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Older adults experience impairments in episodic memory, ranging
from mild to clinically significant. Given the critical role of the
medial temporal lobe (MTL) in episodic memory, age-related
changes in MTL structure and function may partially account for
individual differences in memory. Using ultra–high-field 7T structural
MRI and high-resolution 3T functional MRI (hr-fMRI), we evaluated
MTL subfield thickness and function in older adults representing a
spectrum of cognitive health. Participants performed an associative
memory task during hr-fMRI in which they encoded and later re-
trieved face–name pairs. Motivated by prior research, we hypothe-
sized that differences in performance would be explained by the
following: (i) entorhinal cortex (ERC) and CA1 apical neuropil layer
[CA1–stratum radiatum lacunosum moleculare (SRLM)] thickness,
and (ii) activity in ERC and the dentate gyrus (DG)/CA3 region. Re-
gression analyses revealed that this combination of factors signifi-
cantly accounted for variability in memory performance. Among
these metrics, CA1-SRLM thickness was positively associated with
memory, whereas DG/CA3 retrieval activity was negatively associ-
ated with memory. Furthermore, including structural and functional
metrics in the same model better accounted for performance than
did single-modality models. These results advance the understanding
of how independent but converging influences of both MTL subfield
structure and function contribute to age-related memory impairment,
complementing findings in the rodent and human postmortem
literatures.
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Episodic memory, or the capacity to encode and subsequently
retrieve memories for events, is known to be particularly

vulnerable to age-related change (1–3). Older adults show varying
degrees of episodic memory impairment, ranging from mild to
clinically significant. One potential factor underlying such differ-
ences is variability in the structure and function of the medial
temporal lobe (MTL).
The MTL is essential for episodic memory (4–7), and research

across species indicates that the MTL changes in both healthy
aging and in age-related neurodegenerative disease (for reviews,
see refs. 8 and 9). Critically, however, the MTL is not a unitary
structure. Rather, it is composed of multiple regions with differing
anatomy and connectivity (see, e.g., ref. 10), including subfields of
the hippocampal formation [CA1, CA2, CA3, dentate gyrus (DG),
and subiculum], and the entorhinal (ERC), perirhinal (PRC), and
parahippocampal (PHC) cortices (Fig. 1A). Moreover, evidence in
rodents and humans suggests that these subfields are differentially
affected by age, as well as by age-related disease (8, 9, 11).
Converging evidence in human studies of healthy aging using

high-resolution magnetic resonance imaging (MRI) suggests dis-
proportionate age-related atrophy in CA1 (12–15), although some
studies point to selective atrophy of the subiculum or DG/CA3,
while others suggest changes encompassing multiple subfields (for

a review, see ref. 11). Studies examining age-related changes in
MTL cortex suggest that anterior portions of the parahippocampal
gyrus, including ERC, are particularly susceptible (15–19).
Beyond healthy aging, postmortem studies demonstrate that

ERC and CA1 are among the first regions to show preclinical
Alzheimer’s disease (AD) pathology (20–22). Similarly, in vivo im-
aging studies of patients with mild cognitive impairment (MCI) (a
clinical precursor to AD) and mild AD demonstrate focal atrophy in
ERC (23–25) and CA1 (e.g., ref. 26), although some studies dem-
onstrate targeted atrophy of subiculum or broader atrophy in mul-
tiple hippocampal subfields (11).
Histological studies show that the earliest appearance of AD

pathology in CA1 is in the stratum radiatum and stratum lacuno-
sum moleculare (SRLM) (20, 22). Motivated by these findings,
researchers have begun using ultra–high-field 7T MRI to examine
layer-specific CA1 atrophy in vivo. Results demonstrate thinning of
CA1-SRLM in patients with mild AD (27), as well as in healthy
older adults relative to younger adults (28). Taken together, find-
ings in both healthy aging and in mild AD suggest a similar pattern
of atrophy targeting ERC and CA1. The precise relationship be-
tween such changes in MTL subfield structure and changes in
episodic memory performance remains underspecified, however.
In addition to structure, age-related changes in MTL function

may also contribute to episodic memory decline. Functional
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MRI (fMRI) studies of healthy aging demonstrate inconsistent
findings, with some studies revealing decreased MTL activity,
and others showing increased activity or no differences in activity
with age (for a review, see ref. 29). Although many differences
exist between studies, a likely factor contributing to their divergent
findings is the relatively low spatial resolution used. If individual
subfields are differentially vulnerable to age-related change, then
averaging activity across regions could produce variable findings.
Importantly, research in aged rodents suggests focal changes, in-
dicating selective synaptic weakening among perforant path inputs
from ERC to DG and CA3, as well as representational rigidity in
CA3 place cells (8, 9, 11).
In humans, researchers have begun using high-resolution fMRI

(hr-fMRI) (30) to test focal predictions from the rodent literature.
For example, recent studies of item recognition memory reveal
increased DG/CA3 activity in healthy older relative to younger
adults (31), and activity patterns in DG/CA3 in older adults that
demonstrate a form of representational rigidity (32). Similarly,
other studies have shown DG/CA3 hyperactivity in individuals with
MCI relative to healthy controls using the same item recognition
task (33) and further indicate that pharmacologically reducing this
activity leads to improved task performance (34, 35).
The degree to which age-related changes in MTL cortical

function are focal or widespread is unclear, given that few hr-
fMRI studies have documented such changes. Yassa et al. (33)
recently reported decreased ERC activity in individuals with MCI,
but this finding is at odds with several standard-resolution fMRI
studies reporting increased activity along the parahippocampal
gyrus—particularly anterior regions encompassing ERC—in older
relative to younger adults (36–39), as well as in older adults with high
levels of amyloid deposition (40) or with increased genetic risk of
developing AD (41).
Critically, no study to date has integrated high-resolution

metrics of both MTL subfield structure and function to de-
termine the relative influence of these measures on episodic
memory. In the current study, we used ultra–high-field 7T
structural MRI and hr-fMRI at 3 T in older adults to determine
whether individual differences in episodic memory can be ex-
plained by a combination of subfield and layer-specific metrics of

