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Abstract

Introduction: We tested whether Alzheimer’s disease (AD) pathology predicts mem-
ory deficits in non-demented older adults through its effects on medial temporal lobe
(MTL) subregional volume.

Methods: Thirty-two, non-demented older adults with cerebrospinal fluid (CSF)
(amyloid-beta [ABl42/AB40, Phosphorylated tau [p-tau],g,, total tau [t-tau]), positron
emission tomography (PET; 18F-florbetapir), high-resolution structural magnetic res-
onance imaging (MRI), and neuropsychological assessment were analyzed. We exam-
ined relationships between biomarkers and a highly granular measure of memory
consolidation, retroactive interference (RI).

Results: Biomarkers of AD pathology were related to RI. Dentate gyrus (DG) and CA3
volume were uniquely associated with Rl, whereas CA1 and BA35 volume were related
to both Rl and overall memory recall. AD pathology was associated with reduced BA35,
CA1, and subiculum volume. DG volume and A were independently associated with RI,
whereas CA1 volume mediated the relationship between AD pathology and RI.
Discussion: Integrity of distinct hippocampal subfields demonstrate differential rela-
tionships with pathology and memory function, indicating specificity in vulnerability
and contribution to different memory processes.
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1 | BACKGROUND

The mechanisms leading to memory decline in both healthy aging and
the earliest stages of preclinical Alzheimer’s disease (AD) are still not
well understood. Two possible factors may lead to memory impairment
in older adults: the accumulation of AD pathology and neurodegener-
ation within the medial temporal lobe (MTL), which supports memory
processing. How pathology and MTL neurodegeneration impact differ-
ent aspects of episodic memory loss (e.g., forgetting vs interference)
has not been tested comprehensively.

Protein aggregates comprising amyloid-beta (AB; i.e, amyloid
plaques) and hyperphosphorylated tau (i.e., neurofibrillary tangles)
are hallmark features of AD and begin to accumulate 10-20 years
before clinical symptom onset.2~3 Currently the predominant and best-
established modalities for assessing A and tau pathologies in vivo
are measuring concentrations within cerebrospinal fluid (CSF) and
visualizing deposition with positron emission tomography (PET).**¢
Previous studies have shown strong relationships between AD pathol-
ogy and memory, particularly with tau pathology, in cognitively normal
samples.”8

In addition to pathological protein aggregation, neurodegeneration
of specific subregions within the MTL may strongly contribute to early
memory decline. Specifically, the entorhinal cortex and hippocam-
pus are critical to both the formation and recollection of memories.?
Although various factors may lead to neurodegeneration, AD pathol-
ogy strongly contributes to MTL neurodegeneration in older adults,
with specific subregions such as entorhinal cortex, CA1, and subiculum
being more vulnerable to pathology.’0-16 Because different aspects
of episodic memory may preferentially engage distinct MTL subre-
gions, the difference in vulnerability to pathology may determine which
memory domains first exhibit impairment.

The goal of the current study was to examine the pathological
mechanisms that lead to initial memory deficits in preclinical AD. We
hypothesized that the accumulation of AD pathology is associated with
subtle episodic memory deficits in particular domains, in part through
its effects on MTL volume. We tested this hypothesis in a sample of
non-demented older adults who have both PET and CSF biomarkers
of AD pathology, high-resolution structural magnetic resonance imag-
ing (MRI) to assess MTL subregional volumes, and neuropsychological
assessment to measure subtle deficits in episodic memory.

Specifically, we tested the hypothesis that retroactive interference
(RI1), a more granular measure of memory reflecting the resistance to
interference during consolidation,'” would be a sensitive marker of
hippocampal integrity'8-2° and AD pathology. While deficits in tradi-
tional episodic memory tasks such as delayed recall performance may
reflect non-specific mechanisms of forgetting, Rl isolates the inter-
ference of new information upon previously encoded information.t”
This process has been proposed to involve pattern separation-like
mechanisms,?! performed in dentate gyrus (DG) and CA3,22 as well
as the involvement of cellular competition mechanisms in dorsal CA1
during consolidation.2°

First, because the factors associated with deficits in Rl in older

adults have not been characterized extensively, we established

RESEARCH IN CONTEXT

1. Systematic Review: Prior literature was reviewed by
searching Google Scholar, PubMed, and identifying rele-
vant references in these publications.

