC subfield localization. 

Nevertheless, two distinct patterns of activation were observed in HC, one occurring laterally 

and the other medially. These clearly dissociable peaks within lateral and medial HC are 

suggestive of unique patterns of activation occurring in CA1 and CA3/Dentate Gyrus, a pattern 

that would be consistent with the literature on HC aging. While several studies have identified 

age-related “hyper-activation” in CA3/DG during successful pattern separation (Yassa et al., 

2011, Yassa, Mattfield, Stark & Stark, 2011), to our knowledge, no age-related changes in MR 

activation have been observed in CA1.  
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Across several studies, Yassa and colleageus (2011) suggest that CA3/DG hyper-

activation, which is associated with worse overall object discrimination performance, may bias 

older adults to shift from pattern separation to pattern completion processes during object 

discrimination. That is, rather than comparing unique representations with one another to identify 

subtle differences (pattern separation), older adults may utilize one or more components or 

“cues” to reinstate a previous representation (pattern completion). This shift biases older adults 

to recognize perceptual and conceptual similarities between items, rather than focusing on item-

specific details (Devitt & Schacter, 2016).  In contrast to Yassa’s findings, greater medial HC 

activation during our associative recognition task was associated with better performance in 

older adults. One notable difference between our tasks is the level of ambiguity of stimuli. In 

Yassa’s pattern separation tasks, individuals discriminated between very similar lure items and 

previously presented objects (e.g. two red wagons, one with a darker hue, and larger wheels). In 

our task, object and scene pairs are unique. Although objects and scenes might fall within similar 

semantic categories (e.g. lamps, kitchens, etc.), they were not designed to be similar to one 

another in such a way that attention to subtle differences in features was required to differentiate 

amongst objects or scenes. As a result, two possibilities emerge. Greater medial HC activation in 

high performing older adults may reflect compensatory activation sustaining pattern separation 

ability. Alternatively, greater medial HC activation might reflect a dysfunctional HC network 

and a shift toward pattern completion that benefited older adults in our task due to reduced levels 

of ambiguity between our object and scene pairs.  

Visual Integration and PRC Activation. Similar to the effect of visual integration on 

HC activation, less PRC activation was observed for visually integrated compared to non-

integrated pairs across both age groups. This is dissimilar from studies of verbal unitization that 



	 79	

find increased PRC activation during recognition of unitized pairs, which is associated with 

greater familiarity-based responding (Diana, Yonelinas & Ranganath, 2010). In fact, if PRC 

activation at retrieval reflects familiarity-based responding, our finding of decreased PRC 

activation during recognition of visually integrated compared to non-integrated pairs provides 

further evidence for a decrease in familiarity-based responding when associative pairs are 

visually integrated. Given the nature of our stimuli, realistic objects and scene, it logically 

follows that when an object is embedded within a scene, becoming more scene-like, the role of 

PRC in memory retrieval decreases and the emphasis shifts to scene-related spatial processing 

associated with PHC (Sommer et al., 2005; Davachi, 2006; Awipi and Davachi, 2008; Preston et 

al., 2010; Staresina et al., 2011). However, evidence on the effects of visual integration on PHC 

recruitment is mixed.  

Visual Integration and PHC. PHC activation did not differ based on the level of visual 

integration of associative pairs.  Further, in young adults, PHC activation was not associated with 

performance in either condition. Importantly, PHC activation was only associated with 

associative recognition in older adults, and only when associative pairs were visually integrated. 

It is also worth noting that PHC activation was correlated with correct rejections, but not hits. 

This difference is important, as correctly rejecting recombined pairs requires the ability to 

distinguish amongst familiar stimuli items, suggesting that this activation was associated with 

recollection rather than familiarity. Thus, it appears that visual integration of objects and scenes 

results in a more ecologically valid and “scene-like” representation, which selectively benefits 

older adults, by increasing reliance on recollection-processes of PHC during associative 

recognition.  
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Our findings clearly differ from the verbal unitization literature, which identifies an 

increase in PRC-based familiarity responding, in addition to recollection related activation in 

PRC, PHC, and HC for unitized pairs (Diana, Yonelinas & Ranganath, 2010). Unitization of 

visual stimuli increases recollection-based responding across groups. In young adults, less HC 

and PRC activation is observed for unitized pairs, suggesting decreased processing requirements 

once associative pairs become integrated into a cohesive whole. In older adults, greater 

recollection is facilitated by an increased reliance on PHC during retrieval of unitized pairs. 

However, while PHC becomes more correlated with memory for unitized pairs, this occurs in 

unison with an increased correlation between HC activation and correct rejections. Thus, 

recollective processes are supported by both PHC and HC processing during retrieval of unitized 

visual pairs in older adults.  

Visual Integration and PFC. Although the PFC was not our primary region of interest, 

both DLPFC and VLPFC play a well-established role in memory encoding and retrieval. Thus, 

we predicted a decrease in DLPFC activation during recognition of unitized pairs due to 

decreased relational processing and retrieval monitoring for integrated units. Contrary to our 

expectations, no difference in DLPFC activation was observed based on visual integration. In 

fact, the opposite pattern was observed in VLPFC, with greater VLPFC activation for visually 

integrated compared to non-integrated pairs across age groups. Although we did not predict 

changes in VLPFC activation based on visual integration, greater right VLPFC activation has 

been found for strong compared to weak retrieval of visual associative pairs, suggesting a role 

for right VLPFC in recollection-based responding (Bunge, Burrows, & Wagner, 2004).  Thus, 

greater VLPFC activation during recognition of visually integrated compared to non-integrated 
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pairs provides further evidence that visual integration strengthened object and scene memory 

representations, supporting successful memory through increased recollection-based responding.  

Conclusions. Overall, our findings provide evidence that visual integration differs from 

verbal unitization in the mechanisms that support improved recognition. Verbal unitization 

improves memory through an increased reliance on PRC-based familiarity, in addition to 

maintained recollection-based responding in HC and PHC (Diana et al., 2011). In contrast, visual 

integration appears to improve memory through increasing recollection-based responding. 

However, the neural correlates of increased recollective processing differ in young and older 

adults. Young adults exhibit decreased activation in HC and PRC, which may reflect decreased 

overall processing requirements when objects and scenes are integrated into one “scene-like” 

representation. In contrast, older adults exhibit increased activation in a region of medial HC, 

and increased correlations between HC and PHC activation and behavioral performance when 

associative pairs are visually integrated, suggesting a greater ability to successfully utilize these 

regions to support memory processes when associative pairs are visually integrated.  
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APPENDIX	C	
	

EXPERIMENT	3:	CONTRIBUTIONS	OF	FRONTOTEMPORAL	WHITE	MATTER	INTEGRITY	TO	

ASSOCIATIVE	MEMORY	IN	YOUNG	AND	OLDER	ADULTS	

	
Abstract	

	
Background:	Aging	is	associated	with	declines	in	associative	memory	(Memel	&	Ryan,	
2017),	as	well	as	changes	in	brain	structure	and	function.	Age-related	changes	in	medial	
temporal	and	prefrontal	function	predict	memory	performance	across	a	variety	of	tasks	
(Chastelaine	et	al.,	2016;	Ritchey,	Libby	&	Ranganath,	2015;	Ranganath,	2015;	Simons	&	
Spiers,	2007	for	review).	However,	less	is	known	about	the	relationship	between	memory	
performance	and	white	matter	integrity	in	the	tracts	connecting	these	regions.	It	is	unclear	
whether	age-related	changes	in	frontotemporal	integrity	are	tract-specific	or	indicative	of	
global	age-related	change	in	the	brain.	Further,	only	a	few	studies	have	examined	the	
relationship	between	frontotemporal	integrity	and	memory	performance,	controlling	for	
global	measures	of	integrity,	in	both	young	and	older	adults.		
	
