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Abstract Introduction: Episodic memory processes are supported by different subregions of the medial
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temporal lobe (MTL). In contrast to a unitary model of memory recognition supported solely
by the hippocampus, a current model suggests that item encoding engages perirhinal cortex,
whereas relational encoding engages parahippocampal cortex and the hippocampus. However,
this model has not been examined in the context of aging, neurodegeneration, and MTL
morphometrics.
Methods: Forty-four healthy subjects (HSs) and 18 cognitively impaired subjects (nine mild
cognitive impairment [MCI] and nine Alzheimer’s disease [AD] patients) were assessed with the
relational and item-specific encoding task (RISE) and underwent 3T magnetic resonance imaging.
The RISE assessed the differential contribution of relational and item-specific memory. FreeSurfer
was used to obtain measures of cortical thickness of MTL regions and hippocampus volume.
Results: Memory accuracies for both item and relational memory were significantly better in the HS
group than in the MCI/AD group. In MCI/AD group, relational memory was disproportionately
impaired. In HSs, hierarchical regressions demonstrated that memory was predicted by perirhinal
thickness after item encoding, and by hippocampus volume after relational encoding (both at trend
level) and significantly by parahippocampal thickness at associative recognition. The same brain
morphometry profiles predicted memory accuracy in MCI/AD, although more robustly perirhinal
thickness for item encoding (R2 5 0.31) and hippocampal volume and parahippocampal thickness
for relational encoding (R2 5 0.31).
Discussion: Our results supported a model of episodic memory in which item-specific encoding was
associated with greater perirhinal cortical thickness, while relational encoding was associated with
parahippocampal thickness and hippocampus volume. We identified these relationships not only in
HSs but also in individuals with MCI and AD. In the subjects with cognitive impairment, reductions
in hippocampal volume and impairments in relational memory were especially prominent.
� 2017 Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A current model of episodic memory proposes that
different subregions of the medial temporal lobe (MTL)
support different cognitive operations during memory
processing [1–4]. Convergent rodent and subhuman
primate data support a distinction in which perirhinal
cortex (PRC)/entorhinal cortex (ERC) appear responsible
for encoding information about individual items and
their features, and the parahippocampus (PHC) and
hippocampus (HC) appear responsible for relational
binding of items that co-occur in scenes or in associative
pairs to form a coherent memory event [5]. The functional
neural underpinnings of such processing have been exam-
ined in a variety of functional magnetic resonance imaging
(fMRI) paradigms in healthy humans, including those
relating to transitive inference (a type of relational process-
ing), and item-context association binding [2,6–9].
Generally, increased activations in the hippocampus, as
well as dorsolateral prefrontal cortical regions, were
prominent during relational encoding. In contrast, during
judgments after item-specific encoding, PRC was activated.
Data from human amnestic patients with acquired lesions
are also consistent with this distinction [10,11] (but see
[12] for an alternative view).

These encoding distinctions may also have potential rele-
vance for neurodegenerative diseases. In Alzheimer’s dis-
ease (AD), and its prodrome mild cognitive impairment
(MCI) in particular, early changes in the MTL are character-
ized by prominent atrophy and degeneration in ERC and
PRC (usually related to tau pathology), and may precede
or coincide with atrophy of the HC. Changes to these subre-
gions are usually evident in MCI and AD in structural
magnetic resonance imaging (sMRI) [13–18]. It is
unknown if morphometric measures from MTL subregions
are predictive of accuracy in item- and relational-encoding
paradigms in these neurodegenerative disorders. A
hypothesis-driven examination of the relationship of MTL
subregional morphometrics on memory performance after
directly manipulating these two types of encoding processes,
followed by recognition tests within the same subjects, has
not been yet undertaken.

The relational and item-specific encoding task (RISE), a
newly developed test of episodic memory, permits such an
investigation [19–21]. We have recently demonstrated
RISE impairments in a large MCI/AD sample and found
that it had good psychometric properties (including
equivalent difficulty level for the subtests) and to be
predictive of functional capacity [22].