2. Interpretation: Our focus on a more granular mea-
sure of memory consolidation—retroactive interference,
a hippocampal dependent process that reflects resis-
tance to interfering information during consolidation—
revealed strong relationships with Alzheimer’s disease
(AD) pathology and hippocampal subfield volume. We
demonstrate that the relationship between AD pathology
and retroactive interference is mediated by CA1 volume,
whereas the relationship between dentate gyrus (DG)
volume and retroactive interference is independent of
AD pathology.

3. Future Directions: Our findings suggest that retroac-
tive interference may be a more sensitive behavioral
biomarker of subtle memory impairment than delayed
recall, reflecting both AD pathology and hippocampal
integrity. Furthermore, because CA1 volume links devel-
oping pathology to early memory impairment, CA1 vol-
ume may be a valuable neurodegenerative marker in the

preclinical phase of AD.

whether specific MTL subregions and AD pathologies were related
to Rl performance. Because DG is resistant to the effects of AD
pathology until late in AD, whereas CA1 is an early target of
pathology,? we then performed a series of analyses to measure unique
and shared contributions of AD pathology and DG/CA1 volume to
RI performance. Finally, we constructed mediation models to test
whether AD pathology exerts effects on RI through reduced volume
of CA1.

2 | METHODS

2.1 | Participants

Participants were recruited from the Alzheimer’s Disease Research
Center (ADRC) Longitudinal Cohort and the Biomarker Exploration
in Aging, Cognition, and Neurodegeneration (BEACoN) Study at the
University of California, Irvine. Participants were included if they
were cognitively normal (Clinical Dementia Rating [CDR] = 0) and
received both 8florbetapir-PET and CSF measures of AD pathology.
Participants gave written informed consent in accordance with the
institutional review board of the University of California, Irvine, and
were compensated for their participation.
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2.2 | Neuropsychological assessment

Participants completed neuropsychological assessments including the
Mini-Mental State Exam (MMSE)?2° and the Rey Auditory Verbal Learn-
ing Test (RAVLT).2* The RAVLT is a word list learning task that assesses
immediate and delayed memory. We analyzed: (1) RI, which compares
memory for the target list of words before (A5) and after (A6) a distrac-
tor list is presented (A6/A5; lower scores indicate more interference),
and (2) delayed recall (DR), which tests free recall for the target list of

words after a 20-min delay from the last learning trial.

2.3 | CSF acquisition and processing

CSF was obtained from participants via lumbar puncture, performed
with standard clinical research methods in an aseptic fashion by a
board-certified neurologist. CSF was collected in a 15 mL Falcon tube,
placed on ice until processed (within 2 h), aliquoted into 250 L vol-
umes, and stored at —80°C until use. AB45, AB4g, P-tauqgq, and total tau
(t-tau) were quantified on the Lumipulse G 1200 automated platform
using a chemiluminescent enzyme immunoassay (CLEIA) by the UCSD
Shirley-Marcos ADRC Biomarker Core. A cutoff of 0.062 was used to
determine AB4,/AB40 positivity.?

2.4 | PET acquisition and processing

Participants received 18F-florbetapir-PET (FBP) to quantify A8 on
an ECAT High Resolution Research Tomograph (HRRT, CTl/Siemens,
Knoxville, TN, USA); 10 mCi of tracer was injected, and four, 5-min
frames were collected from 50 to 70 min post-injection. Data were
reconstructed with attenuation correction, scatter correction, and
2 mm? Gaussian smoothing. Data were realigned, coregistered to the
structural MRI, and normalized by a whole cerebellum reference region
to produce standardized uptake value ratio (SUVR) images. Additional
smoothing was applied to achieve an effective resolution of 8 mm?3. The
mean SUVR of a previously validated cortical composite region was
quantified (FBP SUVR) and used to determine AB-PET positivity using
athreshold of > 1.11 SUVR.2627

