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Highlights

e We characterized hippocampal dentation in a healthy oldest-old sample.
e Hippocampal structure is related to episodic memory in healthy oldest-old adults.
e Memory functioning is related to both hippocampal volume and dentation.

Abstract

Episodic memory is widely recognized as a critically important aspect of cognition that is
often impacted by cognitive and brain aging. Prior work has shown that episodic memory is
related to the presence of teeth-like folds on the dentate gyrus, called dentation. We hypothesized
that episodic memory performance relates to overall hippocampal structure (i.e., dentation and
volume) in an oldest-old cohort. We used data from the McKnight Brain Aging Registry, which
consisted of cognitively healthy 85+-year-old adults. We conducted a canonical correlation
analysis on 111 participants between a set of episodic memory tests and a set of characterizations
of hippocampal structure. The analysis yielded a strong canonical correlation between episodic
memory and hippocampal structure (r = 0.491, p = <0.001). The results suggest there is a
connection between hippocampal morphology and function in the oldest-old. Our findings
suggest that dentation may play an important role in relation to the individual differences
observed in episodic memory performance among the oldest old and that hippocampal structure
supports healthy cognitive aging.

Keywords: hippocampal dentation, cognitive aging, episodic memory

1. Introduction

Understanding those factors which lead to healthy cognitive aging is an increasingly
essential goal for society as the portion of the population over 85 increases. The 2010 U.S.
Census estimated that by 2030, 2.3% of the population will be part of the oldest-old cohort (age
85 and older); by 2050, the number of people 85 years of age and older will further increase to
4.3% of the population (Vincent and Velkoff, 2010). Memory, particularly episodic memory, is
sensitive to age and can decline over a lifetime (Dumas, 2015; Luo and Craik, 2008; Spaan,
2015). The decline of memory performance generally begins during middle age and continues
into old age (Davis et al., 2003; Nyberg et al., 2012). Some of this decline may be due to the
early onset of pathological aging (e.g., dementia) or may be part of a normal aging process.
Older age is also associated with higher variance in recall and memory performance, which has
been attributed to memory preservation or impairment in individuals (Davis et al., 2003). As the
population continues to age, we need to understand memory maintenance since it is an important
aspect of healthy cognitive aging. Therefore, our analysis focuses on members of the oldest-old
cohort who have healthy and preserved memory.

The case study of Henry Molaison’s (H.M.) medial temporal lobectomy determined that
the hippocampus is an essential brain structure important for episodic memory function (Corkin,
1984; Corkin et al., 1997; Scoville and Milner, 1957). Progressing from case studies of patients
like H.M., the hippocampus is now studied directly and extensively using neuroimaging,
utilizing various measures (e.g., activity, volume, connectivity, dentation). Both healthy and
pathological aging might affect highly plastic regions, like the hippocampus, more than less
plastic regions in the brain (Fjell et al., 2014). The hippocampus undergoes microstructural and
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macrostructural changes throughout the lifespan which is suspected to affect the cognitive
processes (such as memory) associated with the different subregions of the hippocampus
(Langnes et al., 2020).

Although hippocampal volume decreases with age, some data suggest that mean
hippocampal volume is not statistically different between young adult and older adult
populations (Lupien et al., 2007). Further, these two populations experience large within-group
variability in hippocampal volume (Lupien et al., 2007). A meta-analysis found only an
inconsistent and weak relationship between hippocampal volume, corrected for intracranial
volume, and episodic memory in adults, indicating that hippocampal size may not be sufficient to
explain individual differences in episodic memory as previously hypothesized (Van Petten,
2004). This meta-analysis also found better episodic memory performance in children,
adolescents, and young adults with smaller hippocampal volume, challenging the idea that larger
hippocampal volume contributes to better episodic memory (Van Petten, 2004). Previous studies
have shown both positive (Pohlack et al., 2014) and negative (Chantome et al., 1999)
correlations between hippocampal volume and episodic memory scores in healthy adults.
However, more recent longitudinal studies have found that the hippocampus atrophies with age,
and this shrinking volume is linked to memory decline (Fraser et al., 2015; Kramer et al., 2007;
Murphy et al., 2010; Persson et al., 2012; Pudas et al., 2018). Despite this, hippocampal atrophy
alone might not account for age-related memory decline (Fjell et al., 2013; Resnick et al., 2000),
as similar rates of atrophy have been observed in individuals with stable memory and individuals
with declining memory (Pudas et al., 2018). The variability in results in this field suggests that
hippocampal volume might not be a stable or the only hippocampal feature related to episodic
memory performance.

