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Abstract

Prior fMRI studies have reported relationships esmwmemory-related activity in the
hippocampus and in-scanner memory performanceybether such activity is predictive of
longitudinal memory change remains unclear. Heeeadministered a neuropsychological test
battery to a sample of cognitively healthy oldeuléglon three occasions, the second and third
sessions occurring one month and three yearsthéidirst session. Structural and functional
MRI data were acquired between the first two sessi®he fMRI data were derived from an
associative recognition procedure and allowed ediom of hippocampal effects associated with
both successful associative encoding and success$akiative recognition (recollection).
Baseline memory performance and memory change ev@leated using memory component
scores derived from a principal components anabyfsise neuropsychological test scores.
Across participants, right hippocampal encoding@# correlated significantly with baseline
memory performance after controlling for chronot@diage. Additionally, both left and right
hippocampal associative recognition effects coreelmegatively with longitudinal memory
decline after controlling for age, and the relasioip with the left hippocampal effect remained
after also controlling for left hippocampal voluniédus, in cognitively healthy older adults, the
magnitude of hippocampal recollection effects appé&abe a robust predictor of future memory

change.
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1 Introduction

As they age, healthy adults typically demonstrathiced performance in multiple
cognitive domains. One of these domains is episodimory (Nyberg and Pudas, 2019) which,
following Tulving (1983), we define here as memtoyunique events. Numerous functional
magnetic resonance imaging (fMRI) studies haveshgated the neural correlates of episodic
memory processing in older adults (for review, Ra@h et al., 2015; Tromp et al., 2015), but
whether any of these correlates are predictiveedbpmance on standardized memory tests, or
changes in test performance over time, remainglatghknown. In the present study, we
focused on the possible predictive roles of enapdamd retrieval-related neural activity in the
hippocampus, a structure that is both necessamgpisodic memory (Eichenbaum, 2017;
Moscovitch et al., 2017) and has repeatedly be@tigated in age-related memory decline (e.g.

Persson et al., 2006; Rodrigue et al., 2013; faere, see Leal and Yassa, 2015).

As we discuss below, fMRI studies have employeddlasses of experimental contrasts
to examine the neural correlates of episodic merabencoding and retrieval, respectively. The
‘subsequent recollection procedure’ entails cotdrastween the neural activity elicited by study
items according to whether the items were succkgsacollected on a subsequent memory test
or were judged as studied merely on the basis acantextual sense of familiarity. Resulting
differences in neural activity will be referrediielow asencoding effects. Similarly, the neural
correlates of successful recollection — hereaftenllection effects — are identified by contrasting
the neural activity elicited by memory test itenss@ding to whether the items were
successfully recollected or judged as studied erb#sis of familiarity alone. As is described in
more detalil in the Materials and Methods, in thespnt study these contrasts were performed in

the context of an associative recognition testlcv participants were required to discriminate



between pairs of test words presented in the sain@g as at study (‘intact’ pairs), and test
pairs comprising words that had been studied ondifferent study trials (‘rearranged’ pairs).
The neural correlates of recollection were openatiaed as the contrast between neural activity
elicited by intact items according to whether tiegns were correctly judged intact, or wrongly
judged as rearranged (see de Chastelaine et 86a20016b, for a detailed rationale for this

contrast).

Numerous cross-sectional studies have examineeffibets of age on fMRI correlates of
episodic memory encoding (e.g. de Chastelaine ,2@l1, 2016a; Kim and Giovanello, 2011,
Miller et al., 2008; for review, see Maillet andj&a 2014) and retrieval (e.g. Dennis et al., 2008;
de Chastelaine et al., 2016b; Duarte et al., 20hg et al., 2016; Wang and Giovanello, 2016;
for review, see Giovanello and Dew, 2015). In thsecof the hippocampus, findings from both
encoding and retrieval studies are mixed; whereagesstudies reported null effects of age on
encoding- or retrieval-related hippocampal efféetg. Angel et al., 2016; Dulas and Duarte,
2016; Miller et al., 2008), others have reporteat the effects were either enhanced (e.g. Dulas
and Duarte, 2011; Duverne et al., 2008) or attetligtt older adults (e.g. Daselaar et al., 2006;
Dennis et al., 2008, Dulas and Duarte, 2014). Hanatshould be noted that, in these prior
studies, memory performance was not always matchsethtistically controlled across age
groups. For example, whereas simple recognition ongerformance was equated between
young and older adults in Daselaar et al. (2008)mates of recollection were higher in the
young group. Similarly, Dennis et al. (2008) andd3wand Duarte (2014) reported significantly
lower memory performance in their older samplesdissussed previously (e.g. de Chastelaine
et al., 2016b; Rugg and Morcom, 2005), the integpi@n of age-related reductions in encoding-

and retrieval-related functional activity is pralatic when the reductions are accompanied by



age differences in memory performance. In suchs;atsis difficult to determine whether

functional differences between age groups shoulattoduted to age or to performance.

As was just noted, numerous studies have investighie effects of age on hippocampal
functional correlates of encoding and retrievalwidwer, a substantially smaller number of
studies have examined whether such correlatesaoeiated with performance on the
experimental memory task. Moreover, only one stualy described relationships between these
correlates and performance on standardized merasty, tand only two studies have examined
whether hippocampal functional correlates mighpieglictive of longitudinal memory change.
Turning first to associations between hippocamffates and experimental memory
performance, the findings are mixed. Four studé@®rted age-invariant, positive relationships
between the magnitude of hippocampal encoding (destélaine et al., 2016a) or retrieval
(Daselaar et al., 2006; de Chastelaine et al., [200&ang et al., 2016) effects and memory
performance. By contrast, other studies examiniroady selationships in samples of older adults
have reportedegative relationships for encoding- (Miller at al., 20@8)retrieval-related effects
(Carr et al., 2017), or a null relationship (Dutesl Duarte, 2011, 2016). In a similar vein,
Daselaar et al. (2015) reported a negative relghipnbetween hippocampal recollection effects
and a composite index of memory function derivexnfra neuropsychological test battery. A
possible reason for these inconsistent findingshitrig in the heterogeneity of the samples of

older participants employed in different studies; sturn to this issue in the Discussion.

In comparison to studies that examined relatiorsshgiween encoding- and recollection-
related hippocampal effects and memory performameekedly fewer studies have examined
whether these effects are predictive of longitudmemory change. Indeed, with the exception

of Hantke et al. (2013) and Leal et al. (2017)d&s examining relationships between



hippocampal functional activity and longitudinal mery change have employed measures of
hippocampal activity estimated either relative naraplicit baseline, or through non-mnemonic
contrasts (O'Brien et al., 2010; Persson et all22®udas et al., 2013, 2014; Woodard et al.,
2010). Thus, it is not possible to classify theselies according to whether hippocampal activity
was encoding- or retrieval-related. One study (Wawdct al., 2010) employed a prospective
design and reported that a baseline measure gidbgmpal’ activity (an amalgam of activity in
the hippocampus and parahippocampal cortex) elitiyea contrast between famous and non-
famous names contributed significantly to regressimdels that predicted whether participants’
memory scores would remain stable or decline dweffdllowing 18 months. Hantke et al. (2013)
described additional analysis of the same datarskteported that, unlike in the fame judgment
task, neural activity differentiating between ‘olthid ‘new’ recognition memory judgments did

not contribute to prediction of future memory deeli

In another two studies employing longitudinal desi Persson et al. (2012) reported
that decline in left hippocampal activity over Gayg was positively associated with longitudinal
memory change over a 20 year period. Similarly, @B et al. (2010) reported that longitudinal
decline in right hippocampal activity was positive¢lated to memory decline over 2 years. In
two final studies (Pudas et al., 2013, 2014), ¢lationship between hippocampal activity and
retrospective memory change was investigated. Petdals (2013) reported that older adults
whose memory performance had remained stable bggreceding 15-20 years demonstrated
higher levels of hippocampal activity than did @adih whom memory tended to decline over the
same period. In a further analysis of the same slttdPudas et al. (2014) reported that older
adults’ hippocampal activity was positively relatedheir midlife memory performance in

addition to performance at the time of scanning.