2.5 | Structural MRI

Participants underwent structural MRI on a 3T Prisma scanner
(Siemens Medical System) equipped with a 32-channel head coil.
Whole-brain high-resolution T1-weighted volumetric magnetization
prepared rapid gradient echo (MPRAGE) images (repetition time/echo
time [TR/TE] = 2300/2.38 ms, flip angle = 8°, 0.8 mm? resolution,
240 slices) and high-resolution three dimensional (3D) T2-weighted
turbo spin echo (TSE) images (oblique coronal orientation, 0.4 x 0.4 mm
in-plane resolution, 2 mm slice thickness, TR/TE = 5000/84 ms, 23
slices) were acquired. Structural MR images were processed through
FreeSurfer v.6.0%8 to obtain cortical native-space regions of interest

Disease Monitoring

for FBP quantification. To obtain measures of MTL subregional vol-
umes (entorhinal cortex, BA35, DG, CA3, CA1, subiculum), T1 and T2
images were processed with Automated Segmentation of Hippocampal
Subfield (ASHS) software.2? The resulting segmentations were visu-
ally quality checked by trained raters for mislabeling, and all passed
inspection. Volumes of each region were normalized by total intracra-
nial volume estimates derived from advanced normalization tools
(ANTs).%0

2.6 | Assessing concordance between PET and CSF
To further establish validity of the automated Lumipulse assay for
CSF analyses in cognitively normal older adults,3! we assessed rela-
tionships between FBP-PET and CSF biomarkers (Figure S1; Sup-
plementary Methods). FBP SUVR was significantly correlated with
CSF AB45/AB40 and p-tau (p’s < 0.05), but not t-tau (Figure S1A-C).
AB positivity was highly concordant when applying validated thresh-
olds to FBP SUVR and CSF AB4,/AB4o (30/32, 93.8% concordance;
Figure S1D), and CSF AB42/AB40 robustly predicted AB-PET status
(Figure S1E). Due to the consistency of these results with previous find-
ings in mixed memory cohorts2°3233 and healthy older adults,3* we
subsequently analyzed both PET and CSF biomarkers of AD pathology

inrelation to memory and MTL volumes.

2.7 | Statistical analysis

Statistical analyses were performed using Jamovi v1.6 and RStudio
v1.4.Partial correlations relating biomarkers, memory, and MTL subre-
gional volume covaried for age, sex, and education, and CSF-memory
interval where appropriate. One participant’s p-tau and t-tau levels
were a significant outlier (>2 SD of sample mean) and removed from
analyses involving these measures. The strength of correlations was
statistically compared using a Steiger z-test.3*

Stepwise linear regression models predicting to Rl were constructed
with demographic variables in the first step (age, sex, education), FBP
SUVR in the second step, and volume (either CA1 volume or DG
volume) in the third step.

To quantify proportional shared effects of our major correlated
predictors (CA1 volume, DG volume, FBP SUVR), we performed com-
monality analyses.3> Analyses were performed in RStudio using the
“yhat” package, which conducts commonality analyses based upon
all-possible-subsets regression. Separate models were constructed to
predict to Rl and delayed recall. Effects of covariates (age, sex, and edu-
cation) were regressed out prior to analysis. The first analysis included
CA1 and DG volume, whereas the second included CA1 volume, DG
volume, and FBP SUVR.

Mediation analyses were performed in RStudio using the “media-
tion” package.¢ Linear models were first constructed to test the effect
of the independent variable (IV) on the mediator (mediator ~ IV +
covariates) and to test for the effect of both the IV and mediator on

the dependent variable (DV) simultaneously (DV ~ IV + mediator +
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TABLE 1 Demographics and summary measures of the sample.

Demographics M (SD) or N (%)
Age (years) 73.5(4.72)
Sex (female) 24 (75%)
Education (years) 16.4(2.42)
MMSE 28.2(1.59)
APOE g4+° 12 (38.7%)
CSF AB42/AB4o 0.069 (0.23)
CSF p-tauygq (pg/mL) 42.4(20.10)

CSF t-tau (pg/mL) 307 (128.00)
FBP SUVR 1.14(0.18)
Time between CSF-PET (years) 0.92(0.82)

Abbreviations: AB, amyloid beta; APOE, apolipoprotein E; CSF, cere-
brospinal fluid; FBP, 8F-florbetapir PET (positron emission tomography);
MMSE, Mini-Mental State Exam; p-tau, phosphorylated tauqg;; SUVR,
standardized uptake value ratio; t-tau, total tau.