Unlike hippocampal volume, dentation of the hippocampus has not been as widely
studied, despite the prominence of this structure, and its contribution to the term ‘dentate gyrus.’
Despite the fact that these unique structures are prominent and differ considerably from person to
person, relatively little research has examined the importance of dentation to cognitive function.
To our knowledge, hippocampal dentation has not been observed in other widely used animal
models, such as rats and mice. However, indentations have been observed on the margo
dentriculatus of higher-order primates (Naidich et al., 2009). An increased number of folds in the
medial temporal and occipital lobes of the brain has been positively correlated to intelligence,
supporting the argument that more folding, and therefore increased surface area, might improve
cognitive processing (Luders et al., 2008). The hippocampus has “teeth-like” folds on its dentate
gyrus called dentation; each individual fold is referred to as a dente, as seen in Fig. 1 (Fleming
Beattie et al., 2017). Dentes run from the anterior end to the posterior end of the hippocampus.
The degree of hippocampal dentation was first measured using a subjective rating scale and
correlated with performance on episodic memory tests in a healthy adult sample (age range 20-
57 years old) (Fleming Beattie et al., 2017). Additionally, the relationship between hippocampal
dentation and hippocampal volume was not significant (Fleming Beattie et al., 2017). A more
recent study examined dentation and episodic memory performance in adults with healthy
hippocampi and in adults with hippocampi lesioned due to temporal lobe epilepsy (age = 36.64
11.28) In lesioned hippocampi, dentation positively correlated with hippocampal volume;
dentation and volume trended toward significance in healthy hippocampi (Kilpattu Ramaniharan
et al., 2022). Until now, hippocampal dentation and episodic memory have not been studied in
the oldest-old adult cohort.
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Figure 1. Dentation of the hippocampus. The figure shows anatomical images with a sagittal view of 4
hippocampi. The aquamarine blue arrows point to each individual dente. A dashed yellow line outlines the general
shape of each hippocampus and the respective dentes of each hippocampus. Two participants (both age 85) from our
sample are shown above. The two top images show the left (Left 1) and right (Right 1) hippocampal dentation
counts for one participant in yellow, which were 6 and 2, respectively. The two bottom images show the left (Left 2)
and right (Right 2) hippocampal dentation count for a second participant in yellow, which were 3 and 2,
respectively.

In this study, we aimed to better understand the link between the morphology of the
hippocampus and memory functioning. By studying the hippocampus in the context of a healthy
oldest-old sample, we both expand our understanding of memory in this increasingly important
age group, and we also take advantage of this population’s large variability in brain structure and
in memory performance. We examine hippocampal structure in a novel way by incorporating
hippocampal dentation and volume into one hippocampal structure metric. We hypothesized that
episodic memory performance is related to multiple features of hippocampal structure in a
healthy oldest-old cohort. Therefore, we predicted that better episodic memory performance is
related to a larger and more dentated hippocampal structure in a healthy oldest-old cohort.

2. Methods

2.1 Participants

McKnight Brain Aging Registry (MBAR) participant data was analyzed in this study.
MBAR consists of a sample of healthy oldest old (85 years of age and older) individuals.
Participants were recruited across four sites: The University of Alabama at Birmingham, The
University of Arizona, The University of Florida, and The University of Miami. Participants
were recruited via physician referrals, flyers, and mailings. All participants underwent stringent
inclusion and exclusion criteria that defined successful physical and cognitive aging: participants
were 85 years of age or older, had above a sixth-grade reading level, had no major physical
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disabilities, were independent in basic and instrumental activities in day-to-day life, were
determined to be cognitively unimpaired, and did not have active substance abuse. The
participants were screened for neurological disorders, psychiatric disorders, and mild cognitive
impairment (MCI), using the Telephone Interview for Cognitive Status (TICS) and the Montreal
Cognitive Assessment (MoCA) (Brandt et al., 1988; Nasreddine et al., 2005). Participants also
underwent a neurological exam conducted by a neurologist. Figure 2 illustrates the cognitive
screening measures used to determine healthy cognition in our oldest-old sample. Data were
quality checked for the completion of all four behavioral tests used in our analysis and MRI of
sufficient quality to identify the hippocampus. 111 from the total MBAR participants met these
criteria and were analyzed for this paper. The average age of our sample was 88.22 years (SD =
3.31 years, Range = 85-99); further description of the sample can be found in Table 1.