Together, the above-mentioned longitudinal findimgicate that hippocampal activity
can be predictive of individual differences in Id@nginal memory change in healthy older adults.
As was previously noted, however, the measuregppblcampal activity employed in these
studies cannot easily be understood in terms afahewativity directly related to episodic
encoding or retrieval operations. One study relet@rthis issue is that of Leal et al. (2017), who
contrasted hippocampal activity elicited by vissetnes according to whether the scenes were
confidently recognized or forgotten on a subsequethory test. The resulting subsequent
memory effect in the right hippocampus was unredléechange in CVLT Long-Delay Free
Recall performance over an average follow-up peoiogl.7 years. It seems possible, however,
that this null finding is a reflection of the madkdivergence between the nature of the

experimental items (visual scenes) and standardednaterials (words).

Here, we employed the verbal associative recogngiocedure described previously to
obtain measures of encoding- and recollectionedlaippocampal effects in healthy older
adults, and examined the relationships betweere timessures, baseline verbal memory
performance and, most saliently, longitudinal (éhyear) memory change. In addition, we
examined whether any such relationships were nmetilay hippocampal volume, given that age-
related volume reductions in the hippocampus atedeeumented (e.g. Fraser et al., 2015; Fjell
et al., 2009; Raz et al., 2005), and hippocamplalme has sometimes been reported to be
predictive of memory performance and memory changéder adults (e.g. Gorbach et al., 2017,
Rosen et al., 2003; but see Charlton et al., 2G&dmichael et al., 2012 for examples of null

results).

Motivated by prior findings that encoding and réeciion-related hippocampal effects

are positively correlated with experimental mempeyformance (e.g. de Chastelaine et al.,



2016a; Wang et al., 2016), we hypothesized thaetledfects would also be predictive of
memory metrics derived from standardized neuropdygiical tests. Findings from longitudinal
studies linking hippocampal activity to memory cparfPersson et al. 2012; O’Brien et al. 2010;
Pudas et al. 2013) lead to the further predicti@t &ny relationship detected between
hippocampal encoding or recollection effects amdjitudinal memory decline should be
negative; that is, larger hippocampal effects aebae should be associated with lower decline

over the follow-up period.
2 Materials and Methods

In the present report, we describe neuropsychabtgst data obtained in three test
sessions, separated by one month and three ysaectrely. The data from session 1 have
been described previously (de Chastelaine et@l5,22016a, 2016b, 2017, 2019; King et al.,
2018), but the data from the succeeding two sesdiane not been previously reported. The data
pertaining to the relationships between the testescand structural and functional hippocampal

measures have also not been reported previously.
2.1 Participants

Participants were 67 heathy older adults recruiteth the greater Dallas community.
They comprised a sub-set of 69 older adults wheived the same neuropsychological test
battery (see below) on two sessions spaced ovee-anonth period and who were eligible for
structural and functional neuroimaging. The twoitddal participants were excluded from all
analyses (including the PCA conducted on the sedsiteuropsychological test scores, see
below), because of abnormal anatomical scans.chainéal and hippocampal volumetric data

from one participant and intracranial volumetri¢adftom one additional participant were



excluded because of low quality structural imagesctional data from 3 participants were
excluded because of near-chance performance an-soanner memory task (2 participants) or
insufficient ‘associative miss’ trials (1 particitasee below for details about the functional MRI

session).

A subsample of 55 participants were re-administénecheuropsychological test battery
approximately 3 years after test sessions 1 aid@ »?lder adults did not participate in session 3
due to deathN =1), relocation from the Dallas ardd £ 5), loss of contactN = 5) or failure to
attend N = 1)]. Out of these 55 patrticipants, volumetritadizom 1 participant, and functional

data from 2 other participants were excluded far ofithe reasons mentioned above.

All participants were right-handed, fluent in Ersfliby age 5, had no history of
neurological or psychiatric disease and had noonabrrected to normal vision. They each gave
informed consent according to procedures approyatidUT Dallas and University of Texas
Southwestern Institutional Review Boards. They wenmpensated at the rate of $30 per hour

for their participation.
2.2 Neuropsychological test battery

The neuropsychological test battery comprised thifdtnia Verbal Learning Test-Il
(CVLT; immediate and delayed cued recall, immedéaatd delayed free recall, and delayed
recognition, Delis et al., 2000), the Logical Memtest of the Wechsler Memory Scale (WMS-
IV, Logical Memory tests | and Il; Wechsler, 2008)e Digit Span test (Forward and Backward)
of the Wechsler Adult IQ Scale Revised (WAIS-R, Wder, 2001), the Digit/Symbol Coding
test of the WAIS-R (SDMT, written version), Traild¥ing Tests A and B (Reitan and Wolfson,

1985), letter and category fluency tests (FAS; 8prend Benton, 1977), the Wechsler Test of
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Adult Reading (WTAR; Wechsler, 2001) and Raven'sdpessive Matrices (short version;
Raven et al., 2000). We separately scored hitfasd alarms in the CVLT delayed recognition
test. Forward and Backward scores were summeckld gisingle Digit Span score. Because the
scores on the different CVLT recall tests were ighlly correlated (s > .79,ps <.001), we
generated a single, composite CVLT recall scoraugraging the scores across 4 different tests
(i.e. across immediate and delayed free and cuedlye~or the same reason, a composite
Logical Memory score was computed by averagingstzges of the immediate- and delayed
tests (the scores correlated at .84,p < .001). These composite memory scores, togethlr w
the scores on each of the other neuropsychologistd, were used for all further analysis (see

Table 2).

Following the initial administration of the testttey, potential participants were
excluded from the MRI session if they had 1) scordsb SDs below the age-appropriate norm
on any long-term memory sub-test (CVLT or Logicamory) or on any two other tests; 2) an
estimated full-scale IQ < 100 as indexed by pertoroe on the WTAR, or 3) a score on the

Mini-Mental State Examination (MMSE) < 27.

Participants who met the inclusion criteria wer@deinistered the test battery
approximately one month later (session 2, rangé-64ldays, mean = 32 days). The majority of
the participants were also re-tested after apprateiy 3 years (session 3, range = 2.9-3.2 years,
mean = 3.0 years). Session 2 was included in amteff attenuate possible re-test effects at
session 3, which would lead to an underestimatfarognitive change. This approach was based
on evidence that re-test effects tend to be gréatem initial re-test session than for subsequent
sessions (Salthouse and Tucker-Drob, 2008) aratjdition, are evident across inter-test delays

of several years (Salthouse, 2009). In the presesd, we re-administered the
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neuropsychological test battery after a period ¢htin) too short for the scores to be affected by
age-related cognitive change. As is detailed betbezmean of the scores obtained in the two
sessions served as the baseline for the assesshudainge at session 3. Averaging scores
across sessions 1 and 2 not only had the benediteriuating session 3 re-test effects, but also
of providing more reliable estimates of baselinggrenance than those provided from a single
test session (note however that the results regppbkow for the relationships between fMRI
measures and memory performance and change wergiallg identical when session 2 scores
were employed as the baseline, see Supplementasgyri®la Missing values from one

participant for SDMT, Trail A and Trail B testssgssion 3 were replaced by the mean

performance of the remaining participants for gedsion.

