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ABSTRACT

MEDIAL TEMPORAL LOBE SURFACE FEATURES AND COGNITION
IN AGING AMYLOID-POSITIVE INDIVIDUALS

Jacob Johnston
Neuroscience Center

Bachelor of Science

Memory consolidation and metabolism are known to differ between amyloid-beta
plaque positive (A+) and negative (A-) amnestic Mild Cognitive Impairment (aMCI) and
Alzheimer's disease (AD) dementia participants despite similar medial temporal lobe
(MTL) volume between groups. Using high-dimensional surface analysis (shape
characterization), this study identified structural differences in the medial temporal lobe
between A+ aMCI, A+ AD dementia, and amyloid-negative (A-) healthy control groups
(CON), specifically in the CA1 and subiculum regions of the hippocampus and entorhinal
cortex. Additionally, regional brain surface-based features were correlated with
procedural and episodic memory measures, finding positive associations between CA1
integrity and episodic memory in both A+ participant groups, and a negative correlation
between CA1 and procedural memory retention specifically in aMCI participants. The

entorhinal cortex also showed correlations with episodic and procedural learning in AD.
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Introduction

Alzheimer’s Disease (AD) is the most prevalent form of age-related
neurodegenerative disease. It is estimated that 6.5 million Americans currently live with
the disease, with that number projected to reach 8.5 million by 2030 (“2023 Alzheimer’s
Disease Facts and Figures,” 2023). AD results in progressive loss of memory, cognitive
function, motor control, and, ultimately, organ function. There are many clinical markers
and biomarkers required for an AD diagnosis, although neuropathology can only confirm
diagnosis upon an FDG-PET scan or postmortem autopsy (Jack et al., 2018).

Amyloid-beta plaque (A+), tau (neurofibrillary) tangle(T+), and
neurodegenerative (N+) biomarkers are the three most-strongly implicated pathological
biomarkers for AD to the field’s current knowledge (Jack et al., 2018). Both A+ and T+
patients have demonstrated memory loss in AD correlated with cortical atrophy (N+)
(Jahn, 2013). A+/T+ biomarkers often emerge prior to the development of cognitive
impairment or cortical atrophy (Villemagne et al., 2013), suggesting a possible causal
mechanism for neurodegeneration; some research claims amyloid positivity is the main
cause of AD pathology (Hardy & Higgins, 1992), while other research credits the
accumulation of neurofibrillary (tau) tangles (Giacobini & Gold, 2013). No consensus
has been reached in favor of either claim, leaving room for additional exploration.

The prevalence of A/T/N biomarker positivity increases with age, and, according
to a study by Jack et al. (2017), the most prevalent combination in both men and women
before the age of 80 is A-/T-/N-. However, by the age of 80 the most common
combination is A+/T+/N+, indicating a significant increase in AD pathology as people

age (Jack et al., 2017).



Few A/T/N-focused studies to date have reported race or ethnicity of participants,
despite the fact that Black (19%) and Hispanic (14%) populations are significantly more
likely than White (10%) populations to develop AD across their lifetimes (Rajan et al.,
2021). Thus, the A/T/N classification still must be tested amongst diverse populations to
test its generalizability. For example, Honig and colleagues (2023) found the A/T/N
classification system to be an effective predictor of AD in an ethnically Caribbean-
Hispanic cohort.

Women are more likely to develop AD and experience greater symptom severity
compared to men (Long et al., 2023). It has been shown that men and women have
distinct pathology in AD progression, with women having a higher T+ load as compared
to men with AD symptomology and pathology (Oveisgharan et al., 2018). Another study
showed no difference in A+ between the sexes (Ferretti et al., 2018), though other studies
have found women to have elevated amyloid load compared to men with similar levels of
cognitive impairment (Roberts et al., 2018). However, the exact nature of these sex
differences is still under investigation.

Many hypotheses have identified various other possible geneses of or contributing
factors to AD pathology, such as cardiovascular or cerebrovascular integrity (Bracko et
al., 2021; Saeed et al., 2023) or glycolytic efficiency (Goyal et al., 2023; Saito et al.,
2022), but research is ongoing and inconclusive.

Despite the uncertainty of pathological causes, the medial temporal lobe (which
includes the hippocampal formation, entorhinal cortex, and parahippocampal gyrus) has
been definitively shown to be the primary target of neurodegeneration in patients with

AD pathology (Chauveau et al., 2021), indicating its significance in understanding the



initiation and progression of AD pathology. Most studies of AD have focused on total-
volume atrophy of these regions, but newer tools have given researchers the ability to
characterize more subtle cortical and subcortical changes, affording a more complete
characterization of the brain, which is called “morphometry” (A. R. Khan et al., 2008).

The aim of this study is to utilize surface-based imaging measures to characterize
the morphometry of MTL structures in AD. Morphometric or morphologic
characterization is an advanced imaging procedure that has demonstrated increased
sensitivity to subtle changes in the brain as a result of neurologic and psychiatric disease
compared to gross volumetric analysis (Csernansky, Hamstra, et al., 2004). Previous
studies have begun the work of characterizing AD through this methodology and provide
promising results for detection of novel pathological processes in AD and aMCI, such as
increased gyrification of the entorhinal cortex and hippocampal shape deformation
spanning across subregions (Nufiez et al., 2020; Zheng et al., 2023). Such sensitivity to
atrophy patterns motivates the use of morphometry in this study. Furthermore, relating
shape features with cognitive or memory measures improves understanding of functional
anatomy and may provide enhanced diagnostic capability for clinicians as the field
evolves.