20ne participant missing APOE genotype.

covariates). Each linear model included age, sex, and education as
covariates of no interest. The mediation models assessing CSF p-tau
additionally included the time delay between CSF and memory assess-
ment/MRI as a covariate in both linear models. These models were then
inputted into the “mediate” function. Models were simulated 10,000
times using the quasi-Bayesian Monte Carlo method to produce confi-
dence intervals (Cls) and considered significant if the Cl for the Average
Causal Mediation Effects (ACME) term did not cross zero. Alternative
models were performed by predicting to delayed recall instead of RI,
and by testing alternative regions to determine the specificity of CA1

in the mediated effect.

3 | RESULTS

3.1 | Demographics

Thirty-two cognitively normal older adults received neuropsycholog-
ical assessment, both FBP-PET and CSF, and structural MRI, and
were included in the present analysis. Full demographic information
of the sample is presented in Table 1. Participants were 73.5 years
old on average (range 64-86 years), predominantly female (75%), and
received CSF and PET within an average of 0.92 years.

3.2 | Episodic memory measures are associated
with AD pathology and MTL subregional volume

We first assessed the relationship between episodic memory, AD
pathology measured with PET and CSF, and MTL subregional vol-
umes (Figure 1). Our primary memory outcome measure was Rl, a
hippocampal dependent process®-20 that reflects resistance to inter-
fering information during consolidation.!” As a secondary measure, we

PATHOLOGY

MTL VOLUME

-06 -03 0 03 06

FIGURE 1 Relationships between memory, Alzheimer’s
pathology, and medial temporal lobe (MTL) volume. Correlation matrix
represents partial correlation Pearson’s r values, controlling for age,
sex, and education (and CSF time interval where appropriate). Strong
relationships were found between Rl with pathology and MTL volume,
especially DG and CA1. Alzheimer’s pathology was most closely
associated with BA35 (transentorhinal cortex), CA1, and Sub
(subiculum) volume. See Table S1 for exact r and p-values of each
correlation. CSF, cerebrospinal fluid; DG, dentate gyrus; DR, delayed
recall; EC, entorhinal cortex; FBP SUVR, 18F-florbetapir-PET; MTL,
medial temporal lobe; p-tau, phosphorylated tau4gq; RI, retroactive
interference; t-tau, total tau. ***p < 0.001 **p < 0.01 *p < 0.05
*p<0.10.

also investigated DR, a more traditional outcome measure that reflects
non-specific mechanisms of forgetting. Rl and DR were moderately
correlated within our sample (r = 0.64,p < 0.001).

RI and DR had similar associations with AD pathology. Worse per-
formance on both Rl and DR was associated with higher FBP SUVR (RI:
r=-0.49,p=0.006), lower CSF AB45/AB40 (RI:r=0.52,p = 0.005), and
higher p-tau pathology (RI: r = —0.45, p = 0.02; Figure 1; see Table S1
for DR statistics). There was no association between Rl or DR with t-tau
(p’s > 0.35), indicating the specificity of both measures to AD-specific
pathology.

We then assessed the relationship between memory and subre-
gional MTL volumes (Figure 1), including measures of the entorhinal
cortex (EC), transentorhinal cortex (BA35), and hippocampal subfields
(dentate gyrus, DG; CA3, CA1, subiculum). Rl was positively correlated
with volume in nearly all regions—most strongly with CA1 (r = 0.61,
p < 0.001) and DG (r = 0.58, p < 0.001), but also with CA3 and
BA35 (p's < 0.05, Table S1), and a trend-level relationship with EC and
subiculum (0.05 < p’s < 0.10, Table S1). In contrast, DR was positively
associated with volume in CA1, subiculum, and BA35, with a trend in
EC (see Table S1 for statistics). There was no relationship between DR
and DG or CA3 volume (p’s > 0.16).
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Due to strong correlations (p < 0.001) found between both DG and
CA1with RI, and a non-significant correlation between DG volume and
DR, we next formally tested whether these associations were stronger
with Rl than with DR. The correlation between DG volume and Rl was
significantly stronger than that between DG volume and DR (z = 2.30,
p = 0.02, Steiger z-test). In contrast, the correlation between CA1 with
both RI and DR was of similar strength (z = 0.88, p = 0.38, Steiger z-
test). This suggests that although CA1 may support both Rl and DR, DG
more strongly supports RI.