In the present study, our goals were twofold. First, we
sought to determine the validity of a model of episodic
memory in which item-encoded material and relationally
encoded material were supported by different prespecified
subregions in the MTL in healthy older individuals using
structural morphometric measures of cortical thickness
and volumes, and RISE memory accuracy scores. Second,
we sought to determine if RISE measures might be sensi-
tive to measurable pathology in the MTL in subjects
suffering from a neurodegenerative disorder (MCI and
AD). This information might be helpful for designing clin-
ical trials using better and more sensitive memory mea-
sures, as well as detecting clinical differences between
amyloid and tau pathology.
2. Methods

2.1. Subjects
2.1.1. Diagnostic groups

2.1.1.1. General
All subjects were between the ages of 50 and 85 years.

There were no restrictions based on gender or ethnicity.
Exclusion criteria are in Supplementary Material.

2.1.1.2. Healthy subjects
Forty-four older subjects had Mini–Mental State Exami-

nation (MMSE) scores greater than or equal to 24 and did not
meet psychometric or clinical criteria for MCI or AD
disease. All formal neurocognitive test scores for these sub-
jects were within 1.5 standard deviation (SD) of normative
data in published studies or manuals.

2.1.1.3. Mild cognitive impairment
The diagnosis of MCI was made according to Petersen’s

criteria for “amnestic” MCI in nine individuals. Individuals
had memory impairments of greater than 1.5 SDs on either
Selective Reminding [23,24] or Logical Memory [25] and
had relatively preserved activities of daily living (ADLs).
Individuals who had additional impairments in other non-
mnemonic domains of cognition were also included, so
long as ADLs were ostensibly preserved (i.e., “multidomain
MCI”). All MCI subjects had MMSE scores greater than 23
(i.e., “nondemented”) and Clinical Dementia Rating (CDR)
score of 0.5 [26].

2.1.1.4. Alzheimer’s disease
Nine individuals met NINCDS-ADRDA criteria for prob-

able AD. Diagnostic criteria include memory impairment
(defined below that for MCI) and at least one other area of
impaired cognition, including speed of processing, executive
ability, and/or semantic processing/language; report of
decline in memory and other areas of cognition; and impair-
ments in ADLs. AD participants hadMMSE scores below 24
and greater than 15 (i.e., in the mild-to-moderate stage) and
CDR scores of 1 or greater on the global scale.

2.1.2. Staging instruments

2.1.2.1. Clinical Dementia Rating Scale
This instrument consists of items relating to memory,

orientation, problem solving, personal care, function at
home and in hobbies, and function in community affairs [27].
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2.1.2.2. Mini–Mental State Examination
Used for screening of cognitive level and consists of

items on orientation, praxis, language, and memory [28].
2.1.3. RISE

2.1.3.1. Encoding phase
Participants performed two encoding tasks: (1) During

item encoding (Fig. 1A), subjects viewed a photographic
image of a real-world entity (an item such as a basket)
and made a decision to the probe, “Is this living?” Thirty
six stimuli were presented, each for 2 seconds and with a
1-second interstimulus interval. (2) During relational
encoding (Fig. 1B), subjects viewed 18 object pairs of
real-world entities for 4 seconds (with a 1-second inter-
stimulus interval) and made a decision to the probe,
“Does one fit into the other?”
Fig. 1. Relational and item-specific encoding task (RISE). Stimuli presented in the

item represented a living or nonliving entity; (B) relational encoding condition, w

whether one of them fit into the other one; (C) recognition condition, where partic

conditions (“old”) or not previously presented (“new”); (D) associative recognitio

viously presented together in the relational encoding condition or not presented to
2.1.3.2. Recognition phase
After encoding phase, participants engaged in a recogni-

tion phase (Fig. 1C). In this phase, the 72 items from both
encoding conditions (36 item and 36 relational targets)
were randomly intermixed and presented along with 72 foils
for 10 seconds maximally. Subjects were asked to make a
new/old decision to a probe (“Old or New”).