Human memory systems consist of two different categories: declarative and
implicit. Declarative memory is the consolidation and retention of events and facts, and
consists of semantic and episodic memory. Implicit memory has many subtypes, a major
subtype being procedural memory, which is the retention of motor-related actions and
habits and the focus of the current study (Kropotov, 2009). Episodic memory is primarily

affected in AD and is correlated very strongly with MTL integrity (Eichenbaum &



Lipton, 2008). In the famous case study of patient H.M., bilateral loss of temporal lobe
resulted in a complete anterograde amnesia and partial retrograde amnesia, providing
initial evidence of the MTL as the primary episodic memory consolidation center
(Scoville & Milner, 1957). In contrast, procedural memory is relatively retained through
the early- to mid-stages of the disease (Beaunieux et al., 2012; Keith et al., 2023), and has
distinct neural circuitry. Though largely different in circuitry and anatomical correlation,
the two memory systems share some common brain structures including some portions of
the MTL and the prefrontal cortex.

Because MTL integrity has a strong relationship with episodic memory
consolidation, it might be expected that MTL volume and memory follow a consistent
linear pattern in all disease cohorts. However, a recent finding from our collaborative
group (Haut, et al., under review) indicates differential episodic memory retention in A+
versus A- participants despite no difference in MTL volume between groups, suggesting
the presence of other potential MTL mechanisms between A+ and A- groups that are not
captured by volumetric analysis alone. Thus, utilizing alternative morphometric
procedures to characterize the MTL distinctions in A+ patients is a primary focus of this
study. This also creates the opportunity for additional investigation to characterize MTL
cortical deformations in A- populations.

For research purposes, the literature has classified persons with AD pathology into
three broad categories that have many proposed subcategories, primarily based upon
progressively more serious cognitive symptoms: preclinical AD, Mild Cognitive
Impairment (MCI), and dementia due to Alzheimer’s disease (AD dementia) (“2023

Alzheimer’s Disease Facts and Figures,” 2023). Patients often progress from preclinical



AD to MCI to AD dementia, but progression is not guaranteed with biomarker-positive
patients (Parnetti et al., 2019). Because biomarkers are present early in disease
progression, many recent publications have focused on preclinical AD and MCI patient
groups with the goal of understanding pathological progression of the disease, which will
allow for earlier therapeutic intervention and potentially extend the functional lifespan of
patients. The current study included amnestic MCI (aMCI) participants in addition to AD
dementia participants to represent this early trajectory of AD, and sought to characterize
the differences between those with AD pathological biomarkers (A+) and healthy
controls.

The current work is based on the evidence-supported claim that the hippocampus
is the brain’s memory center, and that neuronal amyloidosis is a strong predictive
biomarker for probable AD pathology. Illustration of relationships between limbic
structures, beta-amyloid plaque presence, and cognitive and memory performance will
advance understanding of AD pathological progression. The current study will provide
further evidence to the beta-amyloid hypothesis debate and context for therapeutic
interventions in AD by affording clinicians insights into pathological degeneration of

brain pathways (specifically memory) in AD.



Aims and Hypotheses

The aims of this study were twofold: first, to characterize MTL structures using
surface-based procedures in A+ aMCI versus A+ AD dementia participants versus
control participants, and, second, to relate shape features with episodic and procedural
memory measures. It was hypothesized that A+ participants would exhibit more extensive
surface-based abnormalities in hippocampal CA1 subfield regions and the entorhinal
cortex relative to controls. It was also Ayvpothesized that procedural and episodic memory
performance would demonstrate unique relationships with distinct medial temporal
regions — especially within the hippocampus — in A+ participants compared to healthy

control participants.



Methods

Participant Recruitment

A total of 93 subjects (28 healthy control participants, “CON”; 48 aMCI
participants, “aMCI”; 17 dementia participants, “AD”’) were recruited through the West
Virginia University School of Medicine memory health clinic between June 2020 and
October 2023. Twenty-two of 93 initially included subjects were excluded from the study.
Nine of these subjects experienced unresolved errors during data processing and were
consequently excluded (2 CON, 5 aMCI, 2 AD). Additionally, 13 CON subjects were
eliminated from the analysis to ensure statistical similarity in age between the CON-AD
and CON-aMCI groups, resulting in N(AD)=16, N(aMCI) = 43, and N(CON)=13.

Participants’ amyloid positivity was determined using '*F-Florbetaben Amyloid
PET and/or CSF analysis of ABeta32 and p-tau/Beta42. All non-control subjects included
in the current study were classified as amyloid positive (A+). T1-weighted 3T scans were
obtained from each subject to confirm neurodegeneration.
Cognitive Measures

Each subject was administered a neuropsychological battery including a modified
Trail-Making Test (TMT-M; Reitan & Wolfson, 2001), which measures procedural
learning and memory retention, and the California Verbal Learning Test (CVLT; Delis et
al., 2016), which measures verbal learning and memory retention. The initial diagnoses of
aMCI or AD in all participants were determined based on the NIA-AA criteria by a
multidisciplinary team comprising neurology, neuropsychology, neuroradiology,

psychiatry, and geriatric attendings (McKhann et al., 2011).