\ Score above 29

/ Telephone Screening Criteria \
Eligible Ineligible
TICS-M Score below 29
}
Scores 27-28 are considered by Site PI

1) |

/ Screening Visit

MoCA Score of at least 22

Healthy/Normal Cognition

~

MoCA Score below 22

}

Consensus

\

Abnormal Cognition

J

Baseline Visit

Figure 2. Participant Exclusion/Inclusion Flowchart. The figure above illustrates the order of administration of
cognitive screening measures and the process used to determine healthy and normal cognition for our sample of

oldest-old adults.
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Participant Characteristics Total Sample, N=111
Age (years), mean £SD (range) 88.2 +3.31 (85-99)
Education (years), mean + SD (range) 15.8 £2.91 (9-26)
Sex, N (%)
Female 64 (57.66%)
Male 47 (42.34%)
Race, N (%)
Non-Hispanic Caucasian 103 (92.79%)
African American 5 (4.50%)
Hispanic Caucasian 3(2.70%)
Marital Status, N (%)
Widowed 56 (50.45%)
Married 38 (34.23%)
Divorced 12 (10.81%)
Never Married 3 (2.70%)
Living as Married/ Domestic Partnership 2 (1.80%)
Handedness, N (%)
Right 100 (90.09%)
Left 11 (9.91%)

Table 1. Participants Table. The table above shows the demographic characteristics of our sample of 111
participants included in our analysis.

2.2 Episodic Memory Measures:

The episodic memory tests used in this analysis were part of a larger test battery that was
administered over the course of two separate visits. All behavioral tests were administered by
trained and certified testers. All data collected underwent double data entry in Redcap for quality
control of discrepancies. Further quality control was done by visually inspecting the data and
examining outliers and errors in the data.

2.2.1 MST

The Mnemonic Similarity Test (MST) is an episodic memory test of pattern separation.
As part of the MST encoding phase, participants were introduced to a set of images (128 images,
2s each) for which they classified as belonging inside or outside. In the test phase, the
participants were shown another set of images (192 images, 2s each). One third of the images
shown were repeated images from the previous set (old); one third were images not previously
seen during the encoding phase (new); and one third of the images were similar to the previous
set, but not exactly the same as the images in the encoding phase (similar) (Stark et al., 2013).
The participants classified these images as old, new, or similar to the previous set. The MST,
also previously called the BPS-O score, was calculated as the difference between the rate of
“Similar” responses given to similar images minus the rate of “Similar” responses given to old
images. This is subtracted to account for response bias. A negative score indicates a large
number of “similar” responses given for old images. The MST score was used for the analysis.
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222 CVLT

The California Verbal Learning Test Second Edition (CVLT-II) has been widely used as
a measure of verbal episodic memory. The CVLT-II was administered to MBAR participants
following the guidelines in the CVLT Second Edition Manual (Delis et al., 2000). In the CVLT,
participants were given a 16-word list with four semantic categories to learn across five trials.
They were then presented with a separate distractor list with four semantic categories different
from the first list. The distractor list was immediately recalled. Then, the participants were tested
for recall of the original list and for the semantic categories of the list after a short delay (5
minutes). During a long delay (20 minutes), the participants completed different nonverbal tests.
Participants were tested for recall of the original list and the semantic categories after the long
delay. The Long Delay Free Recall (LFDR) raw scores were used for this analysis.

2.2.3 Benson Figure Complex

The Benson Figure Complex is a visuospatial episodic memory task and is in the
neuropsychological battery of the Uniform Data Set from the National Institute on Aging
Alzheimer Disease Centers (Morris et al., 2006). Participants were shown the Benson Figure
Complex and were instructed to copy the figure. The figure copy was scored for the accuracy
and location of elements of the figure. Participants were asked to remember the figure for later
recall. During a long delay (10-15 minutes), the participants completed verbal tasks. After the
long delay, participants were asked to recall the figure that was copied earlier and draw it from
memory, and their drawing was scored using the same criteria as the copy condition. The Benson
Delayed score was used in this analysis.

2.2.4 Craft Story 21

The Craft Story 21 is a verbal episodic memory task in the neuropsychological battery of
the Uniform Data Set from the National Institute on Aging Alzheimer Disease Centers (Morris et
al., 2006). During this task, participants were instructed to listen to a story and remember as
much as possible. Immediately after the story, participants were asked to recall the story.
Participant responses were scored for both verbatim and paraphrasing recall of story units.
During a long delay (20 minutes), the participants completed non-verbal tasks. After the long
delay, participants were asked to recall the story and were again scored for both verbatim and
paraphrasing recall of story units. If participants did not recall a story, they were prompted with a
verbal cue. The Verbatim Delayed Recall score was used in this analysis.