2.1.3.3. Associative recognition phase
Finally, during associative recognition (Fig. 1D), 36 pairs

of items were presented. Eighteen were identical to those
studied in relational encoding, and 18 were rearranged pairs
of items (the foils). At recognition, subjects were told to
make a decision as to whether two items on the screen
were presented together as a pair earlier or were not.

A delay of 30 minutes was imposed between encoding
and recognition to better capture well-known abnormalities
in consolidation in AD and MCI groups [17,29].
RISE. (A) Item-encoding condition, where participants indicated whether an

here participants made a relational decision between two objects indicating

ipants indicated whether an object was presented in any of the two previous

n condition, where participants indicated whether pairs of objects were pre-

gether.
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As our key-dependent variables, we used signal detection
measures often used in two-choice recognition: d0 for
item-specific, relational, and associative recognition. D0 is
a sensitivity index that represents the separation between
the means of signal and noise distributions and is computed
as follows: z scores of the hit rate proportionminus z score of
false alarm proportion. Higher scores reflect better signal
detection and here, memory accuracy. For brevity’s sake,
recognition d0 after item encoding and relational encoding
will be called item d0 and relational d0, respectively, and
associative recognition d0 after relational encoding will be
called associative d0.

For response bias, we used C as a criterion. For C, zero is
the neutral point where neither old nor new responses are
favored. Positive scores (in z score units) reflect
nay-saying (a bias toward saying new), and negative scores
reflect yea-saying at recognition (a bias toward saying
old), independent of d0. Response biasing setting is thought
to be supported by prefrontal regions and not MTL regions
[30–34]. Several articles have linked response criterion, or
bias to respond, to top-down controlled processes mediated
by frontal and prefrontal cortex regions [33]. More specif-
ically, Rahnev et al. [34], while examining the effect of prior
expectations on visual discrimination, found that the more an
individual became biased to a particular choice in response
to a predictive cue, the greater the activation in the left
inferior frontal gyrus (IFG). Similarly, Reckless and
colleagues [32], also in an fMRI study, found that changes
in response bias may be dependent on IFG activity.

2.1.4. MRI acquisition and postprocessing
Scans were performed in a GE 3T MRI scanner using an

eight-channel phased-array head coil. High-resolution struc-
tural T1-weighted spoiled gradient-echo recalled images in
the coronal plane were acquired with repetition time
(TR) 5 7.8 ms, echo time (TE) 5 3 ms, inversion time
(TI) 5 450 ms, flip angle 5 20�, 24 cm field of view, 256
! 256 matrix for pixel dimensions of 0.9375 mm by
0.9375 mm, and 136 slices of 1.5 mm thickness. Images
were segmented using FreeSurfer software version 5.3 [35–
37]. We measured the following MTL subregions: ERC,
PRC, and PHC cortical thickness and HC volume. To
assess the specificity of our findings, we also examined the
role of frontal and parietal regions: pars opercularis, pars
orbitalis, pars triangularis, rostral anterior cingulate, rostral
middle frontal, superior frontal, and precuneus. Fifteen
subjects needed manual editing after processing (i.e.,
deletion of voxels in dura and/or addition of control points
to include gray/white matter left out) [36,38]. Perirhinal
cortical thickness measures were automatically estimated
through labels based on ex vivo data [13]. We elected to
use cortical thickness as our primarymorphometricmeasure-
ment, as opposed to volume or area, as it is not subject to sex,
intracranial volume (ICV), or height effects. However, vol-
umes, including those of the hippocampus, vary as a function
of ICVand its surrogates, gender, and height; so we therefore
used residualized hippocampal volumes corrected for ICVas
recommended in Voevodskaya et al. [39].