Finally, we tested relationships between pathology and MTL sub-
regional volumes (Figure 1). Within the hippocampus, all three AD-
specific biomarkers (i.e,, FBP SUVR, CSF AB4/AB49, and CSF p-
tau) were associated with decreased volume in CA1 and subiculum
(p's < 0.05; Table S1), but not in DG or CAS3. In the cortex, higher
FBP SUVR was additionally associated with decreased BA35 volume
(r=-0.41, p = 0.03). CSF p-tau demonstrated trend-level associations
with decreased BA35 and EC volume (0.05 < p's < 0.062). Although
no significant associations emerged with t-tau, there was a trend-level

relationship with decreased BA35 volume (p = 0.07).

3.3 | DG volume contributes AB-independent
effects on retroactive interference

We next tested if considering pathology and volume together may pro-
vide more information as to the mechanisms leading to impaired RI.
Based upon convergence between the previous literature on subfield
contributions to RI12° and our own volume findings, we focused on the
volumes of DG and CA1. Because these regions have differential vul-
nerabilities to pathology, we tested how the volume of these regions
in combination with pathology (i.e., FBP SUVR) predicted RI. Due to
the collinearity of subfield volumes, we constructed separate stepwise
linear regression models for each subfield. As a first step, we included
demographic variables (age, sex, education; Model 1), then added FBP
SUVR (Model 2) to determine the role of pathology, and finally added
either DG (Model 3A) or CA1 (Model 3B) volume to determine the role
of volume.

Demographic information alone (Model 1) did not significantly pre-
dict Rl (Model Fit Measures, Table 2). The addition of FBP SUVR (Model
2) significantly increased the overall variance explained compared to
Model 1 (AR? = 0.23; Model Comparisons, Table 2). Adding subfield
volumes (Model 3A and Model 3B) also significantly increased the
overall variance explained (AR? = 0.23/0.18; see Model Comparisons,
Table 2). Of interest, in Model 3A (DG), both FBP SUVR and DG vol-
ume significantly predicted Rl (p’s < 0.05; Model 3A Results, Table 2).
However, in Model 3B (CA1), only CA1 volume was a significant pre-
dictor (p = 0.006) of RI, as FBP SUVR reduced to a trend (p = 0.09;
Model 3B Results, Table 2). These results suggest that DG volume and
FBP SUVR may each contribute unique variance to Rl, whereas CA1
and FBP SUVR may contribute shared variance to RI.

To further explore unique and shared variance of these predictors,

5

we conducted commonality analyses,?> a method allowing for corre-

lated variables to be included in the same model. We first tested the
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TABLE 2 Stepwise linear regression models predicting retroactive
interference.

Model fit measures R? F P
Model 1: Demographics 0.06 0.55 0.65
Model 2: Model 1 + FBP SUVR 0.29 271 0.05
Model 3A: Model 2 + DG volume 0.51 5.52 0.001
Model 3B: Model 2 + CA1 volume 0.47 4.58 0.004
Model Comparisons AR? F p
Model 1 - Model 2 0.23 8.73 0.006
Model 2 - Model 3A 0.23 12.22 0.002
Model 2 - Model 3B 0.18 8.87 0.006
Model 3A Results Estimate (SE) t p
Intercept —0.13(0.50) -0.27 0.79
Age 0.01(0.01) 1.97 0.06
Sex 0.01(0.06) 0.17 0.87
Education —0.001(0.01) -0.07 0.95
FBP SUVR -0.36(0.13) -271 0.01
DG Volume 605.21(173.10) 3.50 0.002
Model 3B Results Estimate (SE) t p
Intercept —0.56 (0.65) —-0.86 0.40
Age 0.01(0.01) 221 0.04
Sex 0.04 (0.06) 0.63 0.53
Education 0.01(0.01) 0.52 0.61
FBP SUVR -0.26(0.15) -1.74 0.09
CA1 Volume 387.15(129.98) 2.98 0.006

Note: Demographics include age, sex, and education.