Methods:	Using	high	angular	resolution	diffusion	MRI,	we	measured	the	integrity	of	four	
fronto-temporal	white	matter	tracts	(fornix,	uncinate	fasciculus,	parahippocampal	(PHC)	
cingulum,	arcuate	fasciculus)	in	a	sample	of	young	and	older	adults.	We	utilized	four	
measures	of	global	and	tract-specific	integrity:	fractional	anisotropy	(FA),	axial	diffusivity	
(AD),	radial	diffusivity	(RD),	and	mean	diffusivity	(MD).	In	order	to	determine	whether	
frontotemporal	white	matter	integrity	predicted	associative	memory	beyond	global	age-
related	change,	we	entered	each	tract-specific	measure	into	a	regression,	controlling	for	
global	measures	of	white	matter	integrity.		
	
Results:	In	older	adults,	tract-specific	measures	of	white	matter	integrity	predicted	unique	
variance	in	associative	memory,	controlling	for	global	integrity.	Specifically,	greater	RD	and	
MD	in	right	cingulum	and	right	uncinate	fasciculus	was	related	to	fewer	hits,	whereas	
greater	fornix	FA	and	lower	fornix	RD	were	associated	with	fewer	false	alarms.	Notably,	
age-related	changes	in	PHC	cingulum	integrity	were	only	apparent	within	the	older	adult	
age	group,	suggesting	that	variability	in	right	PHC	cingulum	integrity	might	serve	as	a	
sensitive	marker	of	memory	decline	and	the	onset	of	potentially	pathological	processes.	In	
both	young	and	older	adults,	global	measures	of	white	matter	integrity	predicted	
associative	memory.	However,	only	arcuate	fasciculus	AD	explained	unique	variance	in	
associative	memory	in	young	adults.		
	
Conclusions:	White	matter	integrity	in	tracts	connecting	prefrontal	and	medial	temporal	
regions	was	specifically	related	to	associative	memory	performance	in	older	adults,	even	
after	controlling	for	global	diffusion	measures.	Our	findings	suggest	that	these	tracts	might	
be	useful	in	differentiating	healthy	from	pathological	brain	aging.		
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Introduction 
 

Associative memory, the ability to remember relationships amongst entities, plays a 

critical role in our day-to-day functioning. It allows us to remember the name associated with a 

new face, the location of an object, and features of items we encounter in the world.  While 

memory for items remains relatively preserved with age, the ability to remember associations 

amongst items declines with age (Memel & Ryan, 2017; Naveh-Benjamin, 2000).  

In order to remember relationships amongst previously distinct items, they must be bound 

together as co-occurring in time or space. If successful binding occurs, the ensuing memory trace 

includes relevant items and contextual information. Recent evidence suggests that there are 

varying degrees of binding between items, an item and its context, or the contextual features of 

an episode. In traditional associative memory tasks, pairs of item (e.g. words, pictures, face-

name pairs) are presented and participants must remember both items as co-occurring and related 

(Naveh-Benjamin et al., 2004; Naveh-Benjamin et al., 2003; Naveh-Benjamin, 2000). However, 

several strategies have been shown to strengthen the binding between components in an episode 

by creating a semantic or perceptual relationship between them. This can be accomplished by 

presenting words that are semantically related (Naveh Benjamin et al., 2005; Patterson et al., 

2009; Badham et al., 2012), providing a unitizing sentence to define a newly formed word pair 

(e.g. “SKY-LAWN”, a yard used for star-gazing) (Quamme et al., 2007), and embedding an 

object within a naturalistic scene (Memel & Ryan, 2017). It is thought that these strategies 

unitize disparate entities so that they can be remembered as one cohesive whole. This is 

particularly beneficial for older adults, as they exhibit deficiencies in strategic processing at 

encoding and retrieval (Naveh-Benjamin, Brav & Levy, 2007; Bridger 2017). 
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During the formation and retrieval of associative memories, a network of brain regions in 

the medial temporal lobes, prefrontal cortex, parietal cortex, lateral temporal cortex, and occipital 

cortex are activated (Dennis, Johnson & Peterson, 2014; Ranganath, 2010; Bunge, Burrows & 

Wagner, 2004). Both item and associative tasks (eg. words and word pairs) activate regions in 

bilateral medial temporal (HC, PRC, PHC) and prefrontal cortex during encoding and retrieval. 

However, associative encoding (learning word pairs) results in greater prefrontal, hippocampal, 

and parietal activation compared to word list learning, and associative recognition results in 

greater dorsolateral prefrontal cortex (DLPFC) and superior parietal activation bilaterally (Achim 

& Lepage, 2005). Encoding of visual pairs (objects) versus word pairs results in greater fusiform 

activation, whereas verbal pairs activate left lateral temporal cortex more than visual pairs (Park 

& Rugg, 2011). However, both tasks result in equivalent subsequent memory effects in 

hippocampus and perirhinal cortex (Park & Rugg, 2011).  

Due to differences in DLPFC activation (BA 9 and 46) during item and associative tasks, 

DLFPC has been associated with the initiation of elaborative encoding strategies and relational 

processing (Hawco, Belim & Lepage, 2013; Hales, Israel, Swann & Brewer, 2009; Blumenfeld 

& Ranganath, 2006; Murray & Ranganath, 2007). In contrast, VLPFC (BA 44, 45, and 47) 

contributes to successful memory encoding by implementing control processes to select relevant 

item features, in order to create distinct memory representations (Ranganath, 2010; Paller & 

Wagner, 2002), with no difference in activation across item and associative tasks (Hawco, 

Berlim & Lepage, 2013; Muray & Ranganath, 2007; Blumenfeld, Parks, Yonelinas & 

Ranganath, 2011).  

The hippocampus (HC) is thought to play a role in creating links between individual 

components and relevant contextual information within an episode (Mayes, Montaldi, & Migo, 
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2007).  According to the domain dichotomy (DD) hypothesis, the HC is required to associate 

between-domain items, such as a face and a name or a scene and a sound, whereas the perirhinal 

cortex may mediate within-domain associations (e.g. face pairs or word pairs). By this account, 

items that are processed in minimally interacting cortical regions (e.g. a face-word pairs) 

converge in the hippocampus, and not the perirhinal cortex, for binding. The degree to which 

representations converge within hippocampus increases recollection-based responding, whereas 

convergence within the PRC and potentially PHC increase the likelihood of familiarity-

supported memory. However, evidence for this hypothesis is somewhat mixed, since studies 

have reported equivalent HC and PRC activation for both within-domain and across-domain 

pairs (Park and Rugg, 2011).    