2.2. Statistical analyses

We compared group performances on the RISE using
analysis of covariance (ANCOVA). Within-subject compar-
isons of item versus relational memory d0 were conducted
using paired t-tests. For rank-order correlations, we used
Spearman’s rho coefficient.

To investigate sMRI predictors of recognition d0, we
conducted a series of hierarchical stepwise regressions.
First, demographic status (sex, age) and mental status
(MMSE score) were forced to enter. This step was followed
by a variant of stepwise regression in the SAS statistical
package, namely PROCREGOPTION5MAXR, that seeks
to maximize R square for any given combination of variables
(i.e., best one-variable solution, best two-variable solution,
. best n-variable solution). Our final model was based on
significance of the full model (P , .05) and significance of
predictors (with variable entry set at P 5 .15).

We also sought to determine relationships between sMRI
morphometry and a signal detection measure of response
bias (C, asdescribedpreviously) that is considered independent
ofmemoryaccuracy.Basedon the responsebiasbrainmapping
literature, we hypothesized that MTL measures would not be
predictive of C, but rather that inferior prefrontal measures
would be predictive of C. Thus, we conducted hierarchical
multiple regression models that included both MTL and non-
MTL cortical region thicknesses as possible predictors of C.
3. Results

3.1. General demographics

Groups significantly differed in age (t5 3.65; P5 .0005);
the healthy subject (HS) group was younger than the cogni-
tively impaired group. The male/female ratio did not differ
between groups (X25 2.53; P5 .11). Education was similar
between groups (t 5 0.03; P 5 .97). As expected, MMSE
differed between MCI/AD and HS groups (t 5 4.12;
P 5 .0006), HSs performing better (mean MMSE 6 SEM
for MCI was 27.44 6 0.89; for AD was 21.44 6 0.70.).
Demographic, clinical, and RISE task information are
presented in Table 1.

3.2. Healthy subjects findings
3.2.1. Analytic plan
We first examined correlations between age and memory

d0 measures. We also contrasted performance on RISE using
matched paired t-tests (item vs. relational d0; associative vs.
relational d0). Next and again within the HS group, we
examined the relationship between MTL morphometrics
and memory measures (d0) and response bias (C) using linear
regressions.



Table 1

Demographic, clinical, and RISE task information

Variable

HS 5 44,

mean (SE)

MCI/AD 5 18,

mean (SE)

Age 57.91 (3.31) 72.17 (2.02)

Education 16.02 (0.46) 16.00 (0.52)

Sex (M/F) 28/16 11/7

MMSE 28.30 (0.21) 24.44 (0.91)

Item-encoding hits 27.98 (0.82) 19.33 (2.39)

Item-encoding false alarms 5.20 (0.71) 13.67 (3.71)

Item-encoding accuracy 94.73 (1.05) 77.39 (3.39)

Relational-encoding hits 27.02 (0.85) 16.28 (2.23)

Relational-encoding false alarms 5.20 (0.71) 13.67 (3.71)

Relational-encoding accuracy 93.77 (0.99) 74.33 (3.26)

Associative recognition hits 9.69 (0.23) 7.36 (0.45)

Associative recognition false alarms 3.96 (0.36) 7.92 (1.08)

Associative recognition accuracy 65.92 (0.85) 48.44 (2.33)

Abbreviations: HS, healthy subject; SE, standard error; MCI, mild cogni-

tive impairment; AD, Alzheimer’s disease; MMSE, Mini–Mental State

Examination.
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3.2.2. Behavioral findings
Age was significantly correlated with item encoding

(r 5 20.40, P 5 .007), relational encoding (r 5 20.43,
P 5 .004), and associative recognition (r 5 20.63,
P 5 .001) conditions. Scattergrams for item and associative
d0s with age are shown in Fig. 2A and 2B. We also examined
relative difficulty of the differentmemory conditions in theHS
group. Item and relational recognition did not differ (t5 1.67,
P5 .102). In contrast, associative recognition was more diffi-
cult than relational encoding (t5 15.63, P5 .0001; Fig. 3A).
C, a measure of response bias, was mildly negative. Mean
scores for these measures are shown in Fig. 3A and 3B.