MTL structure and function. To allow for sufficient differences
across individuals in memory performance, participants included
healthy older adults as well as those experiencing subjective cognitive
impairment (SCI) or amnestic mild cognitive impairment (aMCI).
Given the key role of the hippocampus in associative memory

(e.g., refs. 6 and 42) and reports of differential age-related im-
pairments in associative relative to item memory (e.g., ref. 3),
participants underwent hr-fMRI while performing an associative
memory task (Fig. 2). We aimed to determine whether variability
in associative memory performance could be explained by vari-
ability in a specific combination of structural and functional
metrics. Based on prior structural findings, we hypothesized
that ERC (15–19) and CA1-SRLM (11, 28) thickness would
be positively linked to associative memory performance. Mo-
tivated by prior functional findings, we hypothesized that task-
related activity in DG/CA3 (31, 33–35) and ERC (36–41) would
be negatively linked to associative memory performance. Finally, we
hypothesized that this combination of structural and functional
metrics would better account for individual differences in associative
memory performance than structural or functional measures alone.

Results
The present multimodal study yielded a number of different
measures. We briefly present findings from each modality, and
then report our main analyses relating the combination of these
measures to memory performance.

Behavioral Results.Concurrent with fMRI, participants performed
an associative memory task (Fig. 2). Participants first viewed
face–name pairs and then performed a recognition test in which
they discriminated between three face–name pair types: intact,
recombined, and novel. From the recognition test data, we cal-
culated a sensitivity index, associative d′, which served as the
metric of associative memory performance used in our regression
analyses. Variability across participants for this measure is dem-
onstrated in Fig. 2 (see Fig. S1A for response rates broken down by
condition and Fig. S1B for variability in item d′).

T subfield demarcations
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Fig. 1. Sample MTL subfield demarcations. (A) Subfields used in 3T func-
tional analyses. (B) Layer-specific subfields used in 7T structural analyses. DG,
dentate gyrus; ERC, entorhinal cortex; MTL, medial temporal lobe; PHC,
parahippocampal cortex; PRC, perirhinal cortex; SP, stratum pyramidale;
SRLM, stratum radiatum lacunosum moleculare.
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Fig. 2. Associative memory paradigm and results. During encoding, partici-
pants subjectively rated how well each name fit its associated face on a scale
from 1 to 4. During retrieval, participants made judgments regarding whether
a given face–name pair was intact, recombined, or new. Box plot demonstrates
individual differences in task performance as measured by associative d′.

12076 | www.pnas.org/cgi/doi/10.1073/pnas.1713308114 Carr et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1713308114


7T Structural Results. Analyses of structural data focused on our a
priori regions of interest (ROIs), ERC and CA1-SRLM. We
assessed the relationship between subfield thickness and asso-
ciative d′ using separate regression models for each ROI while
controlling for group and age (see Fig. 3A for scatter plots of the
raw data). Results demonstrate that although ERC thickness did
not significantly account for variability in memory performance
(P > 0.3), CA1-SRLM thickness was positively associated with
memory (β = 0.092, P = 0.048). See SI Results and Fig. S2A for
analyses of non-a priori ROIs, including significant findings for
the CA1 stratum pyramidale, or SP, layer.

3T Functional Results. Analyses of functional data focused on
encoding and retrieval activity in our a priori ROIs, ERC and DG/
CA3 (see SI Results and Fig. S2 B and C for analyses in additional
subfields). Encoding activity for each ROI was defined as follows:
[subsequently intact trials called “intact” (SII)] − [subsequently in-
tact trials called “recombined” (SIR)]. See SI Methods and Fig. S3
for a complementary analysis of encoding activity according to
stimulus novelty (novel – repeat). Retrieval activity was defined as:
[intact trials called intact (II)] − [intact trials called recombined
(IR)]. Next, for each ROI, we assessed the relationship between
functional activity and associative d′ separately for encoding and

retrieval while controlling for group and age (see Fig. 3 for scatter
plots of the raw data). At encoding, results demonstrate that neither
ERC activity nor DG/CA3 activity significantly explained vari-
ance in task performance (values of P > 0.1). At retrieval, DG/
CA3 activity was negatively associated with memory (β = −0.118,
P = 0.007), whereas ERC activity did not significantly account
for variability in memory performance (P > 0.7). See Fig. S4 for
retrieval activity broken down by condition in each ROI.

Multiple Linear Regression. We next examined whether the com-
bination of our a priori structural and functional metrics could
significantly account for variability in associative d′ when con-
trolling for group and age. Separate regression analyses were
performed for encoding and retrieval, such that, for each anal-
ysis, structural and control variables remained the same, but
functional metrics were specific to task phase.
The encoding model significantly accounted for variability in

memory performance [F(6,36) = 2.569, P = 0.036, adjustedR2 = 0.183],
but the only subfield metric approaching significance was CA1-SRLM
thickness, which demonstrated a trend for a positive association with
memory performance (Table 1). This pattern of significance did not
differ when excluding an ERC thickness outlier or separate ERC
activity and DG/CA3 activity outliers (outliers defined as >2 SDs
from the mean). See Table S1 for results from a complementary
encoding model using activity associated with stimulus novelty.
The retrieval model also significantly explained variability in asso-

ciative memory performance [F(6,36) = 5.086, P < 0.001, adjusted R2 =
0.369]. This model revealed that two subfield metrics were signifi-
cantly linked to performance: CA1-SRLM thickness, which was
positively associated with memory, and DG/CA3 retrieval activity,
which was negatively associated with memory (Table 1). This pat-
tern of significance did not differ when excluding an ERC thickness
outlier or separate ERC activity and DG/CA3 activity outliers.
Next, we performed three follow-up analyses pertaining to the