MMSE

The Mini Mental State Exam (MMSE) is a cognitive assessment tool designed to
screen for cognitive impairment and to estimate the severity and progression of cognitive
deficits (Folstein et al., 1975). The MMSE evaluates functions including arithmetic,
memory, and orientation through a series of questions and tasks. It is commonly used in
clinical and research settings to assess cognitive function in individuals suspected of
having dementia or related illnesses.
TMT-M

The Trail Making Test — Modified version (TMT-M) assesses procedural learning
and retention. It is a version of the Trail Making Test (TMT) modified by researchers at
West Virginia University. Specifically, participants completed Part A of the Trail Making
Test (TMT-A), which involves connecting numbered dots randomly interspersed on a
page in numerical order up to 25 (Reitan & Wolfson, 1985). This task measures
psychomotor processing speed and visual-motor coordination. After an initial trial with
standardized instructions, subsequent trials followed abbreviated instructions. The
primary variable of interest was the time taken to complete each trial, with a maximum
time score assigned if the subject exceeded the 150-second limit. Similar to other
procedural learning tests, TMT-M involves learning skills with observable improvements
after designated practice.
CVLTII

Episodic learning and retention were assessed using the CVLT-1I Short Form (SF)
following standard procedures outlined by Delis et al. (2000). Participants engaged in

four learning trials, during which they were presented with a list of words. The primary



variable of interest was the number of words recalled across these learning trials.
Standard learning and two-day delayed retention scores were obtained for both tasks. The
learning slope calculation provided in the CVLT-II SF manual was not used. This
approach allowed direct comparison between procedural and episodic learning,
considering the total number of learning trials.

Procedural and episodic learning scores and retention percentages were calculated
using the methodology outlined by Keith and colleagues (2022). Briefly, learning scores
for the TMT-M and CVLT-II SF were calculated by taking the difference between first
and last learning trials and standardizing the learning values, which adjusted for baseline
performance and potential maximum gains. Retention scores were computed by
determining the difference between initial and delayed trials, with procedural retention
using the inverse of TMT-M time trial scores and episodic retention using CVLT scores,
normalized to the baseline performance levels and scaled to a percentage.

Processing

T1-weighted images data from each subject were processed using the following
pipelines: first, FreeSurfer (Dale et al., 1999), and second, the FreeSurfer-Initiated Large
Deformation Diffeomorphic Metric Mapping pipeline (FS+LDDMM; Khan et al., 2008),
which generates surface maps and segmentation of limbic and other subcortical structures
— including the hippocampus — and, third, cortical parcellation for entorhinal cortex
thickness.

FreeSurfer

The following explanation of FreeSurfer is standardized language from the

FreeSurfer Wiki (FreeSurfer Methods Citation - Free Surfer Wiki, 2021), openly intended

for this use. Cortical reconstruction and volumetric segmentation were performed with
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the Freesurfer image analysis suite. The technical details of these procedures are
described in
prior publications (Dale et al., 1999; Dale & Sereno, 1993; Fischl et al., 2001, 2002;).
This processing includes motion correction and averaging (Reuter et al., 2010) of
multiple volumetric T1 weighted images (when more than one is available), removal of
non-brain tissue using a hybrid watershed/surface deformation procedure (Ségonne et al.,
2004), automated Talairach transformation, segmentation of the subcortical white matter
and deep gray matter volumetric structures (including hippocampus, amygdala, caudate,
putamen, ventricles; Fischl et al., 2002;), intensity normalization (Sled et al., 1998),
tessellation of the gray matter white matter boundary, automated topology correction
(Fischl et al., 2001), and surface deformation following intensity gradients to optimally
place the gray/white and gray/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines the transition to the other tissue class (Dale et al., 1999).
FSLDDMM

After initial FreeSurfer processing, surface features of the hippocampus were
characterized using large deformation high dimensional brain mapping processes
(Csernansky, Wang, et al., 2004). The specific method, large deformation diffeomorphic
metric mapping (LDDMM), uses an atlas-based transformation that aligns a template
representation of the hippocampus with each subject’s voxel-derived hippocampus.
Surfaces are then generated by overlaying a tessellated graph on each subject’s image (A.
R. Khan et al., 2008). The diffeomorphic transformation process allows individual
surface points to be precisely matched to the template, preserving unique surface

morphology of each structure. The resulting images of the hippocampus were then
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manually inspected and corrected or reprocessed as necessary by trained raters to ensure
the accuracy of each surface map.

Once all subjects were processed, the averaged surfaces of the hippocampus for
each group (CON, aMCI, AD) were compared using a common template, resulting in
data characterizing their degree of surface displacement. Hippocampal subfields of the
CAl, subiculum, and combined CA2-4 and dentate gyrus (remainder) were then
delineated on the surface for every subject using previously defined and validated borders
from manual segmentations by a team of neuroanatomy experts who used reference
sections based on the Duvernoy neuroanatomical atlas (Naidich et al., 2009). Group
comparisons included CON-aMCI, CON-AD, and aMCI-AD.

Cortical Parcellation

Average entorhinal cortex thickness was also compared across groups.
Parcellation of the entorhinal cortex followed the method by Desikan et al. (2006), a
partially automated technique that differentiates cortical regions based on anatomical
landmarks and gyral patterns. This approach combines manual tracing with automated
algorithms applied to FS surfaces to ensure precise and replicable identification of the
entorhinal cortex, and has been shown to be highly accurate (Desikan et al., 2006).
Analysis

Demographic data was analyzed using independent sample t-tests and chi-square
analyses. Cognitive data was analyzed using analysis of variance (ANOVA) models, and
cortical thickness differences between groups using applicable permutations of two-way
analyses of covariance (ANCOVA) that control for short-term variability and relevant
demographic and hemispheric distinctions. Hippocampal shape deformation between

groups was analyzed using studentized t-tests for every vertex along the surface. Shape
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deformation t-statistic contrast maps were created using all graphical vertices from the
amalgamated surface. Random Field Theory (RFT) was used to correct for multiple
comparisons in imaging (Worsley et al., 2004). RFT is used when a spatial component to
the inferences exists, and reduces the chance of false positivity (Adler, 2010).