3.2.3. Morphometric predictors of memory
Using hierarchical linear regression for item d0, left PRC

was a trend-level predictor (P5 .06, DR2 5 0.05). The PRC
positive beta weight indicated that greater PRC thickness
had a trend-level association with higher performance. As
PRC was a (trend level) predictor after the stepwise inclu-
sion of two other measures (right HC and left ERC) that
Fig. 2. Relationship between age and RISE in HS. The relationship between age a

item d0 and age relationship. (B) Shows associative d0 and age relationship. Abbrevi
had negative regression coefficients and were only weakly
correlated with item d0, these latter variables can be
considered suppressors. These are explained more fully in
a discussion in the Supplementary Material, available
online. Table 2 displays regression-related statistical values.

Relational d0 showed a similar pattern in the linear regres-
sion, as left PRC entered positively at trend-level signifi-
cance (P 5 .10, DR2 5 0.04) after right HC and right ERC
entered (see Table 3). The similarity of these results to
item d0 was not unexpected given the tight psychometric
correlation (r 5 0.79) between the two d0 measures (see
Supplementary Material for a more complete comment).

For associative d0, a single MTL predictor entered
significantly and positively, accounting for 0.06 of the
variance independent of demographic variables and mental
status: left PHC. Thus, greater PHC thickness was associated
with higher associative recognition d0 scores. Regression
statistics are shown in Table 4.

To assess the specificity of our findings we also examined
the role of MTL subregions, and frontal, cingulate/precu-
neus, and temporal-parietal regions on ameasure of response
bias C, in which higher scores indicate a liberal response bias
and lower scores a conservative response bias. We found that
left pars orbitalis cortical thickness, but not any MTL subre-
gionmorphometric measure, was a trend-level predictor of C
(full model F4,39 5 2.28; P 5 .08), such that reduced thick-
ness was associated with more conservative bias. Left pars
orbitalis had DR2 5 0.04 (P 5 .05). Morphometric predic-
tion of relational memory C was nearly identical.

3.3. MCI/AD findings
3.3.1. Analytic plan
We contrastedHS andMCI/ADgroups for neurobehavioral

and morphometric measures. Next, within theMCI/AD group,
we contrasted neurobehavioral performances on the different
memory measures. Next and also within the MCI/AD group,
we examined the relationship between MTL morphometrics
and memory measures (d0, C) using linear regressions.
nd RISE d0 variables in the HS group displayed as scattergrams. (A) Shows

ations: HS, healthy subject; RISE, relational and item-specific encoding task.



Fig. 3. RISE scores across diagnostic groups. The figure showsmean scores of key RISEmeasures for the diagnostic groups. Bars represent SEMs. (A) Displays

d0 measures. (B) Displays C response bias measures. Note that for purposes of between-groups analysis, age served as a covariate. Abbreviations: RISE, rela-

tional and item-specific encoding task; SEM, standard error of the mean.
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3.3.2. Behavioral findings
Not unexpectedly, there were significant differences

between HS and MCI/AD groups on the RISE d0 measures
by ANCOVA (age served as a covariate) (see Fig. 3A).
The MCI/AD group performed significantly worse than the
HS group. As further validation, we also compared a
subgroup of HS individuals who were matched for age
with the MCI/AD group (thus, we did not use age as a
covariate). Results were very similar in that the older age–
matched HS group performed significantly better than the
MCI/AD group on item and relational d0.

Within the MCI/AD group, relational recognition
was significantly worse that item recognition (t 5 4.82;
P 5 .0002). Associative recognition was at chance level in
MCI/AD. Correlations betweenMMSE and item d0 and rela-
tional d0 were significant in the MCI/AD group (r 5 0.56,
P 5 .02 and r 5 0.53, P 5 .02, respectively).