retrieval model. First, to mitigate concerns regarding the large
age range in our sample, we repeated the analysis using partic-
ipants aged 60 and above, the results of which were similar to
the model including all participants (SI Results and Table S2).
Second, we examined whether the same explanatory variables could
account for performance on a different test of episodic memory by
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Fig. 3. Relationship between associative memory performance and mea-
sures of MTL subfield structure and function. All plots represent raw data.
(A) Scatter plots showing relationship between bilateral ERC or bilateral
CA1-SRLM thickness and associative d′. (B) Scatter plots showing relationship
between bilateral ERC or bilateral DG/CA3 activity associated with successful
encoding and associative d′. (C) Scatter plots showing relationship between
bilateral ERC or bilateral DG/CA3 activity associated with retrieval success
and associative d′. DG, dentate gyrus; ERC, entorhinal cortex; MTL, medial
temporal lobe; SRLM, stratum radiatum lacunosum moleculare.

Table 1. Regression model results

Model Variable β SE P

Encoding ERC thickness 0.019 0.047 0.688
CA1-SRLM thickness 0.085 0.048 0.087∼

ERC activity −0.056 0.043 0.204
DG/CA3 activity 0.070 0.044 0.123
Group 0.015 0.045 0.287
Age −0.049 0.045 0.739

Retrieval ERC thickness 0.003 0.040 0.946
CA1-SRLM thickness 0.136 0.044 0.004**
ERC activity −0.002 0.038 0.947
DG/CA3 activity −0.155 0.040 <0.001***
Group 0.063 0.039 0.111
Age −0.072 0.038 0.065∼

Structure only ERC thickness 0.014 0.046 0.766
CA1-SRLM thickness 0.086 0.049 0.088∼

Group 0.055 0.044 0.226
Age −0.044 0.044 0.314

Function only ERC activity −0.001 0.041 0.968
DG/CA3 activity −0.118 0.042 0.008**
Group 0.099 0.042 0.022*
Age −0.100 0.041 0.021*

DG, dentate gyrus; ERC, entorhinal cortex; SRLM, stratum radiatum
lacunosum moleculare. ∼P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.

Carr et al. PNAS | November 7, 2017 | vol. 114 | no. 45 | 12077

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713308114/-/DCSupplemental/pnas.201713308SI.pdf?targetid=nameddest=ST2


modifying the dependent variable to be a composite measure of
neuropsychological tests of episodic memory (SI Methods). This
model significantly accounted for variability in memory, with CA1-
SRLM thickness being positively associated with memory perfor-
mance (SI Results and Table S2). Third, we evaluated the degree to
which whole hippocampal structure and function were associated
with associative d′. Findings for this model paralleled those of the
subfield-specific model, with hippocampal area showing a positive
association with memory and retrieval activity showing a negative
association with memory (SI Results and Table S2).

Model Comparison. Focusing on retrieval, we next evaluated
whether our model inclusive of both structural and functional
measures better explains variability in memory than a model with
structural or functional measures alone (with each model con-
trolling for group and age). Results of each model can be found in
Table 1: structure-plus-function model: F(6, 36) = 5.086, P < 0.001,
adjusted R2 = 0.369; structure-only model: F(4,38) = 2.762, P =
0.041, adjusted R2 = 0.144; function-only model: F(4,38) = 3.863,
P = 0.010, adjusted R2 = 0.214. Next, we compared these models as
follows (i): structure plus function compared with structure only,
and (ii) structure plus function compared with function only. The
structure-plus-function model accounted for significantly more of
the variance in associative d′ than either structure only [F(2,36) =
7.768, P = 0.002] or function only [F(2,36) = 5.644, P = 0.007].

Group Differences. For complementary analyses evaluating group
differences in each modality (behavior, structure, and function)
rather than individual differences, see SI Results.

Discussion
While numerous studies point to episodic memory decline with age
(1–3), substantial differences exist in the degree to which individuals
exhibit memory impairment. Using a combination of ultra–high-field
7T structural MRI and 3T hr-MRI, we examined whether individual
differences in episodic memory among older adults can be explained,
in part, by differences in MTL subfield structure and function. Sup-
porting this hypothesis, our analyses demonstrated that variability in
hippocampal structure and function partially accounts for variability
in memory performance. Specifically, CA1-SRLM thickness is
positively linked to performance and DG/CA3 retrieval activity is
negatively linked to performance. Moreover, combining structural
and functional metrics better explained variability in memory per-
formance than did single-modality models. Although prior aging
studies have examined independent contributions of MTL subfield
structure or function to memory (e.g., refs. 31–33 and 43–45), here
we incorporated both modalities and demonstrated independent
but converging influences on performance.
Extensive evidence indicates that the MTL is vulnerable to

atrophy in both putatively healthy aging and in age-related dis-
ease (46). Aside from the five million Americans with clinically
manifest AD (47), many more harbor neuropathological signs of
the disease. By some estimates, AD biomarkers may be present
two decades before a diagnosis is made (48). In a large autopsy
series, for example, early stage neurofibrillary tau pathology was
evident in the MTL in over 60% of 60-y-olds (49). Tau pathology
is remarkably focal early in AD, first affecting portions of ERC
and CA1. In CA1, postmortem studies show that pathology first
appears in the SRLM layer (20, 50, 51), and in vivo work from
our group demonstrates that, within CA1, SRLM is selectively
vulnerable to atrophy in mild AD relative to controls (ref. 27; see
also, ref. 52), as well as in healthy older relative to younger adults
(28). Along with the current data, these postmortem and imaging
findings raise the possibility that putatively healthy individuals with
a thin CA1-SRLM are experiencing early-stage AD-related tau
pathology that contributes to poor memory performance.
ERC is also implicated in age-related atrophy (15–19) and is an