Abbreviations: DG, dentate gyrus; FBP, 18F-florbetapir PET (positron emis-
sion tomography); SE, standard error; SUVR, standardized uptake value
ratio.

effect of CA1 volume and DG volume in the same model, predicting
to RI (Analysis 1; Table 3). Approximately 66.3% of the variance of RI
was common to CA1 volume and DG volume, whereas CA1 volume
contributed 20.3% unique variance and DG volume contributed 13.4%
unique variance. In contrast, in a model predicting to DR, the unique
variance of CA1 volume was the strongest predictor (71.9%), whereas
unique variance of DG volume was minimal (2.8%). We next tested
unique and shared variance of CA1 volume, DG volume, and FBP SUVR
in predicting Rl (Analysis 2; Table 3). In this model, the strongest total
effects were common variance between CA1 volume and DG volume
(33.0%) and common variance to all three predictors (22.7%). With the
addition of FBP SUVR, the unique variance explained by CA1 volume
reduced to 4.7%, whereas the unique variance explained by DG volume
remained similar (14.4%). In the model predicting to DR, DG volume did
not strongly contribute unique variance (0.7%), whereas common vari-
ance between CA1 volume and FBP SUVR explained the most variance
(31.7%). These results further support the stronger role of DG volume
in Rl compared to DR, and the contribution of shared variance of CA1
volume and FBP SUVR in predicting RI.
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TABLE 3 Commonality analyses predicting retroactive interference and delayed recall.

Retroactive interference

Delayed recall

Analysis 1 Coefficient
Unique to CA1 vol 0.09
Unique to DG vol 0.06
Common to CA1 vol & DG vol 0.28
Analysis 2 Coefficient
Unique to CA1 vol 0.02
Unique to DG vol 0.07
Unique to FBP SUVR 0.08
Common to CA1 vol & DG vol 0.17
Common to CA1 vol & FBP SUVR 0.06
Common to DG vol & FBP SUVR —0.02
Common to CA1 vol & DG vol & FBP SUVR 0.12

% Total Coefficient % Total
20.3% 0.18 71.9%
13.4% 0.01 2.8%
66.3% 0.06 25.3%
% Total Coefficient % Total
4.7% 0.08 22.1%
14.4% 0.003 0.7%
16.1% 0.09 25.1%
33.0% 0.03 7.7%
12.3% 0.11 31.7%
-3.2% 0.005 1.4%
22.7% 0.04 11.2%

Note: Analysis 1 included CA1 volume and DG volume as predictors of retroactive interference and delayed recall. Analysis 2 included CA1 volume, DG
volume, and FBP SUVR as predictors of retroactive interference and delayed recall.

3.4 | CA1 volume mediates the relationship
between AD pathology and retroactive interference

To further test the potential shared variance of CA1 volume and pathol-
ogy on RI, we next constructed mediation models to determine if
CA1 volume mediated the relationship between pathology and RI.
These mediation models were valid to construct because all variables
included were significantly correlated with each other (p’s < 0.05,
see Figure 2A-E). DG volume was not associated with FBP SUVR;
therefore, we were not able to construct mediation models.

In the first mediation model, we tested whether CA1 volume medi-
ated the relationship between FBP SUVR and RI (Figure 2F). In Step 1,
the effect of FBP SUVR on Rl was significant (8 = —0.45, p = 0.006; path
c). In Step 2, the effect of FBP SUVR on CA1 volume was significant (8 =
—0.50,p =0.02; path a). In Step 3, the effect of CA1 volume on RI, while
controlling for FBP SUVR, was significant (8 = 0.39, p = 0.006; path b).
The ACME, or the indirect effect of FBP SUVR on RI that goes through
CA1 volume, was significant (8 = —0.19, CI [-0.43, —0.03], p = 0.01;
path ab). In contrast, the Average Direct Effect (ADE), or the effect
of FBP SUVR on RI controlling for CA1 volume, was not significant,
as the Cl crossed zero (3 = —0.26, Cl [-0.56, 0.04], p = 0.09; path ¢’).
These results suggest that CA1 volume fully mediates the relationship
between FBP SUVR and RI.