Bivariate Pearson correlation coefficients (for learning scores) and Spearman's
rank correlation coefficient (for percent retention measurements) were calculated to
evaluate relationships between cognitive performance and morphological metrics. The
significance threshold was set to a p-value of 0.05. Post-hoc Tukey tests checked the
significance between groups through multiple comparisons. Kruskal-Wallis tests assessed
statistical significance of non-parametric data between groups (Keselman & Rogan,
1977; Kruskal & Wallis, 1952). Dunn's test was used to determine which pairs of groups
had significantly different changes in episodic memory retention (Dunn, 1964). The
Wilcoxon Rank Sum Test was used to compare entorhinal cortex thickness between pairs
of groups (Wilcoxon, 1945). It is important to note that the methodology for this study
only characterizes correlations between behavioral phenotypes and corresponding neural

structure; therefore, any relationship discovered cannot claim causality.
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Results
Demographics
Participant characteristics are displayed in Table 1. The sample was well-educated
overall (M=15.67 years of education, SD = 3.55 years). Participants were majority white
with three exceptions (all Asian). There were no significant differences between groups
for age or education, but, as expected, there was a significant difference between groups
in baseline MMSE scores, a marker of level of impairment (AD < aMCI < CON). No

significant difference for sex was found between groups.

Table 1

Participant Demographics and Raw Cognitive Performance Scores

CON aMCI AD
Variable n=12 n=43 n=16 F? vb  p
Demographics
Age 69 (7) 69 (7) 73 (6) 2.22 0.17
MMSE 30 (1) 27(3) 25(3) 16.29 <0.001
Education 15(3) 16 (3) 16 (3) 0.39 0.68
Sex 3.903 0.14
Male 10 (63%) 3(25%) 21 (49%)
Female 6 (38%) 9(75%) 22 (51%)
Cognition
CVLT Learning 20 (8) 12 (7) 8(5) 11.55 <0.001
CVLT % Retention 96 (8) 52(38)  24(25) 27.43 <0.001
TMT Learning 14 (5) 10 (6) 8(7) 3.82 0.03
TMT % Retention 94 (18) 91 (23) 102 (44) 0.19 0.91

Note. Standard deviations are in parentheses. MMSE =Mini Mental State Exam, CVLT =
CVLT II - Short Form, TMT-M = modified Trail Making Test.
* One-way ANOVA. ° Kruskal-Wallis test used for percentage-based measurements.
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Cognitive performance

A main effect of episodic learning was found between groups (F' = 11.55, p <
0.001; Table 1). Figure 1A illustrates a gradient of performance following diagnostic
severity with healthy control participants scoring higher than aMCI and AD participants
in episodic learning (CON > aMCI > AD). CON group episodic learning scores (mean =
19.72) differed with both aMCI (mean = 11.79; mean difference = 7.93, 95% CI [2.90,
12.96], p <0.001) and AD (mean = 8.10; mean difference = 11.63, 95% CI [5.74, 17.51],
p <0.001) participant episodic learning scores. aMCI and AD episodic learning did not
significantly differ from each other. Figure 1 A additionally illustrates poorer performance
in episodic memory retention in participants with aMCI and AD; indeed, a main effect
was found between groups (x> = 27.43, p < 0.001; see Table 1).

Procedural memory learning trial analysis observed a main effect between groups,
as illustrated in Figure 1B (F=3.82; p=0.03; see Table 1). However, significant
differences were found only between CON (mean = 13.54) and AD groups (mean = 7.52;
mean difference = 6.02, 95% CI [0.77, 11.27], p=0.02). No significant differences were
detected between CON and aMCI (mean = 9.7) participants nor between aMCI and AD
groups in procedural learning performance. Figure 1B shows that although procedural
learning scores had a main effect between groups, there were no significant group
differences to report in procedural memory retention scores (3>= 0.19, p = 0.91).

Upon later testing for retention ability, CON participants scored only 1 point

worse on the episodic memory retention task than initial learning trials, an insignificant
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Figure 1
Standardized Scores for Episodic and Procedural Memory Tests by Diagnostic Group

A. Episodic B. Procedural
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Note. “Initial” refers to performance score immediately after learning trials. “Retained” refers
to later follow-up trial testing, measuring retention of knowledge or skill from the CVLT-1I
(Episodic) or TMT-M (Procedural) tests, respectively. (A) Comparison of episodic learning
and retention across groups. (B) Comparison of procedural learning and retention across

groups.

difference (p > 0.05). Notably, both aMCI (mean difference = 6.1) and AD (mean
difference = 1.9) participants scored considerably lower than their respective initial
learning trials (x* = 20.88, p < 0.001). Post-hoc Dunn tests revealed significant
differences between the CON group and both the aMCI (p = 0.003) and AD (p < 0.001)
groups. There was no significant difference between the aMCI and AD groups (p = 0.07).
On the initial procedural learning tasks, CON participants (mean = 13.5) again scored
nearly double AD participants (mean = 7.5), while aMCI participants (mean = 9.7) scored

between CON and AD. However, later procedural learning retention trials showed a
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moderate decrease in performance for CON (mean difference = 1.2) and aMCI (mean
difference = 0.9) participants, while AD participants (mean difference = 0.1) showed a
slight increase in performance. However, these differences were not statistically
significant (y* = 0.33, p = 0.85). This pattern of results, with a significant decline in
episodic but not procedural memory retention in aMCI and AD participants, is contrary to
common expectations.