For C, the MCI/AD individuals demonstrated a negative
response bias that was significantly greater than that in the
HS group. In addition, coefficients of variation were consis-
tently higher in the MCI/AD group than in the HS group (x
to y).

3.3.3. Morphometric predictors of memory
For each MTL subregion, we found overall group differ-

ences after ANCOVA (age served as a covariate). The MCI/
AD group had significantly reduced left thicknesses for PRC,
ERC, and PHC, andHC volume in these comparisons (Fig. 4).

For item d0, left PRC was a highly significant predictor
(P 5 .003, DR2 5 0.31) (see Table 5). No other variables
entered.
Table 2

Item d0 in HS group: MAXR regression full model F(6,37)5 2.70, P5 .03

Step and measure

Regression

coefficient DR2 F P

1. Demo/MMSE 0.19

2. Right HC 20.0003 0.04 2.82 .10

3. Left ERC 20.63 0.03 2.22 .14

4. Left PRC 10.93 0.05 3.73 .06

Abbreviations: MAXR, maximize R square; HS, healthy subject; MMSE,

Mini–Mental State Examination; HC, hippocampus; ERC, entorhinal cor-

tex; PRC, perirhinal cortex.
For relational d0, right HC was a trend-level predictor
(P 5 .07), and left PRC was a highly significant predictor
(P5 .001) when left HC was allowed to enter as a suppres-
sor (in Table 6). The two former variables (right HC and left
PRC) had positive regression weights (i.e., greater
reductions in thickness were associated with lower
performances).

To assess the specificity of our findings, we also
examined the role of MTL subregions and frontal,
cingulate/precuneus, and temporal-parietal regions (as listed
previously) on a measure of response bias (C). We found C
for itemmemory was predicted by left pars triangularis (with
a DR2 5 0.39; P5 .001), followed by right pars triangularis
(DR2 5 0.19; P 5 .03). The overall model was significant
(F5,12 5 4.18; P 5 .02). For relational memory, C was
predicted also by left pars triangularis (DR2 5 0.40;
P 5 .001), followed by right pars triangularis
(DR2 5 0.23; P 5 .01). The overall model was significant
(F5,12 5 3.88; P 5 .03). For both models, no other regions
entered and, in particular, no MTL subregion morphometric
measure entered. In both models, diminished cortical thick-
ness was associated with greater negative response biases.
4. Discussion

In this hypothesis-driven study, our results broadly support
a model of memory in which accuracy on the RISE was pre-
dicted by PRC morphometry after item encoding and PHC
and/or HC morphometry after relational encoding. These re-
sults are in keepingwith fMRI and lesion studies in humans as
Table 3

Relational d0 in HS group: MAXR regression full model F(6,37) 5 2.56,

P 5 .04

Step and measure

Regression

coefficient DR2 F P

1. Demo/MMSE 0.19

2. Right HC 20.0003 0.04 2.17 .10

3. Right ERC 20.43 0.05 3.03 .09

4. Left PRC 10.48 0.04 2.61 .10

Abbreviations: MAXR,maximize R square; HS, healthy subject; MMSE,

Mini–Mental State Examination; HC, hippocampus; ERC, entorhinal cor-

tex; PRC, perirhinal cortex.



Table 4

Associative d0 in HS group: MAXR regression full model F(4,36)5 10.14,

P , .0001

Step and measure

Regression

coefficient DR2 F P

1. Demo/MMSE 0.46

2. Left PHC 10.58 0.06 4.84 .03

Abbreviations: MAXR, maximize R square; HS, healthy subject; MMSE,

Mini–Mental State Examination; PHC, parahippocampus.