The perirhinal cortex (PRC) and PHC receive polymodal sensory information from the 

neocortex (Burwell & Amaral, 1998). PRC receives greater input from ventral visual areas in 

inferior temporal cortex and has been associated with object processing (Ritchey et al., 2015, 

Wang et al., 2016; Ranganath & Ritchey, 2012), whereas PHC receives greater input from 

regions involved in spatial processing, including the retrosplenial and posterior parietal cortices. 

Due to the functional and anatomical connectivity of these regions, many models argue for 

content-specificity of these regions, with PRC processing objects and PHC processing scenes 

and spatial elements (Libby et al., 2012; Suzuki & Amaral, 1994), However, alternative models 

argue against content-specificity, instead including PRC and PHC within two computationally 

distinct cortical-hippocampal pathways, a “sparse” and “detailed” pathway, both of which 

process object and scene information (Burke et al., in prep).  

Due to the unique processing roles of the prefrontal cortex and medial temporal lobes 

during encoding and retrieval of associative memories, it is likely that greater connectivity 
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between these regions contributes to successful associative memory. The MTL and PFC are 

connected through direct and indirect pathways, relying on white matter tracts, including the 

fornix, ventral cingulum bundle, uncinate fasciculus, and arcuate fasciculus (Wendelken, Lee, 

Pospil, et al., 2014). These frontotemporal tracts have been associated with memory performance 

across a variety of tasks (Meltzer-Baddeley et al., 2011; Bennett, Huffman & Stark, 2015; Sasson 

et al., 2013).  

Fornix. Focusing first on the fornix, fibers project directly from hippocampus through 

two pathways, one to septal nuclei and medial/inferior prefrontal regions and the other to the 

hypothalamus and thalamus through the mammillary bodies (Bennet et al., 2015). Fornix 

fractional anisotropy (FA) has been related to pattern separation of objects, immediate and 

delayed recall of words (Bennet et al., 2015), and recall of words and objects (doors, people, 

shapes, names) (Meltzer-Baddeley et al., 2011), but not object recognition (Bennett et al., 2015).  

In addition, right fornix RD and ADC (mean diffusivity) were associated with a composite of 

verbal and visual memory measures (Sasson et al., 2013).  

Cingulum. The cingulum bundle has been divided into four parts. The parahippocampal 

portion (PHC) of the cingulum bundle, which is the most lateral portion, connects the 

parahippocampal gyrus to the posterior cingulate and posterior parietal cortices (Meltzer-

Baddeley, et al., 2012; Wendelken et al., 2014). These fibers project through the superior 

cingulum into frontal cortices (Bennet et al. 2015). PHC cingulum FA has been associated with 

memory performance across a composite of multiple verbal and visual tasks (Sasson et al., 2013; 

Bennett et al., 2015), and was marginally correlated with delayed word recall (Meltzer-Baddeley 

et al., 2011).  
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Uncinate Fasciculus. The uncinate fasciculus is a limbic tract that connects 

parahippocampal cortex and superior temporal lobes to the lateral orbital, medial, and inferior 

prefrontal regions (Meltzer-Baddeley, 2011; Bennet et al., 2015). Uncinate fasciculus FA has 

been related to the rapid learning and immediate retrieval of face and scene associations 

(Thomas, Avram, Pierpaoli & Baker, 2015; Metzler-Baddeley, et al., 2011), and verbal recall 

(Mabbott et al., 2009). In addition, right uncinate fasciculus ADC was negatively correlated with 

a composite of verbal and visual memory tasks (Sasson et al., 2013). Further, white matter 

hyperintensities within the uncinate fasciculus were negatively correlated with memory of 

object-color associations (Lockhart et al., 2012).  

Arcuate Fasciculus. Finally, the arcuate fasciculus is a portion of the superior 

longitudinal fasciculus (SLF) that connects the perisylvian cortex of the frontal, parietal and 

temporal lobes (Catani & Schotten, 2008), critically connecting lateral temporal to inferior 

frontal cortex, regions involved in language function. Arcuate fasciculus FA was associated with 

verbal fluency, a measure of language and executive functioning (McDonald et al., 2008). In 

addition, RD and ADC in frontal portions of the SLF were associated with a composite of verbal 

and visual memory performance (Sasson et al., 2013).  

Aging and White Matter Integrity. Aging is associated with a global decline in white 

matter integrity (for review see Madden, Bennet & Song, 2009), resulting from demylenation 

and dysmyelination that results in loss and thinning of myelin sheaths, and reductions in 

internode length (Peters, 2009).  Most studies report the largest age differences in anterior 

regions of the brain, encompassing PFC and anterior corpus callosum, which has been described 

as an anterior-posterior gradient (Hedden, 2013; Bennet et al., 2010; Head et al., 2004).  

However, others have identified equivalent reductions in FA in frontal and occipital brain 
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regions (Kennedy & Raz, 2009).  Further, the fornix, which connects medial temporal and frontal 

brain regions, exhibits the largest age-related increase in MD (20%) across all tracts, compared 

to only a 5% MD increase in the cingulum (Lebel et al., 2012). Thus, aging results in global 

white matter decline, but may occur at varying rates across the brain.  

Many studies of white matter aging and cognitive function rely on one or two measures 

of white matter integrity, most commonly FA or MD. However, a large degree of microstructural 

(e.g. myelination) and macrostructural (e.g. coherence of fiber orientation) change must occur in 

order to observe changes in FA with age. Further, Axial Diffusivity (AD) and Radial Diffusivity 

(RD) are more specific measures of change that may be more sensitive to age-related decline 

(Bennett et al., 2010). FA is a measure of the directionality of water diffusion, independent of 

rate, with higher FA values representing healthier WM tracts. However, white matter integrity 

can also be assessed based on the magnitude of water flow along the primary and perpendicular 

directions, termed axial (AD) and radial (RD) diffusivity, respectively. Age-related decreases in 

FA have been attributed to several distinct patterns, including increases in RD (Madden et al., 

2009; Davis et al, 2009; Zhang et al., 2008), increases in AD and RD (Sullivan et al., 2010; Zahr, 

et al., 2009) and decreases in AD with corresponding increases in RD (Bennett et al., 2010). 

According to Bennet et al. (2010), age-related increases in RD are associated with a decline in 

axonal packing density, resulting from demylination, axonal loss or damage, and inflammation, 

whereas changes in AD may be more directly influenced by axonal damage (Madden et al., 

2009; Song el., 2002).  

The relationship between white matter aging and cognitive functioning is well established 

(Madden, Bennett, Burzynsk, Potter, Che, & Song, 2012; Bennett, Huffman & Stark, 2014). 

However, it is unclear whether individual differences in WM integrity emerge during adulthood 
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and increase the risk for WM decline during aging. It is possible that some individuals are at a 

greater risk for WM decline and that these differences are measurable in young adults. 

Alternatively, young adults may exhibit little variability in WM integrity, suggesting that 

differences in WM integrity that predict cognitive performance can be attributed primarily to 

age-related change.  

Most studies measuring white matter integrity in young adults include them in a lifespan 

analysis with middle aged and older adults (Bender & Raz, 2015; Bennet et al., 2015; Sasson et 

al., 2013; Kennedy & Raz, 2009), with only a handful of studies examining the relationship 

between white matter integrity and cognitive performance in young adults specifically (Madden 

et al., 2010; Nagy, Westerberg & Klingberg, 2004). For example, Nagy and Colleagues (2004) 

identified a relationship between higher FA and better working memory performance in sample 

of children and adolescents (8-18 years old).  Further, Fjell and colleagues (2015) identified a 

relationship between MD in the uncinate fasciculus and angular bundle and word list recall in a 

sample of young adults (23-52 years old).  