In the second mediation model, we tested whether CA1 volume
mediated the relationship between p-tau and RI (Figure 2G). In Step
1, the effect of p-tau on Rl was significant (8 = —0.006, p = 0.02; path
c). In Step 2, the effect of p-tau on CA1 volume was significant (3 =
—0.006, p = 0.04; path a). In Step 3, the effect of CA1 volume on RI,
while controlling for p-tau, was significant (8 = 0.49, p = 0.001; path
b). The ACME, or the indirect effect of p-tau on RI that goes through
CA1 volume, was significant (8 = —0.003, CI [-0.007, 0.00], p = 0.03).
In contrast, the ADE, or the effect of p-tau on RI controlling for CA1
volume, was not significant (8 = —0.003, CI [-0.007, 0.00], p = 0.21).

These results suggest that CA1 volume also fully mediates the relation-
ship between p-tau and RI.

As an alternative analysis, we next repeated the mediation mod-
els predicting to DR instead of RI. The mediations of FBP SUVR/p-tau
and DR by CA1 volume had Cls including zero, indicating a lack of
a significant effect (FBP SUVR: ACME 8 = —0.03, CI [-0.08, 0.00],
p = 0.07; p-tau: ACME 8 = —0.04, CI [-0.10, 0.00], p = 0.054). Alterna-
tive models predicting to memory using volume of BA35 or subiculum
as the mediator (chosen based upon significant bivariate correlations
with both memory and pathology) were not significant, as the ClI
crossed zero (BA35 mediating FBP and RI: ACME 8= —0.08, CI [-0.26,
0.06], p = 0.28; subiculum mediating p-tau and DR: ACME 8 = —0.04,
Cl [-0.10, 0.01], p = 0.11). Overall, these non-significant alternative
mediation models support the specificity of CA1 in facilitating the
relationship between the AD pathology and RI.

4 | DISCUSSION

Our findings provide insights into the pathological and neurodegen-
erative mechanisms that lead to subtle memory impairment in aging
and preclinical AD. We demonstrate that RI, a measure of inter-
ference during memory consolidation!” thought to be sensitive to
hippocampal function,'8-20 has strong associations with both PET
and CSF biomarkers of AD pathology, as well as volume within
specific hippocampal subfields. We further demonstrate that DG
volume contributes unique variance to Rl that is not explained by
pathological load, whereas CA1 volume mediates the relationship
between AD pathology and RI. Our findings highlight the speci-
ficity of different hippocampal subfields to pathology and memory
performance and suggest a neurodegenerative-mediated pathway
between pathology and memory deficits in cognitively normal older
adults.
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RI, retroactive interference; FBP SUVR, 18F-florbetapir-PET.

Our aim was to elucidate mechanisms of memory decline in
aging and preclinical AD by testing relationships between memory,
pathology, and MTL subregional volume. It has long been estab-
lished through ex vivo investigations that specific MTL subregions—
specifically transentorhinal/entorhinal cortex, CA1, and subiculum—
are more vulnerable to the development of tau pathology and prone
to early neurodegeneration, whereas regions such as DG and CA3 are
resistant to the effects of pathology until later stages of AD.237-37
Advances in MRI-based segmentations have enabled in vivo examina-
tion of these effects, replicating this regional vulnerability across the
spectrum of aging and AD.10:12.13,29,40-48

Previous in vivo research within cognitively normal samples have
examined relationships between AD pathology and anterior/posterior
hippocampal segments, 121349 or assessed hippocampal subfield vol-
ume using scans with lower than ideal resolution for subfield
measurement® and/or less reliable automated software®! based upon