Table 5

Item d0 in combined MCI/AD group: MAXR regression full model

F(4,13) 5 7.30, P 5 .002

Step and measure

Regression

coefficient DR2 F P

1. Demo/MMSE 0.38

2. Left PRC 11.51 0.31 13.16 .003

Abbreviations: MCI, mild cognitive impairment; AD, Alzheimer’s dis-

ease; MAXR, maximize R square; MMSE, Mini–Mental State Examina-

tion; PRC, perirhinal cortex.
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well as a substantial body of animal work [4,7,40–42]. Our
study extended this work to cortical thickness and volume
in MTL subregions in “intact” humans and in those
undergoing MTL-related neurodegeneration, while using a
memory test that directly manipulated item- and relational-
encoding strategies. In the HS group, the predicted relation-
ship between item-encoding d0 and PRC was modest and at
the trend level of significance. The PRC accounted for 0.05
of the variance in d0 after rigorous control over demographic
status and mental status. In addition, we used a second
measure of recognition accuracy after relational encoding,
associative recognition. In this condition, the subject discrim-
inated between pairs of items studied and foils of pairs of
items at recognition (following relational encoding). The pre-
dicted relationship between associative d0 and PHC was
somewhat stronger and significant, again after control for de-
mographics and mental status.

In the MCI/AD sample, the MTL predictors generally
accounted for a greater share of the variance. Thus, for item-
encoding d0, PRC accounted for 0.31 of the variance, whereas
for relational d0, PRCandHCaccounted for 0.31 of thevariance.
To thebest of ourknowledge, this is thefirst study todemonstrate
that structural MTLmeasures can be differentially associated to
item-encoded and relational-encoded recognition accuracy in
healthy and MCI/AD groups. Nevertheless, it also must be
acknowledged that a proportion of otherwise cognitively healthy
subjects may show signs of neurodegeneration [43,44].
Fig. 4. Medial temporal lobe morphometric measures across diagnostic

groups. Mean MTL morphometric values for the groups. Bars represent

SEMs. HS raw volumes are shown; for all analyses, residuals after ICV

correction were used. Note that for purposes of between-group analysis,

age served as a covariate. Abbreviations: HS, healthy subject; ICV, intracra-

nial volume; MTL, medial temporal lobe.
Interestingly, the relationship of MTL measures to mem-
ory was relatively specific in that such measures predicted d0,
but not C, a measure of response bias. For the latter measure,
only pars orbitalis was a predictor in the HS group and pars
triangularis in the MCI/AD group. Moreover, this latter
region overlaps with earlier findings from fMRI that
indicated that left inferior frontal regions were sensitive to
adjustments in response bias during memory recognition
and two-choice decision making [30–34]. Response bias is
a tendency to favor one of the response alternatives and
may change independently of memory accuracy (d0). For
this reason, it has been linked to decision-making processes,
in which prefrontal cortex seems to be crucially involved.

Several behavioral results also bear comment. Analyses in
the HS group supported test construction claims that item and
relational conditions were of equivalent difficulty (see the
Supplementary Material for implications of this “coupling”).
Although it has sometime been assumed that recognition is
not impacted by age, the more refined encoding conditions
and neuroanatomically specified nature of the task as well
as its difficulty level (at 80% and thus not at ceiling) suggest
that in keeping with general declines in MTL connectivity
with age, memory problems co-occur. In the MCI/AD group,
both item and relational d0 were impaired, but relationalmem-
ory was differentially impaired (i.e., significantly worse that
item memory). Associative recognition was at chance levels
in the MCI/AD group (see Supplementary Material for a dis-
cussion). Our finding that item d0 was not differentially
impaired in the MCI/AD group was not totally unexpected
in that in both the MCI sample reported here and the ADNI
sample on which we have reported previously [16–18], HC
atrophy (hypothesized to support relational memory) was
Table 6