In order to determine whether individual differences in frontotemporal white matter 

integrity contribute to associative memory performance prior to aging or can be attributed solely 

to age-related change, we will measure four global and tract-specific indices of white matter 

integrity (FA, AD, RD, MD) in a sample of young and older adults. We will focus on four tracts 

that have been associated with episodic memory performance in the literature: the fornix, PHC 

cingulum, uncinate fasciculus, and arcuate fasciculus. Integrity in these tracts will be correlated 

with hits and false alarms on our associative memory task with object and scene pairs. Finally, 

tract-specific measures of white matter integrity will be entered into regressions, controlling for 
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global indices of white matter integrity, to determine whether specific tracts predict associative 

memory better than global change alone.  

Methods 
 

The general methods including materials, procedures, and fMR acquisition were reported 

in Memel & Ryan (2017).  

 
Participants 

Twenty-one cognitively normal older adults (12 women and 9 men; mean age = 71 years, 

range = 61-80 years, mean level of education = 16 years, range = 12-20 years) and 17 young 

adults (9 women and 8 men; mean age = 24 years, range = 18-30 years, mean level of education 

= 16 years, range = 12-20 years) were recruited from an existing cohort in our laboratory, as well 

as from advertisements in the local newspaper. Older adults were screened for prior significant 

head injury, drug or alcohol abuse, psychiatric disorder, and the use of anti-depressive, 

antipsychotic, and sleep medication, and any metal in their body.  

Materials 

Adobe Photoshop was used to position pictures of unique objects next to unique scenes 

on a white background in order to create object-scene associative pairs. Objects were typical 

household items (e.g. lamps, kitchen appliances, silverware, etc.). Scenes included pictures of 

office spaces, bathrooms, kitchens, dining rooms, and other living spaces. Control images were 

utilized for the purposes of fMRI analysis and included fourier transformed images of objects in 

scenes overlaid with an “X” or an “O”.  

Study materials included 172 object-scene pairs, 86 Combined and 86 Separated pairs, 

and 40 control images.  Four lists were created, two Combined lists and two Separated lists. Each 

study list consisted of 43 total object-scene pairs, including three primacy and two recency filler 
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trials not presented at test, and 10 controls. At test, four lists were presented, two Combined and 

two Separated. Each test list consisted of 38 object-scene pairs: 16 intact pairs, 22 pairs that were 

recombined, and 10 control images. Intact pairs consisted of object-scene pairs presented the 

exact same way at test as they were at study. Recombined pairs consisted of an object from study 

paired with a scene from a different study pair 

For the present study, we focused on memory for traditional associative pairs (Separated 

condition from Memel & Ryan (2017)).  

Procedure 

The experiment included four study-test sessions. In each session, participants saw one 

study list, followed by a test list. Before the study phase, participants were told that they were 

going to see a series of images of object-scene pairs and that they should remember each pair for 

a later memory test. During study, participants saw a series of associative pairs, one at a time on 

a computer screen. Each associative pair was presented for 3.5 seconds with a 500 millisecond 

inter-trial interval. In order to ensure that participants were paying attention to both the object 

and the scene, participants were asked to left click if they thought the design of the object fit well 

with the décor of the scene and right click if the design of the object did not match the décor of 

the scene. Button presses were recorded. A recognition test immediately followed. Before the 

test phase, participants were instructed to left click if objects were presented with the exact same 

scene as they were at study and right click if objects were presented with a different scene than at 

study. Associative pairs were presented one at a time.  

Functional scanning lasted approximately 28 minutes, and occurred in 4 scans, one for 

each study-test session. The order of study-test sessions was counter-balanced across participants 

(ie. two Combined sessions preceded two Separated sessions or vice versa). Stimuli were 
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presented on a PC computer with a 13x20.5-inch color monitor using E-prime. Diffusion-

weighted imaging followed and lasted around 14 minutes. 

Image acquisition. MRI images were collected at the University of Arizona on a 

Siemens 3.0 Tesla Skyra Scanner equipped with a 32-channel head coil. Total scan time was 1 

hour. High angular resolution diffusion-weighted images (DWI) were collected in 60 axial 

sections (2 mm sections, no skip, TR = 10,000 ms, TE = 80 ms, matrix = 128 x 128, FOV = 254 

x 254 mm2), with 64 directions and 6 b-zeroes.  

DTI processing and analysis. Diffusion-weighted images were preprocessed with the 

Functional Software Library (FSL) package (http://www.fmrib.ox.ac.uk/fsl). Images were 

realigned, linear eddy current distortions were removed, non-brain tissue was removed, and 

eigen vectors and values were calculated (Smith, S.M. 2002). Images were converted into tensors 

using DTI-tk (Zhang et al., 2010). Advanced Normalization Tools (ANTS) was then used to 

calculate a symmetric diffeomorphic transformation from each participant’s native space to the 

John Hopkins University 2 mm FA Template, relying on Syn (0.25). Tracts were defined using 

John Hopkins probabilistic white matter tractography atlas, which defined structures 

probabilistically by averaging the results of deterministic tractography on 28 normal subjects 

(mean age 29, M:17, F:11) (Wakana et al. 2004;  Hua et al. 2008). These tracts included the body 

of the fornix, parahippocampal cingulum, arcuate fasciculus, and uncinate fasciuculus (see figure 

1). All template-defined tracts were converted into regions of interest and warped into native 

space using the inverse of the diffeomorphic transforms for each participant.  Fractional 

anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) were 

calculated in each tract and for each participant’s global white matter mask.  
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Figure C.1. Frontotemporal tracts converted into regions of interest: arcuate fasciculi in yellow, 
parahippocampal cingulum in red, uncinate fasciculi in blue, and fornix in green  

 

Statistical analysis. Age differences in frontotemporal white matter integrity (FA, MD, 

AD, RD) were analyzed through independent t-tests between young and older adults. In order to 

investigate age-related variability in white matter integrity across older adults, age was correlated 

with measures of integrity within the older adult group. Next, frontotemporal white matter 

integrity was correlated with associative memory performance (hits and false alarms). In order to 

quantify the amount of variance in memory performance explained by tract-specific WM 

integrity, variables that significantly predicted memory were entered into a regression, 

controlling for global WM integrity. Both R-squared values and F-change scores were utilized to 

draw conclusions about the degree of variance explained by each specific tract, beyond global 

white matter changes.   
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Results	
Behavioral Results 
 

Independent samples t-tests were utilized to examine differences in hits and false alarms 

between young and older adults. Young adults responded with more hits than older adults (t(36) 

= -2.37, p<.05), and less false alarms (t(36) = 5.29, p<.001). Due to the difference in false alarms 

between age groups, corrected recognition was computed and compared between young and 

older adults. Corrected recognition was significantly greater for young adults than older adults 

(t(36) = -5.02, p<.001). Means and standard deviations are reported in Table 1.  

Table C.1. Means and Standard Deviations for Proportion of Hits, False Alarms, and Corrected 
Recognition. Means are Collapsed Across Both Retrieval Trials.  
 