early target of AD pathology. Our results, however, did not indicate

a significant relationship between ERC thickness and memory perfor-
mance. Although the MTL is known to support associative memory,
the hippocampus is thought to play a more critical role in binding
together and subsequently pattern completing elements of an event
than MTL cortex, which is hypothesized to differentially support
item recognition (42). As such, future studies should investigate the
degree to which age-related differences in ERC structure differen-
tially explain performance on item vs. associative tests of memory.
Our structural analyses focused on ERC and CA1-SRLM based

upon prior findings (11, 15–19, 28) as well as the need to avoid
overfitting our regression models. However, supplemental analyses
revealed that CA1-SP thickness also was positively associated
with performance. This finding extends prior work from our labo-
ratory demonstrating positive correlations between both layers of
CA1 and memory in mild AD (45), as well as other research
showing a relationship between atrophy of CA1 and memory im-
pairment in individuals with MCI (43, 44). Although some studies
of aging and mild AD have reported selective atrophy of DG/
CA3 or subiculum (11), our supplemental analysis of DG/CA3 area
revealed nonsignificant findings, and we did not measure subiculum
size in this study. Future large-scale studies with a sample size
sufficient to evaluate each subfield’s contributions to memory in a
single model may further resolve discrepancies in the literature.
In addition to clarifying the relationship between subfield struc-

ture and memory, we also sought to examine whether differences in
subfield function can partially account for memory performance.
Our findings indicate a negative relationship between retrieval ac-
tivity in DG/CA3 and associative memory performance, such that
greater activity during successful retrieval is associated with worse
task performance. These results support prior findings demonstrat-
ing DG/CA3 hyperactivity in older relative to younger adults (31)
and individuals with MCI relative to controls (33–35) during a test
of item recognition. Here, we extend these findings to demonstrate
that increased DG/CA3 activity is linked to poor performance
during associative recognition, a type of memory thought to be more
vulnerable to age-related change than item memory (e.g., ref. 3).
Our results are also in agreement with standard-resolution studies of
associative memory that demonstrate hippocampal hyperactivity
during successful memory trials in individuals with MCI relative to
controls (53). It bears noting, however, that other standard-resolution
studies report a positive relationship between hippocampal retrieval
activity and associative memory performance across the life span
(see, e.g., ref. 54). Given that averaging activity across subfields may
produce variable findings, continued high-resolution investigation of
hippocampal function may help to resolve such inconsistencies.
One possible explanation for the consistent finding of increased

hippocampal, and particularly DG/CA3, activity in older adults
during memory success is that it is a form of neural compensation.
However, given that many older adults exhibit tau pathology in the
absence of an AD diagnosis (49), an alternate explanation for this
hyperactivity is hippocampal excitotoxicity associated with AD pa-
thology (55, 56). Alternatively, findings in aged rodents indicate
that memory deficits associated with hippocampal hyperactivity
may result from dysfunction of inhibitory interneurons (8, 9). Taken
together, these findings suggest that DG/CA3 hyperactivity nega-
tively affects memory performance, but the underlying mechanisms
of this increased activity remain underspecified. It bears noting that
supplemental analyses also revealed a trend for a negative relation-
ship between memory and retrieval activity in CA1 and subiculum.
Future large-scale studies should include activity from multiple hip-
pocampal subfields in the same model to help to determine the
relative explanatory power of each subfield’s activity.
Outside of the hippocampus, ERC has also been implicated in

age-related dysfunction (33, 36–41); our findings, however, were
not significant. As with ERC structure, it will be beneficial for
future studies to examine the relationship between ERC function
and performance on tests of item vs. associative memory. Additionally,
given that our imaging protocol was limited to theMTL, future whole-
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brain studies are needed to determine whether and how structural and
functional differences in prefrontal and parietal regions explain dif-
ferences in episodic memory.
Importantly, rather than independently consider the relationship of

MTL subfield structure or function with memory performance, we
combined measures from both modalities into a single model. This
combined model explained significantly more of the variance in
memory performance than one inclusive of structural or functional
measures alone. This study is a demonstration of independent but
converging influences of MTL subfield structure and function on
episodic memory in older adults. These results complement prior
findings in the rodent and human postmortem literatures demon-
strating subfield-specific changes with age, and provide an important
bridge to understanding how these changes influence human behavior
in vivo.

Methods
Participants. Sixty-one older adults (51–85 y) participated in the study. Four were
dropped from analysis due to poor quality 7T structural images, seven
were dropped due to excessive motion during 3T functional scans, and seven
were dropped due to performance that yielded insufficient trial numbers (<10)
for at least one condition of interest in the fMRI analyses. Thus, results reported
here focus on the remaining 43 participants with a full dataset. Of these, 26 were
healthy older adults (16 female, 2 left-handed), and 17 were patients with cog-
nitive impairment (4 female, 1 left-handed). See Table S3 for detailed character-
istics of each group and SI Methods for a description of our clinical assessment and
diagnostic criteria for all participants. All study metrics, including clinical assess-
ment, 7T imaging, and 3T imaging, were acquired within an average window of
68.2 d (range, 2–185 d; SD, 6.2 d). All participants provided informed consent in
accordance with a protocol approved by the Stanford Institutional Review Board.

Materials. MATLAB Psychophysics Toolbox was used for stimulus presentation
and response collection. Stimuli included 140 color photos of unfamiliar faces
paired with 140 fictional first names. Faces were drawn from the Center for
Vital Longevity Face Database (agingmind.utdallas.edu/download-stimuli/face-
database/) and modified by Ebner (57) to neutralize clothing and background.
The pictured individuals were Caucasian, ranged in age from 18–94 y, and had
a neutral expression. Names were drawn from the Social Security Adminis-
tration’s database of popular baby names (www.ssa.gov/OACT/babynames/)
from the 1920s to the 1980s.