Figure 2A shows a decrease in episodic learning ability as the severity of patient
diagnosis increases. Notably, episodic learning ability decreases at a steeper rate than
procedural learning ability along the trajectory of symptom progression, eventually

resulting in no difference for AD participants. This observation is supported by the

Figure 2
Learning Scores and Percent Retention on Episodic and Procedural Tests by
Diagnostic Group

A. Learning B. Percent Retained

25 120
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80

s
(6]

60

Mean Score
Percent

10
40

. .
20 §

CON aMClI AD CON aMClI AD

«+@ ¢« Episodic ==g==Procedural es@.« Episodic  emmgumm Procedural

Note. Episodic scores are derived from CVLT-II performance. Procedural scores are derived
from TMT-M performance. (A) Comparison of episodic and procedural learning across
diagnostic groups. (B) Comparison of episodic and procedural memory retention across

groups, expressed as a percentage of initial performance. Scores above 100% indicate
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significant differences in episodic memory change scores between groups (x>= 20.88, p <
0.001), but not in procedural memory change scores (x>= 0.33, p = 0.85).

Figure 2B illustrates the percent retention of each group relative to initial
performance on both episodic and procedural tests. CON participants retained episodic
memory at the same rate as procedural memory, but aMCI participants retained episodic
memory far worse than procedural memory (mean difference = 39.2%). AD participants
not only retained all of procedural memory as tested, but actually improved in this
measure (mean difference = 2.5%). This is in contrast with poor episodic memory
retention rates (mean = 24%) for AD participants. The group differences in episodic
memory retention were statistically significant (y* = 20.88, p < 0.001), with significant
post-hoc differences observed between the CON group and both the aMCI (p = 0.003)
and AD (p <0.001) groups. There was no significant difference between the aMCI and
AD groups (p = 0.07). There were no significant differences between the groups in

procedural memory retention (x°= 0.33, p = 0.85).
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Surface-Based Analyses
Hippocampus

Hippocampal morphometric analysis revealed significant group findings, as
shown in Figure 3. The most significant and widespread differences were observed in a

contrast between CON-AD in the posterolateral portion of the CA1 region of the left

Figure 3
Hippocampal Shape Deformation Comparisons by Group

o

Ventral Dorsal
Ventrolateral (L
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Inward Deformation ] _ Outward Deformation
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Note. Purple indicates inward deformation and red indicates outward deformation of the second

group (e.g., AD) compared to the first (e.g., CON). Results are significant at p < .05, corrected for
multiple comparisons using Random Field Theory (RFT), except in Panel C, which displays

uncorrected results for exploratory purposes.
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hippocampus, showing significant inward deformation (Figure 3A). Also present in the
left hippocampus was anterior ventral CA1 inward deformation, and a slight extrusion in
the anterior medial portion of the CA1 (Figure 3A). In the right hippocampus, the ventral
portion of the subiculum also demonstrated significant outward deformation by the AD
group versus healthy controls (Figure 3A). All aMCI-AD findings survived Random
Field Theory correction.

Figure 3B illustrates the limited findings between aMCI and AD groups. Small
inward deformation was detected on the border of the CA1 subfield and the subiculum,
while no other findings survived Random Field Theory correction. Similarly,
comparisons between aMCI and CON groups yielded no significant results (Figure 3C).
Figure 3C shows uncorrected deformation values between aMCI and CON groups for
exploratory purposes only. There are significant uncorrected findings bilaterally in both
the subiculum and the CA1 regions.

Entorhinal Cortex
Table 2 shows entorhinal cortex thickness mean values and standard deviation.

Raw entorhinal cortex mean thickness values followed the symptom progression of AD,

Table 2

Comparison of Entorhinal Cortex Thickness by Group

Entorhinal Cortex Thickness

Left hemisphere Right hemisphere Average hemispheres
Group M SD M SD M SD
AD 2.75 0.51 2.90 0.45 2.82 0.43
aMCI 2.92 0.38 3.14 0.34 3.03 0.33
CON 3.06 0.42 3.23 0.54 3.15 0.46

Note. For the purposes of this study, only averaged hemispheric measurements were used for later

analyses.
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with healthy control participants having the thickest entorhinal cortex on average (M =
1.95, SD = 0.22) and AD participants having the thinnest entorhinal cortex (M = 1.78, SD
= (.22) across both hemispheres individually and as an averaged hemispheric value.

One-way ANOVA revealed no significance between groups, but post-hoc analysis
was required because of the nonparametric nature of the data; the Kruskal-Wallace test
for non-parametric data revealed a significant main group effect of the averaged
entorhinal cortex value (= 6.48, p=0.041). However, follow-up pairwise comparisons
using the Wilcoxon Rank Sum test resulted in no group differences (p > 0.05).
Structure-Function Correlations

Pearson’s correlation coefficients (mean score) and Spearman’s rank correlations
(percent retention) revealed several significant correlations with both hippocampal
regions and entorhinal cortex thickness, as shown in Table 3. Correlations reported are
those calculated from the bilateral deformation averages of the hippocampal regions
CA1, subiculum, remaining hippocampal regions (remainder), bilateral thickness
averages of the entorhinal cortex, and cognitive performance as measured by CVLT-II
(episodic) learning and retention and TMT-M (procedural) learning and retention.
Correlations by hemisphere were also calculated, but because hemispheric correlations
were not included in the study design the results are found in the Appendix Table S1.