 
Age 

Group 

 
Hits 

 
False 

Alarms 

 
Corrected 

Recognition  

Young  
Adults 

.77 (.10) .14 (.09) .63 (.17) 

Older 
Adults 

.69 (.10) .33 (.12) .36 (.17) 

 

Diffusion Results 

Age Differences in WM Integrity.  

Global Measures. Global FA, AD, RD, and MD differed between young and older adults 

(FA: t(36) = -2.77, p<.01; AD: t(36) = 3.30, p<.01; RD: t(36) = 4.17, p<.001, MD: t(36) = 3.92, 

p<.001), with lower fractional anisotropy in older adults and increased diffusivity across 

diffusion measures.  

Age Differences in Specific WM Tracts. When diffusion measures for each individual 

tract were compared between young and older adults, radial diffusivity (RD) was the most 

sensitive measure of age-related change, whereas fractional anisotropy (FA) was the least 

sensitive measure. Notably, differences in mean diffusivity (MD) were primarily driven by 
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changes in radial diffusivity (RD). Across the four tracts of interest, the most consistent 

differences between young and older adults were observed in the fornix and arcuate fasciculus, 

with minimal differences in uncinate fasciculus integrity and no age-related change in cingulum 

integrity (t-values <1.28, p>.21), consistent with prior studies (Bennet et al., 2015).  For this 

reason, the cingulum was excluded from the following section. Tract-specific diffusion measures 

that significantly differed between young and older adults are represented in bold in Table 2.  

Table C.2. White matter integrity across tracts (means and standard deviations) 

 
Age 

Group 

Measures 
of White 
Matter 

Integrity 

 
Cingulum PHC  

 
Arcuate Fasciculus 

 
Uncinate Fasciculus 

 
Fornix 

  Left Right Left Right Left Right  

 
 

Young 

 
FA 

.42(.03) .41(.03) .47(.02) .47(.02) .46(.06) .46(.03) .53(.05) 

 
AD 

1.21(.04) 1.21(.05) 1.11(.03) 1.12(.03) 1.25(.08) 1.23(.06) 2.17(.14) 

 
RD 

.61 (.04) .61(.04) .52(.02) .53(.03) .58(.08) .57(.04) .90(.14) 

 
MD 

.81(.03) .81(.03) .72(.02) .72(.02) .80(.07) .79(.04) 1.32(.14) 

 
 

Old 

 
FA 

.42(.03) .40(.03) .45(.03) .46(.03) .45(.05) .44(.05) .40(.04) 

 
AD 

1.23(.05) 1.21(.05) 1.15(.03) 1.14(.03) 1.22(.06) 1.26(.05) 2.54(.17) 

 
RD 

.62 (.03) .63(.04) .56(.04) .55(.03) .58(.06) .61(.06) 1.37(.17) 

 
MD 

.82(.03) .82(.04) .75(.03) .74(.03) .80(.05) .83(.05) 1.76(.17) 

Bolded means differed between young and older adults  
 

Arcuate Fasciculus.  Bilateral arcuate fasciculus AD, RD, and MD were greater in older 

adults than young adults (AD: left (t(36) = 3.15, p<.01), right (t(36) = 2.42, p<.05), RD: left 

(t(36) = 3.36, p<.01), right (t(36) = 2.10, p<.05), MD: left (t(36) = 3.96, p<.001), right (t(36) = 

2.66, p=.01)). While left arcuate fasciculus FA was greater in young adults than older adults 
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(t(36)= -2.48, p<.02), right arcuate fasciculus FA did not differ between groups (t(36) = -1.39, 

ns). 

Uncinate Fasciculus. The only differences in uncinate fasciculus integrity between 

young and older adults were observed in right uncinate fasciculus RD and MD (RD: (t(36) = 

2.25, p<.05), MD: (t(36) = 2.49, p<.05)). Uncinate fasciculus FA and AD did not differ between 

groups (FA: left (t(36) = -.41, ns), right (t(36) = -1.4, ns), AD: left (t(36) = -.98, ns), right (t(36) 

= 1.46, ns). nor did left uncinate fasciculus RD and MD (RD: t(36) = .08, ns), MD: (t(36) = -.32, 

ns).  

Fornix. All indices of fornix integrity differed between young and older adults, with 

lower FA in older adults (t(36) = -9.38, p<.001), and higher AD, RD, and MD (AD: (t(37) = 

7.11, p<.001), RD: (t(36) =  9.26, p<.001), MD: (t(36) = 8.75, p<.001)).  

Age-related WM Variability Amongst Older Adults. Age differences in PHC 

cingulum integrity were not observed when older adults were compared to young adults. 

However, when age was correlated with each measure of PHC cingulum integrity (FA, AD, RD, 

MD) within the older adult age group, older age was associated with lower FA (r=-.43, p=.026), 

and greater RD (r=.42, p<.05). Interestingly, in contrast to findings when fornix integrity was 

compared between young and older adults, age was not related to changes in fornix integrity 

within the older adult group. The most consistent changes within the older adult age group were 

observed within bilateral arcuate fasciculi, with increases in RD and MD bilaterally (RD: left, 

r=.53, p<.01, right, r = .48, p<.05, MD: left, r=.57, p<.01, right, r = .55, p<.01), reduced FA in 

left arcuate fasciuculus (r=-.47, p<.05), and greater AD in right arcuate fasciculus (r=.40, p<.05).  

Age was not correlated with uncinate fasciculus integrity.   
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Global Diffusion Measures and Memory Performance. Global diffusion measures 

were correlated with memory performance (hits and false alarms) in young and older adults. 

Correlations are reported in Table 3 and depicted in Figure 2.   

In young adults, false alarms were related to global FA (r=-.42, p<.05), but were not 

related to AD, RD, or MD. Further, hits were not associated with any of the global measures of 

WM integrity.  

In older adults, hits were most strongly negatively correlated with global MD (r=-.37, 

p<.05), and marginally correlated with global FA, AD, and RD (FA: r = .29, p<.06, AD: r=-.35, 

p<.06; RD: r=-.37, p<.06). False alarms were marginally associated with greater global AD 

(r=.29, p<.10), but were not associated with FA, RD, or MD.  

 
Table C.3. Bivariate correlations between global diffusion measures (FA, AD, RD, MD) and 
memory performance in both age groups.   
 

 
Age 

Group 

Global 
Measures of 
White Matter 

Integrity 

 
Hits 

 
False 

Alarms 

 
Young 

FA .13 -.42* 
AD -.05 -.21 
RD -.11 .01 
MD -.08 -.09 

 
 

Old 

FA .29^^ -.05 

AD -.35^ .29^^ 
RD -.37^ .24 

MD -.37* .27 
*p<.05, ^p<.06, ^^p<.10 
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Figure C.2. Significant correlations between global diffusion measures and memory performance 
in young (left) and older adults (right)  
 

Predicting Memory Performance from Tract-Specific Diffusion Measures. Tract-

specific diffusion measures were correlated with hits and false alarms. Significant correlations 

are reported in Table 4 and 5. In order to determine whether diffusion in frontotemporal tracts 

predicted memory performance beyond global measures, we conducted regression analyses only 

for tract-specific indices that significantly predicted memory performance. Regression models 

are reported in Table 6.  