Behavioral Procedure.
Stimulus presentation. Concurrent with fMRI, participants performed an associative
memory task consisting of encoding and retrieval phases (Fig. 2). During encoding,
participants viewed face–name pairs andmade a subjective decision as to howwell
each name fit the corresponding face (adapted from ref. 58), a strategy designed
to augment associative encoding. Participants practiced the encoding task before
entering the scanner; four of these practice pairs then appeared repeatedly during
encoding (but not retrieval) to allow for comparison of activity during novel and
repeat trials. Encoding was divided across four functional runs, each consisting of
26 novel and 6 repeated face–name trials (duration, 5.5 s) interspersed with fixa-
tion trials (duration, 0.5–12.5 s). Following encoding, participants performed an
associative recognitionmemory test in which theywere presentedwith three face–
name pair types: intact, recombined, and novel (duration, 5.5 s), and made one of
three responses: intact, recombined, or novel. The retrieval phase spanned four
functional runs, each consisting of 18 intact, 8 recombined, and 8 novel trials in-
terspersed with fixation trials (duration, 0.5–12.5 s). Trial order for all runs was
determined using optseq (surfer.nmr.mgh.harvard.edu/optseq/).
Response classification. Recognition test results were used to classify retrieval
trials into each of nine conditions (3 pair types × 3 responses). Here, we
abbreviate trial types with two letters such that the first letter refers to
the pair type and the second letter to the response. IR, for example, would
serve as the abbreviation for intact pairs (I) incorrectly identified as recom-
bined (R). Recognition test results were also used to backsort encoding trials
into each of four conditions: subsequently intact pairs called intact (SII),
subsequently intact pairs called recombined (SIR), subsequently intact pairs
called “novel” (SIN), and subsequently recombined pairs (SR). SR trials could
not be broken down by performance because each member of the encoding
pair was then recombined into separate trials.
Sensitivity index. For regression analyses, we chose a sensitivity index, asso-
ciative d′, as our metric of behavioral performance. Given that we were most
interested in associative memory, hit rate was defined as the rate of cor-
rectly responding intact to intact pairs (II), and the false alarm rate was

defined as the rate of incorrectly responding intact to recombined pairs (RI).
Thus, our associative d′ measure was as follows: d′ = Z(II rate) − Z(RI rate).
See SI Methods for discussion of complementary-item d′ analyses.

7T Structural MRI.
Data acquisition. Participants were scanned on a 7T GE Discovery MR950 MRI
scanner (GE Healthcare) using 2-channel transmit and a 32-channel radio-
frequency receive-only head coil (Nova Medical). High-resolution oblique
coronal images were acquired perpendicular to the long axis of the hippo-
campus using a T2-weighted fast spin echo sequence [repetition time (TR),
cardiac gated, ∼5–6 s; echo time (TE), 49 ms; echo train length, 8;
bandwidth, ±15.6 kHz; field of view (FOV), 17 cm; slice thickness, 1.5 mm; slice
gap, 0.5 mm; 16 slices; matrix, 768 × 768; voxel size, 0.22 × 0.22 × 1.5 mm].
Data analysis. MTL subfield boundaries (Fig. 1B) and associated structural
metrics were derived using previously described procedures (see ref. 45 and
SI Methods). For each subfield, we averaged thickness across slices to yield
one value per hemisphere per participant, and then averaged values across
hemispheres to obtain a single metric for each subfield in each participant.
Subfields were segmented by one rater (J.D.B.) blinded to group status.

3T fMRI.
Data acquisition.Datawere acquiredon a 3TGEDiscoveryMR750MRI scanner (GE
Healthcare) using a 32-channel radiofrequency receive-only head coil (Nova
Medical). Functional data were acquired using an in-plane–accelerated echo-
planar imaging (EPI) sequence (in-plane acceleration factor, 2) consisting of
27 oblique axial slices parallel to the long axis of the hippocampus (TR, 2 s; TE,
32 ms; FOV, 20 cm; voxel size, 1.67 × 1.67 × 1.5 mm). To correct for distortions of
the B0 field that may occur with EPI imaging, we collected a B0 field map every
second functional run with the same slice prescription as the functional runs
(TR, 1 s; TE, 45 ms; FOV, 20 cm; voxel size, 0.89 × 0.89 × 1.5 mm; slices, 27). T2-
weighted structural images were collected perpendicular to the long axis of the
hippocampus to allow for subfield segmentation (TR, 4.2 s; TE, 68 ms; FOV,
22 cm; voxel size, 0.43 × 0.43 × 2 mm; slices, 29).
Data analysis. Preprocessing and analyses of functional data were performed
using SPM8 (www.fil.ion.ucl.ac.uk/spm/), FSL, version 4 (fsl.fmrib.ox.ac.uk/fsl/
fslwiki/), and custom MATLAB routines. Preprocessing included slice time
correction, motion correction, and field map-based undistortion (59). Data
were high-pass filtered, but to maintain high-spatial resolution, they were
neither smoothed nor normalized (30).

Bilateral ERC and bilateral DG/CA3 (Fig. 1A) were defined manually for
each participant in native space using established procedures (60) and were
coregistered to functional space. ROIs were segmented by two raters (S.E.F.
and J.D.B.) blinded to group status. Interrater reliability for a subset of six
brains was evaluated by calculating Dice coefficients for each ROI; analyses
indicated a mean overlap value of 0.75 for ERC and 0.72 for DG/CA3.

Time courses were extracted from each ROI and participant using MarsBaR’s
finite impulse response model (marsbar.sourceforge.net/). The design matrix for
the encoding phase contained entries for novel pairs broken down into SII, SIR,
SIN, and SR trials, as well as repeated pairs and trials with no response. The
design matrix for the retrieval phase contained entries for the nine conditions
described above, as well as a 10th condition for trials with no response. The
underlying hemodynamic response in each ROI for each condition was estimated
by averaging the signal at 2-s bins beginning at stimulus onset and ending 14 s
after stimulus onset. To obtain an overall measure of activity in each ROI for each
condition, integrated percent signal change was calculated by summing to-
gether signal estimates from 4- to 12-s poststimulus onset to encompass activity
pertaining to both stimulus presentation and participant response.