A principal component analysis (PCA) was used tiuce the raw scores from the
neuropsychological test battery to scores on lateghitive constructs (component scores). PCA
was conducted on the session 1 test data of tletididle participants who provided scores for
that session (see the section of Participants dbdhe raw scores were standardized prior to
being subjected to PCA. The four principal compdasevith eigenvalues > 1 were retained and
subjected to Varimax rotation (Kaiser, 1958). Tésulting component loadings are given in
Supplemental Table 1, where it can be seen thatdhmponents can be broadly characterized as
representing constructs associated with memorgntly, speed, and crystallized 1Q. To maintain
comparability of component scores across sessionsach test in the full group, we combined
the test scores from session 1 and session 2hatsame dataset and standardized them together.
The component loadings were then applied to thedstalized test scores from each session to
obtain the component scores for that session. Aaiprocedure was used to calculate the

standardized component scores for the longitudinbyroup, with the exception that for each
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test, the scores from all three sessions were gwedbnto a single dataset and then standardized.
In both cases, memory component scores averagessasgssionsl and 2 comprised the baseline

scores.
2.3 In-scanner associative memory task

A single MRI scanning session, during which bothdiional and structural data were
acquired, occurred between the initial two admiatsins of the neuropsychological test battery
(average of 22 days after Session 1). The fMRIgulace has been described in detail previously
(de Chastelaine et al., 2016a, 2016b) and is de=stonly briefly here. Before entering the
scanner, participants were instructed on and pettboth the encoding and retrieval phases of
the experimental associative recognition test;,teasoding was not incidental. During an initial
functional scan, participants encoded a seriegl0ftéal-unique word pairs in the context of a
relational task (which of the denoted objects wdfitdinto which) presented in two consecutive
study blocks. After the encoding phase, participaxited the scanner and rested. They re-
entered the scanner 15 min later for a scannediasise recognition test that was administrated
in three consecutive blocks. The test items coragris0 ‘intact’ word pairs (pairs re-presented
from study), 80 ‘rearranged’ pairs (comprising staldwords that were re-paired between study
and test), and 80 ‘new’ pairs (pairs of unstudientds). Instructions were to discriminate
between the three classes of word pair, signahegudgment on each trial by pressing one of
three buttons. For each of the study and test bldblere were two buffer pairs at the start and
two buffer pairs in the middle, which followed dffaay 30-s break. The study pairs were
pseudo-randomly intermixed with 80 null trials @hd test pairs were pseudo-randomly

intermixed with 106 null trials (de Chastelaineakt 2016a, 2016b). For both study and test,
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neither pairs belonging to the same category nibtnmais occurred more than three times

successively. A fixation cross was continuouslyspre during each null trial.
2.4 MRI acquisition

Functional and structural images were acquired wiltilips Achieva 3T MR scanner
(Philips Medical System, Andover, MA USA) equippeith a 32-channel head coil. Functional
scans were acquired during both the study angptestes. The functional data were obtained
using a T2*-weighted EPI sequence incorporatingaliewing parameters: TR =2 s, TE = 30
ms, flip angle = 70°, FOV = 240 x 240, matrix siz80 x 78. Each EPI volume included 33 x 3
mm thick slices with a 1 mm inter-slice gap andraplane resolution of 3x3 mm. Slices were
acquired oriented parallel to the AC-PC line ineamiting order and positioned for full coverage
of the cerebrum and most of the cerebellum. Folowthe second functional scanning session,
diffusion tensor images (DTI) and high-resolutiohrweighted images were acquired. The T1-
weighted images were acquired with an MP-RAGE psiéspience (TR = 8.1 ms, TE = 3.7 ms,

FOV = 256 x 224, voxel size = 1x1x1 mm, 160 slisagittal acquisition).
2.5 Data preprocessing and analysis

MRI data were preprocessed in SPM8 (Wellcome Depart of Cognitive Neurology,
London, UK). The functional images were motion ahde-time corrected, realigned and
spatially normalized using a sample-specific tertgptgenerated across young, middle-aged and
older adults. The template was created by firstmadizing the mean volume of each
participant’s functional time series (separatelydtudy and test) with reference to a standard
EPI template based on the MNI reference brain (€ozet al., 1997; see also de Chastelaine et

al., 2015, 2016a, 2016b, 2017; King et al., 20T&g normalized mean images were averaged
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within each group and the resulting 3 mean imagae when averaged to generate a template
that was equally weighted with respect to the 3gigeps. Images were resampled into 3 mm
isotropic voxels and smoothed with an isotropicr@ fall-width half-maximum Gaussian kernel.
For the purposes of template formation and anatrtocalization of functional effects, the T1
images were normalized with a procedure analogwotisat applied to the functional image but

using as an initial template the standard T1-weigWi&ll reference brain.

Given our previous findings indicating that botlteding- and recollection-related
hippocampal effects were localized primarily to &mterior hippocampus (de Chastelaine et al.,
20164, 2016b), we elected to quantify these funetieffects using the anatomically defined
anterior hippocampus as the region of interest JROiis approach ensured that we sampled
encoding- and retrieval- related activity in an iasked manner from the same hippocampal voxel
sets. Following Poppenk et al. (2013), the hippqealROls were defined as the portions of left
and right hippocampus anterior to y=-21 in MNIgpalrhe ROIs were manually traced on the
across-group average T1 anatomical template fatigwhe hippocampal segmentation protocol

used by Arnold et al. (2015) (see below).

There were two events of interest for the analgSisippocampal encoding effects: intact
study pairs that were later endorsed as intacsgsyuent associative hits) and intact pairs that
were later incorrectly identified as rearrangedéaguent associative misses). Intact pairs later
incorrectly identified as new were separately medgalong with all other study pairs and buffer
pairs modeled as events of no interest. Analyste®fMRI recollection effects adopted a
similar approach, but with the events of intereshprising correctly endorsed intact pairs
(associative hits) and intact pairs incorrectlyniifeed as rearranged (associative misses). Pairs

correctly endorsed as rearranged, new pairs ctrreatiorsed as new, and intact pairs
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incorrectly endorsed as new were also separatetielad. As for the encoding data, all other
test and buffer pairs were modeled as events @itecest. For both the encoding and retrieval
data, the rest breaks were also modeled, alongéaiéigressors representing motion-related
variance and constants representing means acrdssean session. Null trials and inter-

stimulus intervals were implicitly modeled as traséline.

For each participant, parameter estimates extrdctedvoxels falling within the
anatomically defined hippocampal ROIs were averdgedach event of interest. Encoding
effects were operationalized as greater BOLD agtiair items that went on to be classed as
associative hits than for items that became asseeiaisses. Recollection effects were
operationalized as greater BOLD activity for asatiee hits than for associative misses. The
rationale for these contrasts is detailed in desttaine et al. (2016b). In brief, the contrasés ar
assumed to isolate neural activity related to treeassful recollection of inter-item associations

while holding constant the familiarity strengthtbé individual test items.
2.6 Manual tracing of the hippocampus and estimation of hippocampal volume

Manual tracing of the whole hippocampus was peréatmsing 3DSlicer/v.4.4.0

(https://www.slicer.org) on each participant’s Teighted images. Following the hippocampal

segmentation protocol by Arnold et al. (2015), lmiggmpal boundaries were defined laterally
and medially by the lateral ventricle, anteriorlythe hippocampal-amygdala transitional zone,
posteriorly by the crus of the fornix, inferiorly ibhe subiculum, and superiorly by the alveus.
The volume of interest (VOI) included CA1, CA2/&mndate gyrus/CA4, alveus and fimbria,
avoiding subiculum, the entorhinal cortex and timpbcampus-amygdala transitional zone.
Hippocampal volume was estimated by summing thebauraf voxels within the traced regions.