Importantly, after controlling for global measures of WM integrity, most tract-specific 

correlations with memory performance remained significant in older adults. Specifically, hits 

were associated with RD and MD in right PHC cingulum and right uncinate fasciculus, and false 

alarms were associated with fornix FA and RD (marginal). These results demonstrate tract-

specific contributions to associative memory, beyond general age-related change. In young 

adults, false alarms were only marginally associated with AD in right arcuate fasciculus.  

Cingulum Parahippocampal Part. In young adults, false alarms were only marginally 

correlated with right cingulum FA. Thus, right cingulum diffusion measures were not entered 
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into regression models. In older adults, hits were associated with FA, RD, and MD. Controlling 

for global measures of WM integrity, right cingulum RD and MD explained a significant amount 

of variance in hits, adding 23% and 17% of variance explained, respectively. Right cingulum FA 

and global FA did not significantly predict hits (F(2,18) = .23, ns). Thus, both global changes in 

WM integrity and tract-specific changes in right cingulum integrity were associated with 

associative memory in older adults.  

Arcuate Fasciculus. In young adults, greater hits were associated with reduced bilateral 

arcuate fasciculus AD, whereas false alarms were only marginally associated with right arcuate 

fasciculus AD. When left and right arcuate AD were added to regressions, controlling for global 

AD, the model was marginally significant for right arcuate fasciculus, but not for left arcuate 

fasciuclus. It is notable that global AD did not predict hits, and when removed from the 

regression model, right arcuate fasicuclus significantly predicted hits (F(1,15)= 4.73, p=.046). 

Thus, global AD does not explain the relationship between arcuate fasciculus AD and hits in 

young adults, and the failure of this model to reach significance is likely due to our small sample 

size and the increased degrees of freedom when global AD was entered into the model.  

In older adults, greater right arcuate fasciculus MD was only marginally related to fewer 

hits. Thus, regression models were not conducted.   

In sum, arcuate fasciculus integrity predicted associative memory in young adults, but did 

not explain unique variance in associative memory in older adults.  

Uncinate Fasciculus. In young adults, hits were only marginally associated with right 

uncinate fasciculus AD. Thus, regression models were not conducted.  

 In older adults, hits were associated with right uncinate fasciculus FA, RD and MD, and 

left uncinate fasciculus AD. Uncinate fasciculus integrity was not related to false alarms. Right 
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uncinate fasciculus MD explained a significant amount of variance in hits above global measures 

(17%), with a marginal relationship between RD and hits. Neither right uncinate fasciculus FA 

nor left uncinate fasciculus AD predicted significant variance in hits, controlling for global 

measures (AD: F(2,18) = 2.11, ns; FA: F(2,18) = 3.09, ns).  

Thus, uncinate faciuclus integrity explained unique variance in associative memory in 

older adults, but did not explain unique variance in young adults.  

Fornix. In young adults, hits were only marginally associated with fornix AD. Thus, 

regression analyses were not conducted.  

 In older adults, false alarms were correlated with all measures of fornix integrity, 

whereas hits were not associated with fornix integrity. When fornix FA and RD were added to 

regressions, controlling for global measures, the amount of variance in false alarms explained 

increased by 41% and 21%, respectively, both significant increases. Fornix MD explained 13% 

variance in false alarms, above global MD, a marginal increase. Fornix AD did not explain a 

significant amount of variance in false alarms, above global AD (F-change = 2.33, ns).  

Thus, fornix integrity predicted unique variance in false alarms in older adults, but did 

not explain unique variance in associative memory in young adults.  
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Table C.4. Significant correlations between Tract-Specific Measures of WM Integrity and 
Memory Performance in Older Adults  
 

Tract	 Laterality	 Measure	 Hits	 False	Alarms	
	

PHC	Cingulum	
	

Right	
FA	 .48**	 --	
RD	 -.60**	 --	
MD	 -.53**	 --	

Arcuate	Fasciculus	 Right	 MD	 -.32^^	 --	
	
Uncinate	Fasciculus	

Left	 AD	 .38*	 	
	

Right	
FA	 .51**	 --	
RD	 -.54**	 --	
MD	 -.55**	 --	

	
Fornix	

	 FA	 --	 -.63***	
AD	 --	 .41*	
RD	 --	 .51**	
MD	 --	 .48**	

***p<.001, **p<.01, *p<.05, ^p<.06, ^^p<.10 
 
 
Table C.5. Significant correlations between Tract-Specific Measures of WM Integrity and 
Memory Performance in Young Adults  
 

Tract	 Laterality	 Measure	 Hits	 False	Alarms	

PHC	Cingulum	 Right	 FA	 --	 -.36^^	

Arcuate	Fasciculus	 Left	 AD	 -.42*	 --	
Right	 AD	 -.49*	 -.35^^	

Uncinate	Fasciculus	 Right	 AD	 -.37^^	 --	

Fornix	 	 AD	 -.39^	 --	
*p<.05, ^p<.06, ^^p<.10 
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Table C.6. Significant Regressions Models  
 
Age	
Group	

Outcome	
Variable	

Model		
F-value	

R-Square	 Predictors	 B	 t	 p	

	
	
	
	
	
	

Old	

	
Hits	

5.01*	 .36	 Global	RD	
Right	Cingulum	RD	

-.29	
-1.55	

-.28	
-2.51	

.79	

.02	
	

Hits	
4.12*	 .31	 Global	MD	

Right	Cingulum	MD	
-.31	
-.40	

-1.0	
-2.14	

.33	

.05	
	

Hits	
4.07*	 .31	 Global	MD	

Right	Uncinate	MD	
-.17	
-.36	

-.51	
-2.13	

.62	

.05	
Hits	
	

3.84*	 .30	 Global	RD	
Right	Uncinate	RD	

-.49	
-.77	

-.44	
-2.06	

.67	
.054	

False	
Alarms	

6.21**	 .41	 Global	FA	
Fornix	FA	

-1.10	
-2.24	

-.48	
-3.5	

.64	

.00	
False		
Alarms	

3.22^	 .26	 Global	RD	
Fornix	RD	

.45	

.36	
.36	
2.25	

.72	

.04	
	

Young	
	

Hits	
	

3.13^	
	
.31	

Global	AD	
Right	Arcuate		

1.14	
-2.13	

1.19	
-2.45	

.26	

.03	
*p<.05,	**p<.01,	p<.07^	
	
Discussion  

As discussed in Memel & Ryan (2017), older adults exhibited impairments in associative 

memory compared to young adults. For the purposes of the present paper, we focused on our 

traditional measure of object and scene associative memory. On this task, older adults responded 

with fewer hits and greater false alarms than young adults. In both age groups, global diffusion 

measures were associated with memory performance, but in different ways. In young adults, 

greater global FA predicted fewer false alarms, but not hits. In older adults, greater mean 

diffusivity was associated with fewer hits, but not false alarms. Importantly, tract-specific 

measures of white matter integrity predicted performance in older adults, after controlling for 

global diffusion measures. Specifically, fornix integrity was related to the ability to reject 

recombined associative pairs, whereas PHC cingulum and uncinate fasciculus integrity predicted 

recognition of intact pairs.  In contrast, global diffusion measures accounted for the majority of 

variance in memory in young adults, with the exception of tract-specific contributions from right 



	 107	

arcuate fasciculus. These findings demonstrate variability in fronto-temporal white matter 

integrity, with some tracts exhibiting a greater sensitivity to age-related decline that subsequently 

influences memory performance.  