In AD participants, there was a strong positive correlation (0.67) between episodic
retention and the CA1 region of the hippocampus (p = 0.005). A moderate negative

correlation in AD (-0.51) was observed in hippocampal regions not associated with
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Table 3
Brain Region and Memory Performance Correlations by Group
Episodic Episodic % Procedural Procedural %
Group  Structure Learning Retention Learning Retention
ra » rob » ra » rob »
CON
CAl 0.16 0.62 -0.37 0.24 0.12 0.72 0.14 0.67
Subiculum  -0.37 0.24 0.31 0.33 -0.18 0.58 0.31 0.33
Remainder  -0.31 0.33 0.20 0.53 -0.11 0.74 0.15 0.65
Entorhinal ~ -0.18 0.57 0.44 0.15 -0.08 0.80 -0.33 0.30
aMCI
CAl 042  0.005 0.36 0.017 0.10 0.51 -0.35  0.022
Subiculum  0.28 0.06 0.20 0.19 0.28 0.07 -0.25 0.10
Remainder  -0.22 0.16 -0.19 0.22 0.26 0.10 -0.04 0.81
Entorhinal ~ -0.04 0.82 0.11 0.50 0.08 0.60 0.00 0.99
AD
CAl 0.34 0.19 0.67 0.005 0.20 0.46 -0.23 0.39
Subiculum  -0.03 0.90 0.00 0.99 0.13 0.62 -0.06 0.83
Remainder -0.51  0.043 -0.26 0.34 -0.17 0.54 0.02 0.95
Entorhinal ~ 0.51 0.042 0.39 0.13 0.57 0.022 -0.40 0.13

Note. Episodic scores are derived from CVLT-II performance. Procedural scores are derived
from TMT-M performance.
@ y = Pearson Correlation Coefficient. ® 7,= Spearman Rank Correlations; used for percentage-
based correlations.
neither the subiculum nor the CA1 region (p = 0.04). The entorhinal cortex was
moderately associated with both episodic (0.51; p = 0.04) and procedural (0.57; p = 0.02)
learning measures in AD participants.

The CA1 region was frequently correlated with cognitive measures in aMCI
participants. There was a moderate positive correlation with both episodic learning (0.42,

p = 0.005) and episodic retention (0.36; p = 0.02). Additionally, a moderate negative

correlation (-0.35) with procedural retention (p = 0.02) was discovered, a correlation that



22

is notable for appearing only in the aMCI group and not the AD group. No other regions
were significantly associated with cognitive performance in aMCI participants.
Additionally, no correlations were found between brain region integrity and cognitive

measures in healthy control participants.
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Discussion and Analysis

The current study compared episodic learning and retention with procedural
learning and retention, and characterized hippocampal shape and entorhinal thickness,
correlating surface-based measurements with episodic and procedural learning and
retention in amyloid-positive (A+) participants with diagnoses of amnestic mild cognitive
impairment (aMCI) and dementia of the Alzheimer’s type (AD). It was primarily
hypothesized that A+ participants would exhibit more severe surface-based abnormalities
in the hippocampal CA1 region and the entorhinal cortex relative to controls. The
findings were partially consistent with the hypothesis as A+ participants (specifically AD
dementia participants) were shown to have greater inward deformation in the CA1 region
of the hippocampus relative to both control and aMCI participants. There were also main
effects for group differences in the entorhinal cortex as clarified; however, no significant
differences were detected between A+ aMCI participants and healthy control participants
after correcting for multiple comparisons.

It was also hypothesized that A+ participants would demonstrate unique
correlations of procedural and episodic memory performance within the hippocampus.
Calculations of Pearson's correlation coefficients and Spearman's rank correlations
provided evidence in support of this hypothesis, finding there to be several significant
correlations between hippocampal subregions and cognitive measures in the A+
participant groups (AD and aMCI), but not in healthy control participants. Specifically, in
AD participants, there was a strong positive correlation between episodic retention and
the CA1 region of the hippocampus, and moderate correlations between the entorhinal

cortex and both episodic and procedural learning measures. In aMCI participants, the
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CAL region showed moderate positive correlations with both episodic learning and
retention, while also exhibiting a moderate negative correlation with procedural retention.

It is important to note the progressive nature of AD pathology when discussing
neurologic deformation. AD has been shown to be a result of premature neuronal death,
with cognitive symptoms appearing after significant damage has been done to target brain
regions. The current study focused on the early stage of the disease (amnestic Mild
Cognitive Impairment; aMCI) compared to the advanced stage of the disease (dementia
of the Alzheimer’s type; AD). Examining the differences between these two groups, as
well as the differences between healthy control participants and aMCI participants, can
result in greater understanding of the pathological progression of the disease, thereby
informing the focus of future studies. This morphological study examined the
pathological progression in terms of hippocampal shape, entorhinal cortex thickness, and
correlations between those anatomical and cognitive measures.

Previous studies have identified the hippocampus as a severely affected target of
neurodegeneration in participants with cognitive and biological markers for AD
(Chauveau et al., 2021; Csernansky, Hamstra, et al., 2004). Limitations with volumetric
methodology restricted most studies to date to investigate only hippocampal volume,
including subfield volume such as CA1 and the subiculum, in relation to AD biomarkers
such as beta amyloid plaques (Jack et al., 1999; Wisse et al., 2014). Follow-up studies
have sought to corroborate those findings with added specificity using morphologic
methods such as those used in the current study; recent findings corroborate the initial
findings of hippocampal atrophy in the CA1 subregion, albeit with greater specificity. For

example, Busatto Filho et al., (2021) found there to be inward deformation in the anterior
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and especially the posterior portion of the hippocampal CA1 subfield in AD-confirmed
participants compared to healthy controls.