Prior to analysis, hippocampal volume estimateswesidualized against intracranial volume



16

(ICV), which was traced from every f2lice of the transverse plane and estimated using

Analyze 11 (https://analyzedirect.com/). Left aight volumes of the anterior hippocampus

were estimated by curtailing measurement at tisé dlice after which the uncal notch was no
longer visible. These latter estimates were obthate¢he request of a reviewer to give an
approximate correspondence with the hippocampabkR@Iployed for the functional analyses.
The findings reported below were unchanged in atitlvo minor respects when we repeated the
analyses using the anterior rather than the whplgolcampal volume estimates (see

Supplemental Material).
2.7 Statistical analyses

We were interested in examining the extent to wihehencoding effects and
hippocampal recollection effects predicted, 1)carmer recollection performance, and 2)
baseline memory and longitudinal memory chang&aexed by the memory component scores

derived from the neuropsychological test data.

Recollection performance (pR) was indexed by perforce on the in-scanner associative
recognition task and was estimated as the differ&etween the proportion of correctly
endorsed intact pairs (associative hits) and tbpgation of intact pairs incorrectly identified as
rearranged (associative misses) (de Chastelamle 2016a, 2016b). In the case of the
neuropsychological test data, the average of sedsamd session 2 standardized memory
component scores (see the sectioNaifropsychological test battery above) provided the

baseline against which the scores for session 8 s@npared.

To examine whether the hippocampal encoding effgete reliable at the group level,

and to examine their lateralization, we conduct@deondition: subsequent associative hit vs.
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subsequent associative miss) x 2 (hemisphere) ANOVparameter estimates extracted from
the hippocampal ROIs. An analogous 2 (conditiosoemtive hit vs. associative miss) x 2
(hemisphere) ANOVA was conducted on the parametémates extracted from the

hippocampal ROIs at retrieval.

We used partial correlation analyses to examinehenencoding- and retrieval-related
hippocampal effects, the predictors of primaryrest, were related either to in-scanner
recollection performance measured by pR, or thells@smemory component scores derived
from the test battery (sédéeuropsychological test battery above). In addition, we constructed a
series of linear mixed effects models to examinetiwr the effects were predictive of mean
memory performance (averaged across baseline asmbse3) or longitudinal memory change.
Each model included a random intercept term to mocodate individual differences in baseline
memory scores. We included chronological age agdigior in all these analyses because
preliminary analyses indicated that this variab&sworrelated with both hippocampal functional
effects and memory performance with small-to-medaifact sizes (absoluts ranging

from .10 to .32). The linear mixed models took fiblwing general form:

memoryj = Bo + B1Age + B2Session; + BsHippo_effecti + B4(Hippo_effecti x Sessionj) + loi +

&j,

where memoryrefers to individual i's memory performance atsses j. Age is participant’s
(uncentered) age at baseline, and session isstesiba (baseline coded as 0, session 3 coded as
1). Hippo_effect refers to either the hippocampedagling or recollection effect at baseline, and
hippo_effect x session refers to the interactiamvben the hippocampal effect and test session.
B denotes fixed-effects estimates,denotes estimates for participant-specific randdieets

(i.e. baseline memory scores), and e is the relsauar. For those models in which functional
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activity was found to be a significant predictdre imodel was expanded to include hippocampal
volume. We constructed additional models to digeeamine whether hippocampal volume

was predictive of memory performance or memory gean

The ANOVA and correlational analyses were conduatgdg SPSS v.25 (IBM Corp.,
Armonk, NY). Linear mixed effects models were estied in R software (R core Team 2018)

using the Imer function from the Ime4 package (Bateal., 2015).
3 Results
3.1 Participant characteristics

Demographic information, and summary measurespgfdgampal volume and
intracranial volume (ICV) for both the full groupd longitudinal subgroup are given in Table 1.
Consistent with the impression given by the tatble,volume of the left hippocampus was
significantly smaller than that of the right hippmepus; for the full groug(65) = 6.06p < .001,

for the longitudinal subgroup(53) = 6.62p < .001.

Table 1. Demographic information, summary measures ofdgpmpal volume and intracranial

volume for the study participants (standard deoreiin parentheses).

Variable

Full Group
N 67
Age at Session 1 (yrs)

M 68.2 (3.6)
Range 63-76
Gender 37F,30M
Education (yrs) 17.2 (2.3)

Left hippocampcal volume (cc) 3.15 (.43)
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Right hippocampal volume (cc) 3.33(.42)
ICV (cc) 1469.98 (122.22)
Longitudinal subgroup

N 55

Age at Session 1 (yrs)

M 68.3 (3.7)
Range 63-76
Gender 28F, 27 M
Education (yrs) 17.3(2.4)
Left hippocampcal volume(cc) 3.18 (.41)
Right hippocampal volume (cc) 3.39 (.39)
ICV (cc) 1479.05 (127.32)

3.2 Neuropsychological test performance

Mean neuropsychological test performance is ginehable 2 for each of the test
sessions. As is evident from the table, for mastistgperformance on the first two sessions was
well matched between the full group and the lordiital subgroup. In both groups, there was an
overall improvement across tests from sessionskssion 2. In the longitudinal group, mean

performance generally showed modest evidence ofgehbetween sessions 2 and 3.

Memory component scores for each test sessionthanobseline score averaged across
sessions 1 and 2 are shown in Table 3. Perform@amesession 2 was significantly higher than
that on session 1 for both the full grot®6) = 9.69p < .001 and the longitudinal subgroup,
t(54) = 8.36p < .001. pR (associative recognition performanoe}tie full group ¥ = .30,SD
=.15) was closely similar to that for the longitual subgroupNl = .28,SD = .14). Together
with the findings for the neuropsychological teattbry (see Table 2), this finding provides

reassurance that attrition of the sample betwessi@es 2 and 3 was non-selective in respect of



baseline cognitive performance. Baseline memorypmrant scores were significantly

correlated with memory scores at session=3,87,p < .001, indicating high test-retest
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reliability between baseline and session 3. Finaly was moderately correlated with baseline

memory component scores in both groups (for fudugrr = .40,p = .001; for longitudinal

subgroupy = .48,p < .001).

Table 2 Performance and performance change across se$siaach of the

neuropsychological testdlE 67 for full groupN = 55 for longitudinal subgroup, standard

deviations in parentheses).

Session
Task 1 2 1 2 3
Full group Longitudinal subgroup

FAS® 45.21 (12.53) 49.09 (12.74) 45.04 (12.63) 48.40 (11.58) 47.56 (13.26)
Logical Memory Composife®® 27.59 (5.39)  31.73 (5.45) 27.51 (5.57) 31.93(5.39) 28.39 (5.57)
SDMT*?¢ 49.46 (8.50) 51.91(8.20)  49.45(9.18) 51.80(8.73)  49.09 (8.46)
Trail A (ms) 32.69 (11.24) 30.25(11.10) 31.96 (9.40) 30.75(11.71) 31.89 (10.18)
Trail B (msj>° 75.01 (45.70) 59.82 (18.51) 71.44(30.60) 59.44 (18.32) 69.69 (30.54)
Digit Span 18.27 (4.36)  17.87 (4.24) 18.25(4.30) 17.71(4.09)  18.15 (4.26)
Category Fluency (Animalfsy 22.45 (5.56) 23.96 (5.39) 22.35 (5.50) 23.69 (5.44) 22.93 (5.80)
WTAR (Full-Scale 1Q) 112.64 (5.43) 113.00 (5.16) 112.95 (5.21) 113.04 (5.15) 112.11 (4.63)
Raven’s 9.57 (2.13) 9.91 (1.87)  9.49 (2.25) 9.85(1.87)  9.56 (2.63)
CVLT Hits®" 14.82 (1.31)  15.42 (.96) 14.84 (1.33)  15.36(1.01)  15.25 (1.13)
CVLT False Alarms 1.97 (2.18) 1.84 (2.53)  1.93(2.13) 1.93(2.71)  2.09 (2.52)
CVLT recall Composite® ° 12.00 (2.47)  13.63 (2.02) 11.95(2.57) 13.54(2.17) 12.80 (2.55)

Note. a: sessionAsession 2p < .05 for full group; b: sessionAsession2, for longitudinal subgroyp,

< .05; c: session 2 session 3p < .05.
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Table 3. Standardized memory component score for eacliosesmsd change score over three

years (standard deviations in parentheses).