Global Measures of White Matter Integrity  

 In our study, global FA was significantly lower in older adults than young, whereas 

global AD, RD and MD were significantly greater in older adults than young, consistent with 

prior studies of age-related white matter changes (Bennet et al., 2010; Burzynska et al., 2010; 

Kennedy & Raz, 2009).  

 Notably, greater global FA was associated with fewer false alarms in young adults, 

suggesting that individual differences in white matter integrity contribute to memory 

performance during the later stages of white matter maturation. Past studies investigating the 

relationship between white matter integrity and memory performance have included young 

adults as part of a larger sample (e.g. ages 9-93 years) (Bender et al., 2016; Bennet et al., 2015), 

but only a handful of studies have directly compared the relationship between white matter 

integrity and memory performance in young adults and older adults, respectively. Across white 

matter tracts, FA values peak at varying ages, ranging from the early twenties to mid-forties 

(Lebel et al, 2012). As our young adult sample included individuals aged 18-33 years old, white 

matter maturation was still occurring in the majority of our younger adults. Thus, individuals in 

our sample with more advanced white matter maturation were better capable of monitoring the 

accuracy of associative pairs, a function associated with the lateral prefrontal cortex (Achim & 

Lepage, 2005a; Devitt & Schacter, 2016). The prefrontal cortex is a region that develops later 

than the rest of the brain. As such, this pattern fits well with the “last-in-first-out” hypothesis of 

brain aging (Raz 2000, 2001), which suggests that tracts that are late to mature or myelinate are 
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more vulnerable to insult and decline later in life (Gao et al., 2011; Lu et al., 2011). Although 

this hypothesis is usually discussed in the context of age-related declines in frontal regions, it 

also provides evidence to account for the relationship between greater FA and decreased false 

memory in young adults. If tracts connecting prefrontal regions to the rest of the brain are not 

fully developed in young adults, their ability to efficiently monitor the accuracy of retrieved 

memories may be reduced. The relationship between global diffusion measures and memory 

performance should be further explored and replicated in a larger sample of young adults to 

confirm the reliability of our findings.  

 In older adults, greater declines in global white matter microstructure, as measured by 

axial, radial, and mean diffusivity were associated with fewer hits, but not false alarms. Although 

many studies of diffusion in older adults have identified a relationship between reduced FA and  

worse episodic memory (Lockhart et al., 2012)., this relationship was only marginal in our 

sample. Changes in FA can be driven by changes in AD, RD, or a combination of the two. Thus, 

it is possible that greater variability amongst our older adult sample in contributions from these 

different measures, and differences in white matter changes across different tracts, resulted in a 

lack of sensitivity of global FA.  

Tract-Specific White Matter Integrity and Memory Performance.  

 The most striking finding from this study was the significant contribution of 

frontotemporal white matter integrity to associative memory in a sample of healthy, highly 

educated older adults, even after controlling for global diffusion measures. While measures of 

RD and MD in the PHC cingulum and uncinate fasciculus explained 17-23% of variance in 

associative hits, fornix FA explained 41% of variance in false alarms. This extends findings from 

prior studies demonstrating a role for these tracts in pattern separation (Bennet et al., 2015), 
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verbal and visual item recall (Sasson et al., 2013), and associations between faces and scenes and 

objects and their color (Thomas, Avram, Pierpaoli & Baker, 2015; Lockhart et al., 2012). In 

young adults, tract-specific measures were not strongly correlated with performance, suggesting 

that our findings are related to age-related changes in white matter integrity occurring later in 

life.  

As commonly described in the literature, RD was the most sensitive measure of age-related 

change in diffusion (Bennet et al., 2010). Bennett and colleagues (2010) identified several 

patterns of age-related white matter change that varied across tracts, including two common 

patterns of Radial Increase Only and Radial/Axial Increase. In our study, the most common 

pattern when comparing older adults to young adults was Radial/Axial Increase. The pattern of 

Radial/Axial Increase occurred in right uncinate fasciculus, left cingulum, bilateral arcuate 

fasciculus and fornix, with only one tract exhibiting Radial Increase Only, in right cingulum. The 

uncommon pattern of Axial Decrease was only observed in left uncinate fasciculus. 

Notably, the two tracts that were most resistant to age-related change across groups, the PHC 

cingulum and uncnate fasciculus, predicted hits in older adults. In contrast, the fornix exhibited 

age-related change across all three diffusion indices, but predicted false alarms. Finally, the 

arcuate fasciculus exhibited substantial age-related change, but was not associated with memory 

performance in older adults. It is possible that diffusion changes across these tracts are driven by 

different processes, some occurring universally during aging and others related to pathological 

processes. These findings will be discussed below.  

Parahippocampal Cingulum. PHC cingulum was unique from other frontotemporal tracts 

in several ways. First, when young and older adults were compared, cingulum FA, AD, RD, and 

MD did not differ, consistent with prior studies (Bennet et al., 2010; Martensson et al., 2017, but 
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see also Meltzer-Baddeley, 2011; Stadlbauer et al., 2008). However, when age was correlated 

with PHC cingulum integrity within the older adult group, older age predicted greater right 

cingulum RD and MD, suggesting subtle differences in cingulum integrity that arise during 

aging. Second, in older adults, PHC cingulum contributed unique variance to memory 

performance, above and beyond the influence of global white matter integrity. Taken together, 

these findings suggest that the PHC cingulum is particularly resistant to age-related decline, but 

may be a particularly sensitive predictor of memory performance and likelihood of future 

cognitive decline.   

In past studies, PHC cingulum FA has been related to delayed recall of verbal stimuli 

(Meltzer-Baddeley et al., 2011), but not associative learning of object-location pairs (Meltzer-

Baddeley et al., 2011) or pattern separation performance (Bennet et al., 2015). Based on these 

findings, Meltzer-Baddeley and colleageus (2011) concluded that the fornix was more critical for 

memory performance than the cingulum, but suggested a unique role for the PHC cingulum in 

tasks that rely on strategic memory encoding and retrieval. Our findings confirm this hypothesis, 

demonstrating a role for the PHC cingulum in an associative memory task that relies on strategic 

encoding and retrieval to integrate disparate object and scene units. Thus, it appears that PHC 

cingulum may be important for memory tasks that rely on self-initiated encoding and retrieval 

strategies to associate to be remembered items.  

Uncinate Fasciculus. Uncinate fasciculus integrity was relatively resistant to age-related 

change. No difference in FA or AD values was observed between young and older adults. 

Further, age differences in RD and MD were only observed in the right uncinate fasciculus. 

Thus, both the cingulum and uncinate fasciculus appear to be more resistant to age-related 

change than the fornix and arcuate fasciculus. Further, age-related changes in uncinate fasciculus 
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integrity are likely driven by changes in myelin integrity, rather than changes in axon density 

(Madden et al., 2012).  