Multiple Linear Regression. The degree to which MTL subfield structure
and function can explain differences in memory was assessed using multiple
linear regression. All analyses were performed using R (www.r-project.org/).
Associative d′ served as the dependent variable, and explanatory variables
included ERC thickness, CA1-SRLM thickness, ERC activity, and DG/CA3 activity,
while controlling for participant diagnostic group and age (see SI Methods for
methods used for non-a priori ROIs). Separate models were run for encoding
and retrieval data such that structural and control variables remained the same,
but functional variables changed according to task phase. For the encoding
model, subfield activity was defined as [SII activity] − [SIR activity], reflecting
successful associative encoding. For the retrieval model, subfield activity was
defined as [II activity] − [IR activity], reflecting successful associative retrieval. All
explanatory variables were normalized. See SI Results for a test of collinearity
among variables and Fig. S5 for a correlation matrix involving each variable.

Code Sharing.All custom code is posted to the StanfordMemory Lab’s Github
archive at https://github.com/WagnerLab/Carr_PNAS.
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SI Results
Behavioral Results.For the associative memory task, response rates
in each group for each condition are displayed in Fig. S1A. From
these data, we computed separate sensitivity metrics (d′) for
associative and item memory (SI Methods). Variability in both
associative d′ and item d′ are displayed in Fig. S1B.

7T Structural Results. In addition to examining the relationship
between associative d′ and thickness in our a priori regions of
interest (ROIs), here we report the same analyses in the stratum
pyramidale layer of CA1 (CA-SP) as well as in DG/CA3. Note
that a CA1-SP outlier was excluded for statistical analysis (see
Fig. S2A; thickness more than 3 SDs lower than the mean). We
assessed the relationship between subfield thickness and asso-
ciative d′ using separate regression models for each region while
controlling for diagnostic group and age (see Fig. S2A for scatter
plots of the raw data). Results demonstrate that, although DG/
CA3 area did not significantly account for variability in asso-
ciative d′ (P > 0.4), CA1-SP thickness was positively associated
with memory (β = 0.097, P = 0.023).

3T fMRI Results. We first report findings from the encoding phase
in which functional metrics for each subfield relate to stimulus
novelty (novel – repeated trials) during encoding rather than
encoding success. For each of our a priori ROIs, we assessed the
relationship between novelty activity and associative d′ while
controlling for diagnostic group and age (see Fig. S3 for scatter
plots of the raw data). Results revealed that neither ERC nor
DG/CA3 novelty activity significantly explained variance in task
performance (values of P > 0.5).
Next, we examined the relationship between memory and

functional activity in two non-a priori regions: CA1 and sub-
iculum. For each ROI, we assessed the relationship between
activity and associative d′ separately for encoding and retrieval
while controlling for diagnostic group and age (see Fig. S2 B and
C for scatter plots of the raw data). Encoding results demon-
strate that neither CA1 nor subiculum activity significantly
explained variance in task performance (values of P > 0.7). With
respect to retrieval, analyses revealed a trend toward a signifi-
cant negative relationship between CA1 activity and associative
memory (β = −0.080, P = 0.068) as well as subiculum activity and
associative memory (β = −0.103, P = 0.056).

Multiple Linear Regression.To complement our two main regression
models, we performed four follow-up analyses. First, with respect
to subfield activity during the encoding phase, we performed a
complementary analysis of encoding activity according to stimulus
novelty (novel – repeat) rather than encoding success. The results
of this model indicated that the chosen metrics did not significantly
explain variance in associative memory performance [F(6,36) =
1.852, P = 0.117, adjusted R2 = 0.109; Table S1]. Second, to at-
tenuate concerns regarding the large age range of our sample, we
repeated our retrieval model regression analysis using participants
aged 60 and above. The results of this model paralleled those in-
clusive of all participants [F(6,29) = 3.657, P = 0.008, adjusted R2 =
0.313; Table S2]. Third, we examined whether the same structural
and functional metrics used in our retrieval model could account
for performance on a different test of episodic memory by modi-
fying the outcome metric to be a composite measure of neuro-
psychological tests of episodic memory (SI Methods). This model
significantly accounted for variability in memory [F(6,36) = 12.26,
P < 0.001, adjusted R2 = 0.617], with CA1-SRLM thickness being

positively associated with memory performance (Table S2). Finally,
to complement the subfield specificity of the retrieval model, we
ran a similar model with associative d′ as the dependent variable
and the following explanatory variables: whole hippocampal area,
whole hippocampal retrieval activity (II − IR), participant diag-
nostic group, and age. This model significantly explained associa-
tive memory performance [F(4,38) = 5.335, P = 0.002, adjusted R2 =
0.292], demonstrating that hippocampal area was positively asso-
ciated with memory performance and hippocampal retrieval ac-
tivity was negatively associated with memory performance (Table
S2). In addition to these analyses, we also assessed collinearity
among variables in our main analyses by computing variance in-
flation factors (VIFs) for each. Results returned VIFs of <2; as
such, collinearity was considered nonproblematic. See Fig. S5 for a
correlation matrix involving each explanatory variable.