Session
1 2 3 baseline (1&2) change (1&2 - 3)
Full group -.85 (2.64) .85 (2.23) N/A N/A N/A
Longitudinal subgroup -.73 (2.69) .86 (2.30) -.12 (2.73) .06 (2.41) .19 (1.35)

Note. For the longitudinal subgroup, memory scores wg@nrificantly higher for session 2 than session 3,

t(54) = 5.37p < .001.

The difference score between baseline and sess®al8o shown in Table 3. ttest
comparing these scores revealed no evidence fgitlmhinal memory change at the level of the
whole samplet[54) = 1.03p = .308]. Individual memory changes from baselmsdssion 3 are
illustrated in Figure 1. As is evident from theutg, most participants demonstrated relatively

small changes in memory over the three year follpwnterval.

8.0—

6.0 —

4.0

2.0

0.0

-2.0 =

-4.0 —

Memory component score

-6.0 —

Session 1&2 Session3
(baseline)

Figure 1. Individual memory component scores at baselinesassion 3 for the longitudinal

subgroup N = 55). Each line represents memory change fondividual participant.
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3.3 Functional hippocampal effects

Note that for all analyses of baseline data theirfigs for the full group and the
longitudinal subgroup were equivalent. Therefore,amly report the findings from the full

group here. Findings for the longitudinal subgreap be found in the Supplementary Material.

We first examined whether the functional effectsemeliable at the group level, and
whether there was any evidence of lateralizatiathéneffects (see Materials and Methods). For
the encoding data, neither the main effect of disrinor the condition x hemisphere interaction
was significantps > .075, partiaf’s < .05. An analogous ANOVA conducted on the patame
estimates for associative hits and misses at velrievealed a significant effect of condition,
F(1, 63) = 32.76p < .001, partialy® = .34, indicative of greater hippocampal actifity
associative hitsM = .10) than for associative miss&s £ -.39). This effect interacted
significantly with hemispherds(1, 63) = 6.38p = .014, partial? = .09, reflecting larger
recollection effects in the left hemispheké £ .59) compared to the right hemispheave< .39).
Simple effects analyses indicated that recollectitbects were reliable in both hemisphenes (

<.001).
3.4 Correlations between functional and structural measures and memory performance

Partial correlations (controlling for age) betwdwppocampal encoding effects,
hippocampal recollection effects and in-scanneoltection performance (pR) are given in the
left panel of Table 4, while correlations with thaseline memory scores are shown in the right
panel of the table. As is evident from the tablghwnly one exception, the correlations with pR
were significant (see also Figure 2). In contraghe findings for pR, only the right hippocampal

encoding effect was significantly correlated witisbline memory scores (see also Figure 3).
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Table 4. Correlations between hippocampal encoding anallestion effects, associative

recognition performance (pR) and baseline memaoyes@fter controlling for ageN(= 64).

pR baseline memory score
r p r p
Encoding effect
Left hippocampus .40 .001 .13 .324
Right hippocampus .38 .002 .29 .024
Recollection effect
Left hippocampus .24 .057 -.09 464
Right hippocampus .36 .004 -.05 .682
0.4= partial r = .40, 0.4= partial r = .38,
p =.001 . o e p = .002
0.2 . 0.2
% 0.0 = 0.0
-0.2 — -0.2 -
-0.4 || 1 1 ] I 1 -0.4 I 1 1 ] | 1
3.0 20 -1.0 0.0 1.0 20 3.0 3.0 20 -1.0 0.0 1.0 20 3.0
Left hippocampal encoding effect Right hippocampal encoding effect
0.4— partial r=.36, .
p = .004 ee °.
0.2
€ 0.0
L] [ ]
0.2 V.Y = 0.2
-0.4 Ll 1 1 I || 1 -0.4 I 1 1 I Ll 1
30 20 1.0 0.0 1.0 20 3.0 30 20 -1.0 0.0 1.0 2.0 3.0

Left hippocampal recollection effect

Right hippocampal recollection effect

Figure 2. Partial correlations (controlling for age) betwegdR and functional hippocampal

effects (\ = 64).
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Figure 3. Relationship between the right hippocampal enpéifect and baseline memory

score, after controlling for agél = 64).

To investigate whether any of the relationshipsveen the hippocampal effects and
memory performance were mediated by hippocampalwe) we repeated the foregoing
analyses with hippocampal volume as an additiooahicate. All of the correlations with pR
listed in Table 4 remained significant (partial> .36,ps < .005). However, the relationship
between right hippocampal encoding effect and b@sehemory scores was not significant after

controlling for right hippocampal volume (partra¥ .24,p = .059).

Finally, we examined the direct association betw@&ppocampal volume and pR or
baseline memory scores. In contrast to the findfogthe functional effects, hippocampal
volume was not significantly correlated with pRr(feft hippocampus;, = .11,p = .401; for
right hippocampus, = .01,p = .922) or baseline memory scores (for left higopusy = .02,p

= .852; for right hippocampus = -.10,p = .418).
3.5 Predictors of longitudinal memory change

Based on the general model described in the M#geral Methods (see ‘statistical

analyses’), four linear mixed effects models (MadEl) — one for each of the hippocampal
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effects (i.e. left hippocampal encoding effecthtigippocampal encoding effect, left

hippocampal recollection effect, and right hippopahrecollection effect) — were constructed.

For each model, we were interested in: 1) the dmution of the hippocampal effect, which

reflects the strength of the relationship betwédeneffect and mean memory performance, and 2)
the hippocampal effect x session interaction, winiclexes the relationship between the

hippocampal effect and memory change.

Results for each model are shown in Table 5. A&vident from the table, the right
hippocampal encoding effect (Model 2) was a sigaiiit predictor of overall memory
performance in the absence of a significant intesadetween the effect and session. This

finding is consistent with the results reported able 4 and Figure 3.

Table 5. Linear mixed effects regression results for theoeling- and recollection-related

hippocampal effects predicting memory performanmatmemory change.