T1-weighted images.2*>2-5¢ To our knowledge, our study is among the

first to examine relationships between AD pathology biomarkers with
hippocampal subfield volumes derived from T2-weighted structural
images with sufficiently high in-plane resolution (0.4 mm x 0.4 mm)
processed with validated automated techniques?? to enable more
accurate subfield delineation.>° Our findings extend previous work by
demonstrating strong associations between AD pathology biomarkers
(AB-PET, CSF AB42/AB40, and CSF p-tau) and volumes of CA1, subicu-
lum, and transentorhinal cortex/BA35, consistent with ex vivo work,
suggesting that these regions are highly vulnerable to pathology. Our
work parallels findings from recent studies demonstrating preferential
relationships between AD pathology and volume of CA1 and subicu-
lum in nondemented older adults,'#53-5¢ consistent with findings that
CA1 and subiculum atrophy best predicts transition from cognitively
normal to mild cognitive impairment (MCI).*¢ We did not observe a
direct association between pathology and DG or CA3 volume, con-
sistent with resistance to local pathology in these regions.2 However,

neurodegeneration in the DG and CA3 may still result from pathology
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accumulation within the entorhinal cortex, which disconnects DG/CA3
from receiving normal input through the perforant pathway.22>7

In addition to pathology-volume associations, we closely examined
how these factors together contribute to memory impairment. A novel
approach in our current study is our focus on a more granular mea-
sure of memory performance, Rl, which is a hippocampal-dependent
process'8-20 that reflects the ability to consolidate relevant informa-
tion in memory while ignoring distractors.!’” Traditional measures of
word-list learning, such as DR, do not specifically isolate the mecha-
nisms that lead to forgetting. We demonstrate that both AD pathology
(i.e., FBP-PET, CSF AB42/AB49, CSF p-tau) and neurodegeneration
within MTL subregions (e.g. DG, CA1) are closely associated with RI,
suggesting that Rl may be more sensitive to subtle hippocampal dys-
function. Previous studies in older adults using similar measures of
interference during word-list learning have also demonstrated asso-
ciations with pathology” and anterolateral EC volume,*® but had not
investigated contributions of hippocampal subfields to RI. We demon-
strate that volumes of DG and CA3 are strongly associated with
RI, but not DR. This suggests that RI, reflecting resistance to inter-
ference rather than non-specific mechanisms of forgetting, may be
a sensitive marker of DG/CA3 dysfunction. This finding is consis-
tent with previous work demonstrating DG/CA3’s specific and critical
role in orthogonalization of non-overlapping stimuli during pattern
separation.?122

Our findings support a distinction between DG and CA1 in the cas-
cade between pathology accumulation and memory impairment. We
found that DG volume and AS pathology each contribute unique vari-
ance to memory performance, suggesting that the contributions of DG
volume to memory performance may be independent of pathology.
This is consistent with previous findings in animal models that suggest
that DG is particularly vulnerable to non-pathology-related changes
in aging such as decreased inhibition in the hilar region®? and loss of
reelin protein.?® In contrast, CA1 volume fully meditated the relation-
ship between both AB and p-tau pathology with RI, suggesting that
CA1 volume may be a specific neurodegenerative marker for predict-
ing memory deficits in preclinical AD. Our finding extends previous
work demonstrating that presubiculum volume links tau pathology and
delayed recall® by also implicating CA1 volume, further supporting the
vulnerability of CA1 to pathology.?

Limitations of the current study include the relatively small sample
size and the reduced power, which may have resulted in alternative
models not reaching statistical significance. Future research in larger
samples that more accurately represent the diverse aging population
may uncover additional relationships between pathology, volume, and
memory. In addition, there was variation in time between CSF and
PET/MRI/memory measurements; however, this was controlled for
in all analyses and was not related to demographic factors. Future
research should investigate longitudinal changes in these relationships,

which may be more sensitive®12.13

and further clarify directionality.

A longitudinal design would also overcome the confound of individual

differences contributing to our interpretation of disease mechanisms.
In summary, we demonstrate that MTL subregions have distinct

relationships with episodic memory domains and AD pathology in

non-demented older adults. DG volume was specifically associated
with Rl but not related to AD pathology, suggesting AD pathology-
independent effects on memory. In contrast, CA1 volume fully medi-
ated the relationship between AD pathology and RI. Overall, Rl may be
a more sensitive marker of subtle cognitive impairment than delayed
recall, reflecting both AD pathology and hippocampal subfield integrity,

and may provide benefit as an outcome measure in clinical trials.
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