Group Differences.
Behavioral results.There was a trend for associative d′ to be greater
for healthy individuals than those with cognitive impairment
[t(41) = 1.95, P = 0.058], and when the cognitively impaired group
included only individuals with aMCI and not SCI (see SI Meth-
ods for diagnostic criteria), the group comparison of associative
d′ was significant [t(36) = 3.07, P = 0.004]. With respect to item d′,
scores were higher for healthy individuals than those with cog-
nitive impairment [t(41) = 2.68, P = 0.011].
7T structural results. Analyses examining structural differences
between groups for a priori regions revealed a significant dif-
ference in CA1-SRLM thickness such that thickness was larger in
healthy individuals than in those with cognitive impairment
[t(41) = 2.05, P = 0.046], but no significant difference for ERC
thickness (P > 0.3). We also performed the same analysis for two
additional regions not included in our main analyses. There was
a trend for DG/CA3 area to be greater for healthy individuals
than those with cognitive impairment [t(41) = 1.81, P = 0.077], but
limiting the cognitively impaired group to include only individ-
uals with aMCI did not change this result (P > 0.1). There was
also a trend for CA1-SP thickness to be greater for healthy in-
dividuals than those with cognitive impairment [t(41) = 1.79, P =
0.081], and when the cognitively impaired group included only
individuals with aMCI, the group comparison was significant
[t(36) = 3.07, P = 0.004].
3T functional results. Analyses examining group differences in
subfield function were performed separately for encoding and
retrieval activity. We first report analyses for our a priori subfields
(ERC and DG/CA3). We found no significant group differences
for either ROI during either task phase (values of P > 0.1).
Additional analyses assessed functional activity during encoding
and retrieval for two subfields not included in our hypotheses:
CA1 and subiculum. We found no significant group differences
for either ROI during either task phase (values of P > 0.1).
Finally, we report a complementary analysis of group differ-

ences in encoding activity according to stimulus novelty rather
than encoding success. We found no significant group differences
in any subfield (ERC, DG/CA3, CA1, or subiculum; all values of
P > 0.2).

SI Methods
Participant Recruitment and Assessment. Cognitively impaired
participants were recruited from the Stanford Center for Memory
Disorders, and included 12 individuals with aMCI and 5 with SCI.
Healthy older adults were recruited from the community and
approximated the ages of the cognitively impaired participants.
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All participants underwent a clinical evaluation performed by a
Stanford Center for Memory Disorders physician that included a
history, physical examination, and neurological examination.
Along with a study partner, participants underwent a functional
assessment that included the Clinical Dementia Rating (CDR)
(61), Neuropsychiatric Inventory (62), Geriatric Depression Scale
(63), and Functional Assessment Questionnaire (64). A neuro-
psychological battery was also administered covering episodic
memory, working memory, executive function, visuospatial func-
tion, and language, as described previously (45).
Diagnoses of amnestic MCI (aMCI) were made according to the

National Institute on Aging–Alzheimer’s Association criteria (65),
a CDR score of <1, and an objective memory impairment. Patients
with subjective cognitive impairment (SCI) met all of the criteria
for aMCI except that they had no objective memory impairment.
Inclusion criteria for the healthy older adults included a normal
neurological examination, no neuropsychological abnormality, no
cognitive complaint, and a CDR score of 0. Exclusion criteria for
all participants included contraindications to MRI, a history of
stroke or other brain abnormality, and any neurological or medical
conditions that could interfere with normal cognition (other than
aMCI or SCI). See Table S3 for characteristics of each group.

Behavioral Analysis. To complement the associative memory
analyses reported in the main manuscript, we calculated a second
sensitivity index, item d′. To calculate this measure, we defined
hit rate as the rate at which participants responded “intact” or
“recombined” to intact pairs (II and IR, respectively) and
recombined or intact to recombined pairs (RR and RI, re-
spectively). We defined the false alarm rate for this measure as
the rate at which participants responded intact or recombined to
novel pairs (NI or NR, respectively). Thus, our item d′ measure
was as follows: d′ = Z(II, IR, RR, RI rate) − Z(NI, NR rate).

7T Structural Analysis.Thickness measurements for a priori regions
reported in the main manuscript were performed as follows: We
computed thickness manually for ERC and used a semiautomated
method for CA1-SRLM thickness. We also conducted supple-
mental thickness analyses for hippocampal subfields for which we
did not have a priori hypotheses—CA1-SP and DG/CA3. How-
ever, given that DG/CA3 has a nonuniform shape, we computed
area for this region rather than thickness.

3T fMRI Analysis. First, we performed analyses of 3T functional
data that were identical to those reported in the main manuscript,
with the exception that we focused on hippocampal subfields for
which we did not have a priori hypotheses—CA1 and subiculum.
Second, for each of our a priori regions of interest (ERC and
DG/CA3), we performed a complementary analysis of encoding
activity such that activity was defined as [novel − repeat].

Multiple Linear Regression Analysis. To complement the regression
models reported in the main manuscript, we performed four
follow-up regression analyses. First, with respect to subfield ac-
tivity during the encoding phase, we created a model identical to
that of the encoding model in the main manuscript, with the
exception of using subfield functional metrics corresponding to
stimulus novelty rather than encoding success. Second, to at-
tenuate concerns regarding the large age range of our sample (51–
85), we repeated our retrieval model regression analysis using
only participants aged 60 and above (n = 36). Third, we exam-
ined whether the same metrics used in our retrieval model could
account for performance on a different test of episodic memory
by modifying the outcome metric to be a composite measure of
neuropsychological tests of episodic memory as previously de-
scribed (45). In brief, this metric included normalized perfor-
mance averaged across three tests of delayed recall: Hopkins
Verbal Learning Test-Revised (HVLT-R) (66), Brief Visuospa-
tial Memory Test-Revised (BVMT-R) (67), and the Logical
Memory (LM) subtest of the Wechsler Memory Scale, Third
Edition (WMS-III) (68). Finally, to complement the subfield
specificity of the retrieval model, we ran a similar model but
replaced the subfield-specific metrics with whole hippocampal
area and whole hippocampal activity.