Parameter B (SE) df t p
Model 1
Intercept 12.07 (6.16) 50 1.96 .056
Age -.18 (.09) 50 -1.96 .056
Left_hippo_Enc .42 (.50) 58 .84 405
Session -.15(.19) 51 -.79 433
Left_hippo_Enc x Session -.00 (.27) 51 -.01 .993
Model 2
Intercept 8.96 (6.07) 50 1.48 147
Age -.13 (.09) 50 -1.46 150
Right_hippo_Enc 1.18 (.54) 58 2.18 .033
Session -.15(.18) 51 -.82 417
Right_hippo_Enc x Session .05 (.30) 51 .18 .855

Model 3
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Intercept 12.76 (6.33) 50 2.02 .049
Age -.18 (.09) 50 -1.99 .052
Left_hippo_Re -.32 (.45) 56 -71 479
Session -.52 (.20) 51 -2.55 .014
Left_hippo_Re x Session 71 (.22) 51 3.23 .002
Model 4

Intercept 12.48 (6.21) 50 2.01 .050
Age -.18 (.09) 50 -2.00 .051
Right_hippo_Re -.09 (.47) 57 -.19 .852
Session -.33 (.20) 51 -1.67 .102
Right_hippo_Re x Session .52 (.25) 51 2.12 .039

Note: Left_hippo_Enc: Left hippocampal encoding effdRight_hippo_Enc: Right hippocampal
encoding effect; Left_hippo_Re: Left hippocampalaléection effect; Right_hippo_Re: Right

hippocampal recollection effect.

As is also evident from Table 5, in contrast witbdél 2, for Models 3 and 4 the
hippocampal recollection effects significantly irteted with test session. Since we used
baseline scores (the mean of Sessions 1 and B¢ asference session, these results indicate that
the magnitude of hippocampal recollection effeetpecially those in the left hippocampus, was
inversely related to longitudinal memory declindaTis, those participants with the largest
effects tended to demonstrate the least declimeeimory performance over the follow-up period.
To visualize these effects, we plotted the intéoastusing simple slopes based on model-
derived parameters (Figure 4A) and, in additioncamputed and plotted the partial correlations
between the age-residualized hippocampal recatle@ifects and residualized memory change

(Figure 4B).
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Figure 4. A: Left (upper) and right (lower) hippocampal e#ection effect x session interactions
visualized with simple slopes (mean +1SD). B: sggttots depicting the relationships between
memory change scores (baseline minus session 3)ippocampal recollection effects,
controlling for age and baseline scores.

To examine the possible role of hippocampal volimmediating these relationships, we
constructed follow-up regression models in whichesileft or right hippocampal volume and
the hippocampal volume x session interaction watered in Models 2, 3 and 4 as additional
predictor variables. In the presence of these maldit variables, neither the relationship between

the right hippocampal encoding effect and memorjopmance, nor the interaction between the



28

right hippocampal recollection effect and sesswere significant [respectively: B = .9t[56) =
1.57,p=.123, B = .444(49) = 1.54p = .130]. However, the interaction between the left

hippocampal recollection effect and session rentasignificant [B = .661(49) = 2.79p = .007].

We also performed two linear mixed effects analyeedirectly examine the relationship
between hippocampal volume and memory performancbange. The two models included
either left or right hippocampal volume, sessiod hAippocampal volume x session as
independent variables of interest, and longitudmemory performance as the dependent

variable. We did not identify a significant effésteither modelfs > .222).
3.6 Correlations among hippocampal functional effects and hippocampal volume

Simple correlations between hippocampal encodiferes, hippocampal recollection
effects and hippocampal volume are given in Tablesas evident from the table, the encoding
effect did not significantly correlate with the ilageral recollection effect in either hemisphere.
Furthermore, neither the left nor the right hemesptfunctional effects correlated with their

respective hippocampal volumes.

As is also evident from Table 6, in contrast toifyelateral correlations, there were
robust positive across-hemisphere correlationddoh classes of functional effect. Similarly,

left and right hippocampal volumes were positivedyrelated.

Table 6. Simple correlations among hippocampal encodifeced, hippocampal recollection
effects and hippocampal volumes in the full groNp=(65 for hippocampal volumé| = 64 for

hippocampal effects).

Variable By variable r p

Ipsilateral correlations
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Left_hippo_Enc Left_hippo_Re -.01 .966
Left_hippo_vol Left_hippo_Enc -.13 .304
Left_hippo_vol Left_hippo_Re -.06 .656
Right_hippo_Enc Right_hippo_Re -.00 .974
Right_hippo_vol Right_hippo_Enc -.15 241
Right_hippo_vol Right_hippo_Re -.22 .080
Contralateral correlations
Left_hippo_Enc Right_hippo_Enc .59 <.001
Left_hippo_Re Right_hippo_Re .65 <.001
Left_hippo_vol Right_hippo_vol .78 <.001

Note. Left_hippo_Enc: Left hippocampal encoding efféetft hippo_ Re: Left hippocampal recollection
effect; Left_hippo_vol: Left hippocampal volume;gRi_hippo_Enc: Right hippocampal encoding effect;
Right_hippo_Re: Right hippocampal recollection eff&ight_hippo_vol: Right hippocampal volume.

Volume measures were residualized against ICV.
3.7 Specificity of the relationships between hippocampal functional effects and memory

We took two steps to examine whether the hippocafapational effects were
selectively predictive of memory performance andanoegy change. First, we examined the
relationships between these hippocampal effectst@domponent scores for the three other
cognitive domains. Second, we tested whether {y@odcampal encoding and recollection effects
remained as significant predictors of memory penfmnce or memory change after controlling
for the variance shared with other cognitive dormaBpecifically, we calculated the mean scores
across the other three domains at both baselinsession 3 (hereafter, the mean of these scores
is termed ‘Myth-coc)- To ascertain whether functional brain measergdained variance
unique to memory measures, these scores were etchgladditional covariates in the relevant

statistical models.
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Complete results of these analyses can be fouSéation 10 of the Supplemental
Material. Here we briefly describe the most impottindings. In the case of baseline cognitive
performance, after controlling for age there wearesignificant correlations between
hippocampal encoding- or recollection effects dndrfcy, speed or crystallized 1Q component
scores (absolute partied < .25,ps > .056). Furthermore, after controlling for bate and
variance shared with other cognitive domains, hggpapal encoding and recollection effects
continued to correlate significantly with pR (pattis > .28,ps < .024). However, the previously
identified relationship between the right hippocairgncoding effect and baseline memory

component scores was no longer significant (part=l18,p = .153).

In the case of longitudinal cognitive change, westnicted a series of linear mixed
effects models to examine whether hippocampal fanat effects were predictive of
longitudinal change in the fluency, speed or ciiztd 1Q component scores. The only
significant finding was that the right hippocampatoding effect predicted mean fluency
performance [B = .95(59) = 2.04p = .046]. There was no evidence that the hippocampa

effects were predictive of longitudinal change my af the three domains.

To examine whether the relationships identifietMiodels 2-4 (see Table 5) reflected
brain-behavior associations unique to memory perémce and memory change, we constructed
additional linear mixed models in whichdyh.coc and the Mrh.coc x Session interaction were
included as additional predictors. With these addél predictors included, the right
hippocampal encoding effect no longer predictedmmaamory performance [B = .5862) =
1.13,p = .263]. In contrast, both left and right hippogeathrecollection effects continued to
predict memory change [respectively: B = .§50) = 2.79p =.007, B = .54{(50) = 2.58p

= .013].



31

4 Discussion

The primary aim of the present study was to ingasé the relationships between
encoding- and recollection-related hippocampalot$fememory performance and three-year
longitudinal memory change in a sample of healtlgoadults. We found that while right
hippocampal encoding effects were correlated watbebne memory performance, both left and
right hippocampal recollection effects were pradebf memory change, such that larger effects
were associated with less decline in performanes the three-year follow-up period. To our
knowledge, this is the first evidence to link hippmpal recollection effects obtained at baseline

to longitudinal memory change in older adults.