The current study corroborated those findings, with a left-lateralized discovery of
posterior CA1 inward deformation in AD. Curiously, Busatto Filho and colleagues (2021)
found no correlation with amyloid plaque presence and neurodegeneration; however, the
current study of amyloid-positive participants showed atrophy in the posterior CA1l
subfield in AD dementia participants, and in the anterior CA1 in A+ participants. Though
no specific correlations were calculated with amyloid-positivity, this study’s findings of
CAL1 deformation in participants with AD contributes to the growing field of literature
concerning the amyloid-beta hypothesis of AD (Selkoe & Hardy, 2016).

Additionally, the unilateral nature of the inward deformation in AD is significant,
as it has been shown that the left hippocampal formation is more significantly linked to
memory than is the right hippocampus (Das et al., 2009). A study by Zhu et al. (2023)
found that both the volume and shape of the left and right hippocampus changed
distinctly and rapidly after AD diagnosis, with the left hemisphere exhibiting greater
atrophy; the current study endorses this finding. Additionally, the foci of CA1
deformation as illustrated in Figure 3A could suggest the existence of more specific
subfield delineation as the correlation between function and structure becomes better
defined.

AD participants showed the most significant atrophy in the posterior CA1
subfield, while aMCI participants also displayed some atrophy in the anterior CA1
subfield as compared to AD participants. While no significant differences survived

between control participants and aMCI subjects, the CON-AD comparison garnered real
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and clinically important information about the progression of AD pathology: it appears
that AD progression most severely targets the posterior portion of the CA1 region,
though, using the aMCI group results as a temporal checkpoint, the apparent rate of
atrophy may be highest in the anterior portion of the CA1 subregion in participants with
amyloid positivity. Development of accurate characterization of hippocampal
degenerative pathophysiology using morphological methodology may serve as a helpful
imaging marker to monitor clinical AD progression.

Though small, a main group effect was found for the entorhinal cortex across all
groups, although this finding disappeared upon submission to pairwise comparisons. This
was an unexpected finding, given the extensive literature showing entorhinal atrophy as
the chronological first target of AD pathology (Du et al., 2004; U. A. Khan et al., 2014).
The small sample size of the study (N=93; CON rn=12, aMCI n=43, AD n=16),
undoubtedly limited the ability to detect smaller effect sizes for entorhinal cortex
thickness between groups.

The correlation analyses revealed several important relationships between
regional brain morphometry and cognitive performance in the amyloid-positive
participant groups. In AD dementia participants, episodic memory retention as measured
by the CVLT was strongly and positively correlated with the integrity of the CA1 subfield
of the hippocampus. This aligns with the well-established role of the CA1 in memory
consolidation and its vulnerability to neuropathological changes in Alzheimer's disease.
Interestingly, entorhinal cortical thickness also showed moderate positive correlations

with both episodic and procedural learning abilities in AD. As the entorhinal cortex
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provides the major input and output pathways of the hippocampus, its structural integrity
likely affects both memory systems (Reagh & Yassa, 2014).

In aMCI participants, a pattern of correlations emerged that may capture earlier
disease processes. Similar to the AD group, the aMCI group’s CA1 subfield showed
moderate positive correlations with episodic learning and retention, reinforcing its proven
and central role in episodic memory performance (Mueller et al., 2010). A unique
moderate negative correlation was found between CA1 morphology and procedural
memory retention in aMCI, which was not observed in either healthy control participants
or AD dementia. This unexpected finding may reflect the CA1 subfield’s involvement in
procedural memory in healthy systems, an involvement which is gradually ceded to
compensatory mechanisms as the brain continues to atrophy. Beaunieux et al. (2012)
provided initial evidence for this conjecture, showing that as performance decreased in
episodic memory systems, procedural memory performance was maintained despite
brain-wide atrophy.

Indeed, the current study found that while AD participants performed worse than
control participants and aMCI participants on initial procedural memory tests, they
uniquely demonstrated improved retention of procedural memories compared to their
initial learning scores. This pattern contrasts starkly with their impaired episodic memory
retention and corroborates work done by Keith et al. (2023). As proposed by Beaunieux
et al. (2012) and mentioned above, one possible explanation is that neural resources
normally assigned to episodic memory systems — such as the hippocampus, which
degenerates early in AD — may be reallocated to help support procedural memory systems

that are relatively spared. It is also possible that the observed improvement in procedural
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retention could be attributable to other factors. For instance, memory consolidation may
have occurred during REM sleep, which is known to enhance procedural skill learning
(Plihal & Born, 1997; Tucker et al., 2006). Additionally, poor procedural baseline task
performance in AD may have created a floor effect where any minor fluctuations in
performance were amplified as seeming gains in retention scores. Together these results
suggest a unique process of potential neural compensation in the progression of AD
pathology that warrants further investigation. No significant brain-cognition correlations
were detected in healthy control participants, suggesting these relationships may be
specific to underlying Alzheimer's pathology.

The current study’s focus on amyloid-positive (A+) participants across the
Alzheimer’s spectrum produced novel insights into how brain morphology could be
affected by amyloid pathology. Hippocampal subfields and the entorhinal cortex both had
significant correlations with different memory measures in AD and aMCI groups that
were distinct from healthy control participants, suggesting a close association with
structure-function relationships in memory circuits. This study provided a
characterization of the specific hippocampal morphology of A+ participants, and
provided a glimpse into the morphological progression of AD. Longitudinal studies
utilizing morphological methodology to track shape changes in relation to amyloid
accumulation over time could clarify whether these alterations are the consequences or
causes of neural amyloidosis.