Relational d0 in combined MCI/AD group: MAXR regression full model

F(4,13) 5 7.46, P 5 .002

Step and measure

Regression

coefficient DR2 F P

1. Demo/MMSE 0.37

2. Left HC 20.0009 0.10 6.22 .03

3. Right HC 10.0005 0.04 3.86 .07

4. Left PRC 11.62 0.27 16.73 .001

Abbreviations: MCI, mild cognitive impairment; AD, Alzheimer’s dis-

ease; MAXR, maximize R square; MMSE, Mini–Mental State Examina-

tion; HC, hippocampus; PRC, perirhinal cortex.
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already significant and of a magnitude similar to that of other
MTL measurements (ERC, PRC, PHC). Given the greater
range and the lower correlations between item d0 and
relational d0 in the MCI/AD group, it was expected that the
amount of variance explained by MTL morphometrics
would be greater in this group than it was in the HS group.
From a methods perspective, combining the MCI and AD
groups had the salutary effects of increasing power and
increasing the range of neurobehavioral and morphometric
measures.

This study has several limitations. Because we focused on
morphometric relationships tomemory accuracy, wewere not
able to assess encoding per se. Rather we assessed recognition
d0 after item or relational encoding. Second, our MCI/AD
group was rather small. Nevertheless, the relationships that
we found between subregional morphometrics and memory
were robust. In the HS group, our relationships were generally
at a trend level for individual predictors, although the subre-
gional predictors were as hypothesized and the full model
was significant. This may be the result of relatively restricted
range. Finally, we found floor effects in theMCI/ADgroup for
associative recognition d0. It should be acknowledged that
there are inconsistent findings whether all MTL subregions
undergo equivalent age-related changes (e.g., atrophy)
[45,46]. However, this is not wholly relevant to the present
study, as our key findings were identified in regression
models in which absolute size is less important than
systematic relationships. Finally, we note that our working
model of memory processes can be contrasted with a single
process model (see Supplementary Material).

In sum, we have provided convergent sMRI and neurobe-
havioral evidence that item encoding is supported primarily
by PRC cortex, while relational encoding is supported by
PHC in healthy subjects. We also extended this model to
groups of subjects with known neurodegeneration in MTL
regions. We observed that in MCI and mild-to-moderate
AD similar relationships held, in that disproportionately
impaired relational memory was associated with HC atrophy
and impaired item memory was associated with PRC
atrophy. These findings could serve to encourage the use
of these types of memory measures that might be more
sensitive for detecting change in clinical trials and to
potentially differentiate between early amyloid and tau
pathology in the course of AD development, from preclini-
cal, prodromal, and established AD.
Acknowledgments

Dr. Gomar, Ulu�g, Sousa, Huey, and Conejero Goldberg
declare no competing financial interests. Dr. Ragland has
received research grants from the Brain & Behavior
Research Foundation, EJLB Foundation, National Institutes
of Health (NIH), and Robert Wood Johnson Foundation. Dr.
Davies has received research support from and served as a
consultant to Applied Neurosolutions. Dr. Goldberg receives
royalties for the use of the Brief Assessment of Cognition in
Schizophrenia (BACS) in clinical trials.
This work was supported by the Litwin-Zucker Alzheimer’s
Research Center, and by grants RO1 AG038734 (Goldberg
TE, PI) from the National Institutes of Health, and
AACFD-16-438886 (Gomar JJ, PI) from Alzheimer’s Asso-
ciation.

Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.trci.2017.03.002.
RESEARCH IN CONTEXT

1. Systematic review: The authors searched the litera-
ture using traditional sources (e.g., PubMed) for pub-
lished studies of episodic memory encoding for both
item and relational, and recognition memory.

2. Interpretation: The present study supports a model of
episodic memory in which item-specific encoding is
supported primarily by perirhinal cortical, whereas
relational encoding is associated with the para-
hippocampus and hippocampus in healthy subjects.
This study robustly extends this model of episodic
memory to mild cognitive impairment/Alzheimer’s
disease (AD) subjects, who showed marked impair-
ments in relational memory coupled with reductions
in hippocampal volume.

3. Future directions: These findings could encourage
the use of more sensitive memory measures to detect
changes in clinical trials and to potentially differen-
tiate between early amyloid and tau pathology during
AD progression.
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