Before discussing these findings, we note thaese¢ffects can pose significant
obstacles for the interpretation of longitudinaledé&uch effects can persist over several years
and lead to the underestimation of cognitive chghyberg et al., 2016; Salthouse, 2009). In
light of prior findings that re-test effects forreal memory tend to diminish after the first rettes
session (Salthouse and Tucker-Drob, 2008), we adapburst measurement design (Salthouse
and Nesselroade, 2010) and re-administered th@pgyshological test battery shortly after the
first test session. For the reasons outlined inMheerials and Methods, we elected to employ
test scores averaged over these initial two sessgastimate baseline performance. When
assessed against this baseline, memory perfornthche®t demonstrate a reliable decline over
the follow-up period at the group level. Howevéistfinding should not necessarily be taken as
evidence that the memory performance of our sangpiained stable over this period. Notably,
if it is assumed that session 2 performance previde best correction for session 3 re-test
effects, then memory scores declined significaatigt robustly at the group level (see Table 3).

Given that there is no basis for preferring onthete measures of baseline performance over the
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other (or any other weighting of session 1 andisessperformance), we elected to employ
arguably the most stable measure, and to intetipeetnsuing metric of memory change in
relative rather than absolute terms. That being, e is reported in the Supplementary Material,
our main findings were unaffected when sessionoPescalone were employed as the baseline

measure.

We note that an alternative to the burst measureprenedure adopted here would be to
employ parallel versions of each test, eliminatimg component of re-test effects that results
from prior exposure to the same test items. ObWotisis approach is possible only when a
sufficient number of versions of a test are avédab allow separate versions to be employed at
each test session. This was not the case in tilemretudy. Furthermore, it is worth noting that
the employment of parallel tests tends to redwat@er than eliminate, re-test effects, and does so

to varying degrees depending on the specific &aittfjouse and Tucker-Drob, 2008).

As was noted in the Introduction, prior fMRI stusliexamining across-participants
relationships between encoding- and recollectidaited hippocampal effects and memory
performance focused on measures of performanceedeiiom the memory task employed to
estimate the fMRI effects (e.g. Daselaar et al062@e Chastelaine et al., 2016a, 2016b; Wang
et al., 2016). The novel aspect of the presentystithe extension of these analyses to ‘offline’
neuropsychological measures of baseline memoryppeance and its change over time.
However, it should be noted that the positive agediiant correlations between hippocampal
encoding and recollection effects with in-scannenmary performance described in our prior
reports (de Chastelaine et al., 2016a, 2016b) alsceevident in the present sample, which
comprised a subgroup of the 136 participants desdrin those reports. The present findings

lend credence to the proposal that these fMRI effieclex the efficacy of functionally
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significant mnemonic processes in older adultsedut] a multiple regression model predicting
the in-scanner associative recognition performarficeir baseline sample of 64 older
participants from their four hippocampal functioeéects (i.e. left and right encoding and
recollection effects) accounted for more than 3G%e variability in performance (adjusted

= .318,p < .001).

As already noted, the principal focus of the présémy was not on the relationship
between fMRI effects and in-scanner memory perfoceabut rather, the relationship between
these effects and memory metrics derived from statied neuropsychological test scores. In
the case of baseline performance, we identifiedrafcant positive relationship between
baseline scores and the right hippocampal encagffegt, and obtained a convergent result from
the linear mixed effects model (Model 2) that emyplbthis fMRI effect as a predictor of
memory performance in the longitudinal subgroughalgh, obviously, these two findings
should not be viewed as independent). Turningéddhgitudinal component of the study, we
found that both hippocampal recollection effectsengredictive of memory change, although

the relationship in the left hippocampus was theamobust.

Whereas the sizeable correlations between in-scamemory performance and
hippocampal encoding and recollection effects pinhe functional significance of both classes
of effect, this does not mean that they reflect wam, or even closely related, cognitive
operations. Moreover, the finding that the acraggect correlations between two classes of
effect were essentially zero (Table 6) indicated the effects do not both reflect individual
differences in some ‘trait-like’ factor such aspgeampal functional integrity or efficacy.
Arguably, these findings are understandable giterdiffering roles proposed for the

hippocampus during encoding and retrieval (e.g.gRetaal., 2015). At encoding, the
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hippocampus is held to be responsible for ‘bindip@fterns of cortical activity elicited by an
event into a sparse, content- addressable memprgsentation. As was discussed in de
Chastelaine et al. (2016a), in light of this pragbsole, the relationship between hippocampal
encoding effects and memory performance could badirect rather than a direct one. That is,
the relationship might reflect individual differeex; not in the functional efficacy of the
hippocampus, but in the amount or the quality efittformation about a study event that it
receives. For example, there is evidence that fgbsequent memory performance and
hippocampal encoding effects are sensitive to theuat of attentional resources that are
directed toward a study event or a subset of atufes (e.g. Aly and Turk-Browne, 2016;
Uncapher and Rugg, 2009). Therefore, the presedinfys for associative memory performance
might be a reflection of individual differencestive processing resources or attentional
strategies engaged by participants while they peréd the study task. The finding that (right)
hippocampal encoding effects also predicted basatiemory performance suggests that these
individual differences also contributed to acroastipipant variability in baseline memory scores.
This proposal receives further support from thetaatthl finding that performance on the
experimental memory test (indexed by the pR me#mg) baseline memory performance were
robustly correlated, a finding reminiscent of pnieports that performance on experimental tests
of memory correlates with performance on standadiizeuropsychological memory tests (e.g.

Anderson et al., 2008; Davidson and Glisky, 2002).

The contribution of the hippocampus to succesgiidaglic retrieval is distinct from that
at encoding. Recollection is held to occur wheataaval cue activates a hippocampal memory
representation sufficiently to give rise to ‘patt@ompletion’, which restores the representation

to an active state. In turn, this leads to reiestent of the encoded pattern of cortical activity,
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providing access to mnemonic content (see Rugh, &045, for review). From this perspective,
therefore, the determinants of the magnitude gbdgampal recollection effects are distinct
from those moderating encoding effects, and wdlude such factors as the efficacy of cue
processing and the amount and specificity of tfigrmation retrieved in response to the cue
(Mayes et al., 2019; Rugg et al., 2012). Sincedtiastors would be expected to contribute to
memory performance, it is perhaps unsurprisinghiiocampal recollection effects correlated
significantly with associative recognition perfomnea in the present study, while at the same

time correlating negligibly with hippocampal encoglieffects.

Why was memory change correlated with hippocamgradltection effects, but not with
encoding effects? We conjecture that this dissimeiaeflects a combination of two factors. First,
that age-related memory change largely reflectscéiree in the ability to recollect qualitative
information about past events, rather than in mgrpovcesses that do not depend heavily on the
hippocampus, such as familiarity (see Koen and Yioag, 2014, for review of the extensive
cross-sectional literature supporting this contenti Second, that hippocampal recollection
effects provide a ‘purer’ or more direct index loétstructure’s contribution to recollection than
do encoding effects which, as noted previouslyJikety sensitive to a multiplicity of processes
that depend on extra-hippocampal regions. Theioekttip between hippocampal recollection
effects and memory change can then be explainegiassumed that the effects are indicative
of both the current functional integrity of theustture,and its resilience to future age-related
functional degradation. This resilience may resiilier from a relatively low rate of functional
decline or, as a reviewer suggested, from a ‘rdigectional baseline’, such that a greater level
of ‘hippocampal reserve’ is available to supportmoey function in the face of neural decline.