Group Differences Analysis. The impetus of our study was to ex-
amine individual differences in associative memory performance
and the degree to which measures of MTL subfield structure and
function could account for these differences. As such, our sample
included both putatively healthy older adults as well as those with
cognitive impairment. To complement our individual difference
analyses, we also performed a standard group analysis using two-
sample t tests for each modality included in the regression
models: behavior, MTL subfield structure, and MTL subfield
function.
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A. Response rates per condition

B. Associative d’ and item d’
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Fig. S1. Associative memory task results. (A) Results plotted by condition for each group. (B) Box plots demonstrating variability in associative d′ and item
d′ scores.
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A. Structural metrics: Additional subfields

B. Functional metrics for encoding: Additional subfields

C. Functional metrics for retrieval: Additional subfields

0.0

0.5

0.75 1.00 1.25 1.50 1.75
CA1−SP thickness (mm)

A
ss

oc
ia

tiv
e 

d'

Group
Healthy
Impaired

−0.3

0.0

0.3

0.6

0.9

0.30 0.35 0.40
DG/CA3 area (mm2)

A
ss

oc
ia

tiv
e 

d'

Group
Healthy
Impaired

−0.3

0.0

0.3

0.6

0.9

−1.0 −0.5 0.0 0.5
CA1 encoding activity

A
ss

oc
ia

tiv
e 

d'

Group
Healthy
Impaired

−0.3

0.0

0.3

0.6

0.9

−1.0 −0.5 0.0 0.5 1.0 1.5
Subiculum encoding activity

A
ss

oc
ia

tiv
e 

d'

Group
Healthy
Impaired

−0.3

0.0

0.3

0.6

0.9

−0.4 0.0 0.4
CA1 retrieval activity

A
ss

oc
ia

tiv
e 

d'

Group
Healthy
Impaired

−0.3

0.0

0.3

0.6

0.9

−1.0 −0.5 0.0 0.5 1.0
Subiculum retrieval activity

A
ss

oc
ia

tiv
e 

d'
Group

Healthy
Impaired

Fig. S2. Relationship between associative memory performance and measures of MTL subfield structure and function not included in our main regression
models. All plots represent raw data. (A) Scatter plots showing relationship between bilateral SP or bilateral DG/CA3 subfield size and associative d′. (B) Scatter
plots showing relationship between bilateral CA1 or bilateral subiculum subfield activity associated with successful encoding and associative d′. (C) Scatter plots
showing relationship between bilateral CA1 or bilateral subiculum subfield activity associated with retrieval success and associative d′. DG, dentate gyrus; MTL,
medial temporal lobe; SP, stratum pyramidale.
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Fig. S3. Relationship between associative memory performance and measures of MTL subfield activity related to stimulus novelty. Scatter plots show subfield
novelty activity in bilateral ERC or bilateral DG/CA3 and associative d′. All plots represent raw data. DG, dentate gyrus; ERC, entorhinal cortex; MTL, medial
temporal lobe.
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Table S1. Encoding novelty model results

Variable β SE P

ERC thickness 0.012 0.048 0.801
CA1-SRLM thickness 0.091 0.053 0.093∼

ERC activity −0.018 0.043 0.686
DG/CA3 activity 0.025 0.045 0.588
Group 0.055 0.045 0.237
Age −0.051 0.045 0.268

DG, dentate gyrus; ERC, entorhinal cortex; SRLM, stratum radiatum lacu-
nosum moleculare. ∼P < 0.1.

Table S2. Supplemental retrieval model results

Model Variable β SE P

Limited age range (60+) ERC thickness −0.032 0.042 0.460
CA1-SRLM thickness 0.150 0.046 0.003**
ERC activity −0.013 0.041 0.752
DG/CA3 activity −0.158 0.042 <0.001***
Group 0.026 0.042 0.546
Age 0.001 0.042 0.988

Composite metric ERC thickness −0.001 0.034 0.966
CA1-SRLM thickness 0.161 0.037 <0.001***
ERC activity −0.021 0.031 0.504
DG/CA3 activity −0.001 0.033 0.971
Group 0.146 0.032 <0.001***
Age −0.022 0.032 0.492

Whole hippocampus Hippocampal area 0.110 0.042 0.012*
Hippocampal activity −0.091 0.039 0.024*
Group 0.053 0.042 0.212
Age −0.062 0.039 0.123

DG, dentate gyrus; ERC, entorhinal cortex; SRLM, stratum radiatum lacunosum moleculare. *P < 0.05, **P <
0.01, ***P < 0.001.

Table S3. Participant demographics and neuropsychological test scores

Measure Healthy (n = 26) Impaired (n = 17) P value

Demographics
Age, y 66.6 ± 10.1 67.3 ± 4.8 n.s.
Females 16 (62%) 4 (24%)
Education, y 16.4 ± 1.7 16.4 ± 2.4 n.s.

Functional and global cognitive scales
MMSE 29.7 ± 0.5 28.0 ± 2.2 <0.001
Full-scale IQ 120.7 ± 9.3 115.9 ± 11.5 n.s.
CDR 0 0.5
CDR-SB 0 1 ± 0

Episodic memory composite scores
Immediate 0.71 ± 0.12 0.41 ± 0.28 <0.001
Delayed 0.78 ± 0.12 0.38 ± 0.36 <0.001
Recognition 0.87 ± 0.06 0.55 ± 0.32 <0.001

Other neuropsychological metrics
Digit span 17.6 ± 3.4 16.9 ± 4.0 n.s.
Category fluency 23.4 ± 6.4 17.9 ± 6.6 <0.05
Trails B 70.8 ± 31.3 82.8 ± 29.4 n.s.
Boston naming test 28.4 ± 1.4 26.2 ± 3.6 <0.01
Figure copy 19.0 ± 1.3 18.1 ± 2.3 n.s.
Block design 42.9 ± 11.8 40.0 ± 10.5 n.s.
Matrix reasoning 26.3 ± 2.7 24.6 ± 5.1 n.s.

Scores are ±SD. CDR, Clinical Dementia Rating; CDR-SB, Clinical Dementia Rating Sum of Boxes; MMSE, Mini-
Mental State Examination; n.s., not significant.
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