This study has several limitations that are important to acknowledge. Primarily,
the sample size was modest, limiting the power of the study. Ideally, each group would

have at least 50-100 participants to improve morphologic sensitivity and reduce the
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probability of both Type I and Type II errors. Larger data sets provide a better
representation of trends in pathology, and neuropathology is no different. Groups like the
Alzheimer’s Disease Neuroimaging Initiative (ADNI; Petersen et al., 2010) are
improving access to data to be used for meta-analysis; future studies should utilize this
resource and similar to improve morphological sensitivity to disease. The diversity of
participants was low, as the sample was largely well educated and almost entirely white,
reducing the study’s generalizability. Additionally, the TMT-M test used to measure
procedural learning has not been independently validated yet as a measure of procedural
learning and retention, though the developers continue to work towards that end (Keith et
al., 2023). Despite these limitations, appropriate statistical analyses resulted in medium to
large correlations largely supporting the hypotheses.

Beyond the limitations, the study has several strengths that should be emphasized.
First of all, each participant was diagnosed with AD or aMCI clinically first, then
confirmed to have amyloid positivity through either '3F-Florbetaben Amyloid PET and/or
CSF analysis of ABeta32 and p-tau/Beta42. Such affirmative diagnosis is a luxury that
bestows high confidence in the results of the study as they refer to diagnostic relatability.
Second, morphologic methodology is highly sensitive and reliable, providing assurance
in the precision of its results. Correlating morphologic and cortical thickness data with
cognitive measures allowed us to explore the underlying anatomical structures for each
task. Third, we compared procedural and episodic memory in participants with both
aMCI and AD dementia, a largely unexplored topic.

Future studies should focus on expanding the scope of this project by replicating

with larger data sets and expanding the structures of focus. Importantly, other subcortical
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structures such as the basal ganglia are highly associated with motor function, a main
component of procedural memory. Investigating these subcortical features in relation to
memory systems could elucidate novel relationships that were impossible to characterize
using volumetric analysis. Future work could also be devoted to identifying interactions
between episodic and procedural memory systems through correlative and interactive

analyses.
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Conclusion

In summary, this study utilized advanced surface- and thickness-based
morphometric analyses to characterize regionally specific changes in the hippocampus
and the entorhinal cortex in amyloid-positive (A+) participants on the Alzheimer’s
disease continuum. Posterior CA1 hippocampal subfield deformations were detected in
A+ Alzheimer’s dementia (AD) participants relative to controls and amnestic MCI
(aMCI) participants, suggesting that CA1 atrophy is a potential hallmark of AD
progression. Correlations between these morphometric measures in AD participants and
procedural and episodic memory measures revealed strong positive correlations between
the integrity of the CA1 subfield of the hippocampus and episodic memory retention, as
well as moderate correlations between entorhinal cortex thickness and both episodic and
procedural learning abilities. In aMCI participants, the CA1 subfield showed moderate
positive associations with episodic learning and retention, along with a unique moderate
negative correlation with procedural memory retention that was not present in controls or
AD participants. This pattern may reflect a compensatory mechanism in the early stages
of AD, where procedural memory is preserved as episodic memory declines. These
findings highlight how morphological techniques can illuminate highly specific brain-
behavior relationships that could not be captured by volumetric analysis alone, offering
new insights into the complex interplay between brain structure and cognitive function in
AD and potentially informing the development of novel diagnostic and therapeutic

approaches.
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Appendix
Table S1
Hemispheric Brain Region and Memory Performance Correlations by Group
Episodic Episodic % Procedural Procedural
Group Hemi Structure Learning Retention Learning % Retention
74 p 7 b p 74 p 7 b p
AD

Right CAl 022 042 046 0.07 019 047 -0.16 0.55
Subiculum -0.11 0.70 0.01 096 0.14 061 -0.16 0.56
Remainder -0.48 0.06 -0.10 0.72 -025 036 -0.19 0.49
Entorhinal 0.61 0.01 033 021 050 0.049 -030 0.26
Left CAl 040 0.13 0.64 001 0.16 055 -029 0.28
Subiculum 0.03 091 0.04 088 0.12 066 0.10 0.72
Remainder -0.47 0.07 -0.35 0.19 -0.09 0.74 0.14 0.61
Entorhinal 0.33 022 057 002 052 004 -045 0.08

aMCI
Right CAl 032 0.04 028 0.07 003 087 -0.29 0.06
Subiculum 0.19 023 0.1 048 031 004 -0.15 0.33
Remainder -0.09 0.56 -0.10 0.51 031 0.046 -0.02 0.87
Entorhinal -0.08 0.61 -0.11 048 0.07 066 -0.02 0.88
Left CAl 0.43 0.004 035 002 014 036 -035 0.02
Subiculum 0.35 0.02 033 0.03 021 0.18 -0.27 0.08
Remainder -0.30 0.049 -0.31 0.04 0.17 028 0.02 0.89
Entorhinal 0.01 094 032 0.04 0.08 0.62 0.04 0.82

CON

Right CAl 023 047 -027 040 013 069 0.19 0.56
Subiculum -0.05 0.87 0.08 082 -0.19 056 024 046
Remainder 0.00 1.00 -0.11 0.74 0.15 0.65 0.10 0.75
Entorhinal -0.28 038 040 020 -0.06 0.84 -0.28 0.38

Left CAl 0.04 090 -034 028 007 082 0.18 0.57
Subiculum -033 030 0.06 0.84 -0.06 084 0.08 0.82
Remainder -0.39 021 -039 021 026 042 -0.10 0.76
Entorhinal -0.04 090 0.17 0.60 -0.10 0.75 0.15 0.65

Note. Episodic scores are derived from CVLT-II performance. Procedural scores are derived
from TMT-M performance.
@ 7 = Pearson Correlation Coefficient. ° rs= Spearman Rank Correlations; used for percentage-

based correlations.
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