Arbitrating between these and other possible adsoseems a worthy goal for future research.
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In the present study, all correlations betweentional hippocampal effects and memory
performance were positive: larger effects predittigther performance on the in-scanner
memory task, as well as higher baseline memoryescand less decline in these scores over
three years. These findings stand in contrastdsetlirom other studies where either a null
(Dulas and Duarte, 2011, 2016) or a negative walatip (Carr et al., 2017; Daselaar et al., 2015;
Miller at al., 2008) between hippocampal memorgetf and memory performance was reported.
Whereas null findings can plausibly be attributeény number of factors that might have
obscured a ‘true’ relationship, notably, lack d@titical power arising from small sample sizes,
findings of a negative relationship clearly cortfli@th the present results (and those of, for
example, Daselaar et al., 2006; de Chastelainke, @0d4.6a, 2016b; Wang et al., 2016). One
possibility is that these disparate findings rdfleriation in the cognitive status of the older
adult samples employed in the different studiedably, it has been reported that older adults
with mild cognitive impairment (MCI) likely attrildable to prodromal Alzheimer’s Disease (AD)
demonstrate hippocampal ‘hyperactivity’ — an elerabf task-related hippocampal responses
relative to age-matched, low-risk controls (e.gklBa et al., 2015; Dickerson et al., 2005;
Putcha et al., 2011). Moreover, negative corretatioetween task-related hippocampal activity
and memory performance have been reported in M@pkes (Bakker et al., 2012; Yassa et al.,
2010). Thus, if samples of older adults includeficgent number of individuals at high risk for
AD, a negative relationship between hippocampal orgraffects and performance might be
anticipated. In the present study, participantsevgereened to exclude individuals with cognitive
profiles or medical histories indicative of elevéitésk for prodromal AD (see Materials and
Methods). Of importance, all but two of the pagamts in our longitudinal subgroup continued

to meet these inclusion criteria when tested dvelip. [For one of the two participants who
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failed to meet the criteria, CVLT hit rate and #t®re on the Raven’s progressive matrices test
both fell below criterion; performance on all othests was well above criterion, however. The
other participant had an estimated FSIQ that fibl 100, but, again, otherwise demonstrated
scores well above criterion]. Thus, we assume mitial screening procedure was reasonably
effective. A similar approach was adopted in Mikéml. (2008), but it is perhaps noteworthy
that the participants included in the study of Gral. (2017) comprised a mixture of healthy
and cognitively impaired older adults. No infornoatiabout the cognitive profiles of the

participants employed in Daselaar et al. (2015) pragided in that report.

A last noteworthy feature of the findings in redpaicthe hippocampal memory effects is
the specificity with which they predicted memoryfpemance, rather than cognitive
performance more generally (see supplementary raBtédot only did the effects show little
evidence of correlating with non-mnemonic comporseares, both right and left hippocampal
recollection effects continued to predict memorgrale when regression models were expanded
to include the additional predictor variables af thean performance across the three other
cognitive domains, and its interaction with sessidmese findings are especially salient given
that the memory component score shared a signiffcaction of its variance with the other
component scoresy = .387, .519 and .588 for crystallized 1Q, flugaad speed respectively,
all p <.002). They suggest that, at least in cogniyiviglalthy older adults, individual differences
in hippocampal functional effects are poor prediif cognitive ability outside of the relatively

narrow domain of memory.

In contrast to the functional effects, we were uaab identify significant relationships
between hippocampal volume and either baseline mepeformance or memory change.

Perhaps unsurprisingly in light of these null fimgls, hippocampal volume also had little or no
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mediating influence on the relationship betweenftimetional effects and these behavioral
measures. The present null findings in respectpgfdtampal volume are not without precedent.
The numerous prior studies examining the relatigmbbtween hippocampal volume and
memory performance in healthy older adults havklggkan inconsistent pattern. Whereas some
studies reported a positive correlation (e.g. Eztadl., 2016; O’'Shea et al., 2016; Rosen et al.,
2003), others have failed to find such evidencg. @harlton et al., 2010; Walhovd et al., 2010;
for reviews, see Kaup et al., 2011; Van Petten420Bimilar inconsistencies also exist for
longitudinal studies examining relationships betvbgpocampal volume and memory decline
(see Gorbach et al., 2017; Mungas et al., 2008Xamples of positive findings; see Cardenas et
al., 2011; Carmichael et al., 2012 for examplesulf results; for review, see Oschwald et al.,
2019). As in the case of the inconsistent findireggarding the relationship between
hippocampal functional effects and memory perforoeatiscussed previously, these
inconsistent findings in respect of hippocampalwed may also reflect variation across studies
in the proportion of participants with incipienturepathology. Notably, hippocampal volume
has consistently been reported to predict memarfppeance and longitudinal memory change
in participants with MCI (Fellgiebel and Yakushe2011; Grundman et al., 2003; Nathan et al.,
2017; Mungas et al., 2005; Stoub et al., 2010; gesetral., 2017). Thus, inclusion in an
experimental sample of older adults at high risk éo progressing toward MCI, would likely
exaggerate the relationships between hippocampaineoand memory performance. The
present findings raise the possibility that, inmitigely and, arguably, neurologically healthy
older adults, measures of hippocampal function tridghmore sensitive predictors of memory

performance and change than measures of hippocatnpeture.
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In the present sample of older adults, hippocamplaime demonstrated a robust
asymmetry in favor of the right hemisphere. Similadings have been reported previously not
only older adults, but in young and middle-agedgasalso (e.g. Woolard and Heckers, 2012;
Wellington et al., 2013; for reviews, see Pedrdza.e2004; Shi et al., 2009), indicating that the
asymmetry is unlikely to be a consequence of admdged, similarly sized hippocampal
asymmetries were evident in the groups of youngnaiadlle-aged adults who, along with the
present older sample, contributed the fMRI datadlesd in prior reports (e.g. de Chastelaine et
al., 2016a, 2016b, see Supplemental Material).cdig/h positive correlations between degree of
the asymmetry and measures of verbal memory arddiuwere reported in one study (Woolard

and Heckers, 2012), its functional significance aera obscure.

Finally, we note a number of limitations of the gat study. First, the sample size was
modest, limiting statistical power and constrainihg size of the effects that could be detected.
Second, since we only assessed memory performanedat was, effectively, two occasions,
we were unable to characterize the trajectory ahorg change in our participants. This
limitation is compounded by the relatively shotda-up period of three years. Third, the
associations with hippocampal effects identifiecehmuld conceivably reflect individual
differences not only in neural activity but in omemore vascular factors, such as
cerebrovascular reactivity (CVR) — an importantsmeniral determinant of BOLD signal
magnitude (e.g. Liu et al., 2013; Lu et al., 20I4yetanov et al., 2015). Since we did not control
for CVR, we cannot rule out some influence of thasiable. Finally, our test battery did not
include measures of visual or spatial long-term mgmThus, we cannot ascertain whether the
null effects we observed for the relationship betvhippocampal volume and verbal memory

performance extend to non-verbal memory. Cleautyre research would benefit from the
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employment of larger samples subjected to multigde sessions over a longer overall follow-up
period and a more extensive test battery, alonly fuitctional methods that correct for or which

are insensitive to individual differences in newswsular coupling.

These limitations notwithstanding, consistent vatlor findings reviewed in the
Introduction, the present results suggest thatdupmpal functional activity is predictive of both
individual differences in memory performance ambitudinal memory change in cognitively
unimpaired older adults. Going beyond prior repdts results further suggest that experimental
contrasts that isolate the role of the hippocanipuscollection-based memory judgments might

hold promise as predictors of future memory pertmmoe in this population.
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Right hippocampal subsequent memory effect was positively correlated with baseline
performance

Both left and right hippocampal recollection effects were predictive of three-year
longitudinal memory change

The relationship between left hippocampal recollection effect and memory change was
unmodified by hippocampal volume

Hippocampal volume was not correlated with either baseline memory performance or
longitudinal memory change