 In older adults, right uncinate fasciculus diffusivity explained unique variance in hits, 

beyond global white matter integrity. The uncinate fasciculus connects the inferior frontal lobes 

and anterior temporal lobes, regions that have been associated with episodic retrieval and 

autonoetic awareness (e.g. awareness of oneself as a continuous entity across time) (Levine et al., 

1998). Importantly, the right inferior frontal region is thought to play a role in strategic 

processing of contextual information during episodic retrieval (Schacter 1987), and damage to 

this region results in impaired memory for remote events (Levine et al., 1998). The anterior 

temporal lobes are thought to represent conceptual information across modalities (e.g. objects, 

actions, sounds) and from diverse sensory inputs (e.g. sounds, pictures, words) (Patterson et al., 

2007; Bonner & Price, 2013). Thus, damage to the uncinate fasciculus might result in impaired 

utilization of strategic retrieval processes to call upon abstract conceptual information about 

objects and scenes during memory retrieval and evaluation. The relationship between uncinate 

fasciculus integrity and memory performance has been demonstrated for associative learning of 

object-location pairs (Meltzer-Baddeley et al., 2011), object-color pairs (Lockhart et al., 2012), 

verbal pairs (Sasson et al., 2013), and visual objects (Sasson et al., 2013). The present findings 

contribute to the literature by demonstrating a relationship between uncinate fasciculus integrity 

and associative memory for object and scene pairs during aging.  

Fornix. In contrast to the cingulum and uncinate fasciculus, age-related changes were 

observed across all indices of fornix integrity (FA, AD, RD, MD). This finding is not surprising 

given the strong relationship between age and fornix FA across prior studies, with greater age-

related declines in fornix FA than FA in other frontotemporal tracts (Metzler-Baddeley, 2011; 
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Lebel et al., 2012). Similar to the PHC cingulum and uncinate fasciculus, fornix integrity did not 

explain unique variance in memory performance in young adults. Thus, individual differences in 

fornix integrity seem to be related to changes in white matter integrity occurring later in life. In 

older adults, fornix integrity explained significant variability in false alarms, above global 

measures alone. Thus, the fornix appears to be particularly susceptible to age-related decline and 

this decline is associated with greater false memory, suggesting weakened retrieval monitoring. 

These findings are consistent with our fMRI findings, which identified a relationship between 

HC activation and rate of correct rejections of recombined pairs (Memel & Ryan, in prep). Taken 

together, these findings suggest that the HC and direct outputs from the HC are particularly 

important for rejecting recombined associative pairs, more so than recognition of intact pairs.  

Prior studies of fornix integrity have identified age-related declines that were associated with 

verbal and visual recall (Metzler Baddleey 2011), as well as behavioral pattern separation 

(Bennett et al., 2014). Similar to our findings, these correlations remained significant after 

controlling for global measures of white matter integrity. Thus, it appears that the fornix plays a 

critical role in memory retrieval for both verbal and visual information across multiple 

experimental paradigms. Further, fornix integrity may be a particularly sensitive predictor of 

memory performance in aging populations.   

Arcuate Fasciculus. Similar to the fornix, age related changes in arcuate fasciculus 

integrity were observed across all diffusion indices (FA, AD, RD, MD). Interestingly, the arcuate 

fasciculus was the only frontotemporal tract that was related to memory performance in young 

adults. Specifically, the rate of axial diffusivity in the arcuate fasciculus was related to the ability 

to recognize intact associative pairs. Typically, AD is associated with axon integrity, whereas 

RD more closely reflects myelin integrity (Madden et al., 2012), suggesting a relationship 
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between axon integrity or density and memory performance in young adults. Further, the arcuate 

fasciculus and uncinate fasciculus are two of the later developing tracts, not reaching peak FA 

until age 28-35 (Lebel et al., 2012). During development, arcuate MD declines 8-10% before 

reaching its minimum (around 28-35 years) and increasing 7-9% during aging. Declines in MD 

are related to decreases in both AD and RD during young adulthood (ages 7-24), with greater 

changes in RD than AD (Qiu, Tan , Zhou & Khong, et al., 2008). Thus, the current finding 

suggests that more advanced white matter maturation in the arcuate fasciculus, as measured by 

lower AD values, is related to better associative memory performance in young adults.   

In older adults, global white matter integrity explained the majority of variance in arcuate 

fasciculus integrity that was related to memory performance, suggesting that arcuate fasciculus 

integrity does not account for differences in associative memory beyond global age related 

change.  

Although the arcuate fasciculus has not been considered in many studies of 

frontotemporal aging and cognition (Meltzer-Baddeley, 2011; Bennet et al., 2015, but see Sasson 

et al., 2013 for an exception), we included the arcuate fasciculus in the present study due to its 

connection between anterior temporal and inferior frontal regions, regions critical for language 

comprehension (Wernicke’s area) and production (Broca’s area), and its established role in 

executive functioning (Sasson et al., 2013). Traditional associative memory tasks, including the 

one presented here, rely on self-initiated encoding strategies to integrate items into a meaningful 

pair. We suspected that connections between language processing regions might play a critical 

role in the ability to successfully utilize strategies to integrate and retrieve associative pairs. If 

arcuate fasciculus integrity contributes to the ability to utilize language processing in the creation 
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of encoding and retrieval strategies, the current findings suggest that arcaute fasciculus 

development may contribute to variability in the utilization of these strategies in young adults.  

Differential White Matter Aging & Memory Performance.  

 In our sample of healthy, highly educated, older adults, diffusion measures of integrity in 

tracts connecting frontal and temporal regions predicted associative memory. Although tract-

specific diffusion measures were correlated with both age and global diffusion measures, they 

explained unique variance in associative hits and false alarms. Prior DTI studies have 

demonstrated the greatest age-related white matter deterioration in association fibers (Stadlbauer, 

Salomonowitz, Strunk, Hammen, & Ganslandt, 2008). Thus, it is not surprising that variability in 

white matter integrity across three of our association tracts was associated with memory 

performance. In some cases, tract specific diffusion measures were more strongly correlated with 

global diffusion measures (FA, AD, RD, MD), and in others, tract-specific measures were more 

strongly correlated with age. Further, these patterns varied across our four tracts. Within the 

older adult group, age was only correlated with diffusion in the cingulum and arcuate fasciculus. 

In contrast, global MD was correlated with tract-specific MD across all four tracts. Thus, it is 

possible that multiple pathological processes drive changes in diffusion in older adults and that 

these processes affect each individual tract uniquely.  

Aging is associated with a reduction in white matter integrity in anterior brain regions 

(Kennedy & Raz, 2009), along with greater shrinkage of white matter in regions that are later to 

myelinate (Raz, 2000). In contrast, global changes in diffusion may be more closely tied to the 

presence of vascular risk factors, such as hypertension, obesity, and low cardiovascular fitness 

(McEvoy, Fennema-Notestine, Eyler, Franz, Hagler & Lyons et al., 2016; Marks, Katz, Styner, 

& Smith, 2010). Of course, older age increases the likelihood of vascular risk factors that are 
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associated with global declines in myelin integrity, resulting in interactions between age and 

vascular pathology depending on tract location. Finally, tracts directly connecting medial 

temporal regions (PHC Cingulum and Fornix) might be more susceptible to the onset of 

neurodegenerative processes, such as Alzheimer’s disease that affect these regions early in 

disease progression. Further work is needed to differentiate between these simultaneous 

processes of white matter decline and to determine whether they uniquely predict the different 

cognitive processes (recognizing an intact association vs. rejecting a recombined association) 

assessed in this challenging associative memory task.   
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