2.3 MRI Acquisition:

The T1- weighted anatomical scans were acquired using three 3.0 T Siemens Prisma
scanners and one 3.0 Skyra Siemens scanner across the four sites with the following parameters:
a repetition time (TR) of 2530ms, an echo time (TE) of 3.37m, a field of view [FOV (ap,th,rl)] of
240 X 256 X 176 mm, a slice gap of 0, a voxel size of 1.0 X 1.0 X 1.0 mm isotropic, and a flip
angle (FA) of 7°). All data were harmonized across sites and underwent quality control and
visual inspection.

2.4 Hippocampal Measures:

2.4.1 Hippocampal Dentation Scoring:

T-1 weighted MRI images were used to assign a score for hippocampal dentation by
viewing the structure of the hippocampus in three dimensions (Fleming Beattie et al., 2017).
Although high-resolution multispectral imaging using a combination of T1 and high-resolution
T2 scans has been recommended for accurate scoring and to identify more detailed features of


https://sciwheel.com/work/citation?ids=11901288&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9014170&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9014170&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9014170&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9648174&pre=&suf=&sa=0
https://doi.org/10.1101/2022.04.10.487750
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.10.487750; this version posted April 11, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

8

dentation, the use of only T1 scans has been suggested for determining counts of dentation with
visual ratings along the hippocampus (Fleming Beattie et al., 2017), (Kilpattu Ramaniharan et
al., 2022). The subjective dentation score from Kilpattu Ramaniharan et al. (2022) was done for
each participant by counting the number of hippocampal dentes in both the left and right
hemispheres. The program 3D Slicer was used to view the T-1 weighted images in the sagittal
plane (Fedorov et al., 2012). Hippocampal dentation was scored by two trained graders. The
rating scale consisted of counting the number of hippocampal dentes of the hippocampus in each
hemisphere. The reliability and consistency between the two scorers were determined by
generating ICC values (see Results 3.1) for the dentation scores of 111 participants (222
hippocampi in total). The simplified dentation scoring method is shown in Fig. 1. We conducted
a paired T-test to determine whether the left and right hippocampal dentation were statistically
different.

2.4.2 Hippocampal volume:

Hippocampal volumes (mm?) were estimated using the Freesurfer Analysis Pipeline
(Dale et al., 1999). As done by Fleming Beattie et al. (2017), the anatomical scans were
segmented in order to obtain volumes of both left and right hippocampi. The automated
hippocampal volume segmentation was visualized and examined for accuracy. We conducted a
paired T-test to determine whether the left and right hippocampal volumes were statistically
different. Because we are interested in features of the hippocampus in our analysis, we did not
normalize hippocampal volumes based on intracranial volume (ICV). Potential atrophy in the
whole brain that occurs with age might distort the relationship between volume and dentation
when hippocampal volume is corrected for ICV. However, in order to control for the possibility
that ICV influences the relationships we observe here, we did perform correlations with
intracranial volumes, as described below.

2.5 Statistical Analyses:

2.5.1 A priori Power Analysis:

An a priori power analysis was done to determine the sample size needed to detect an
effect for our proposed structural equation model. The minimum sample size for the model
structure was calculated to be 100, with a power of 0.8, a small effect size (0.1-0.3) (Cohen,
1992), 2 latent variables, 8 observed variables, and an alpha threshold of 0.05.

2.5.2 Canonical Correlation:

Canonical correlation analysis (CCA) is a classic multivariate technique used to find
linear relationships between two sets of variables (Rosa et al., 2015). The canonical loadings
reflect the variance the observed variable shares with the canonical variable. Any canonical
loading above [0.30| is considered an important contributing variable to the function (Lambert
and Durand, 1975). We used canonical loadings to determine the relative importance of each
variable to the function (Kabir et al., 2014; Lambert and Durand, 1975). In order to study the
relationship between the episodic memory tests and hippocampal structures, a regularized
canonical correlation analysis was conducted (Fig. 3). A partial correlation was performed
between the latent variables canonical scores using ICV as a covariate in order to account for
total head volume.

2.5.3 Pearson Correlations:

As follow-up descriptive analyses, Pearson correlations were computed between episodic
test measures and both hippocampal dentation and volume. This analysis was conducted in order
to study the individual effects of hippocampal dentation and volume on episodic test measures.
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Previous dentation studies in a healthy adult sample have shown relationships between episodic
memory test scores and hippocampal dentation (Fleming Beattie et al., 2017). Correlations
between Hippocampal Structure measures and ICV were performed in order to see the effect of
ICV on individual measures.

3. Results

3.1 Hippocampal Dentation ICC:

ICC values were calculated to determine the agreement between the dentation
assessments of the two trained scorers. The ICC value for the left dentation assessment was
r=0.7934 and the ICC value for the right dentation assessment was r = 0.811. Since an ICC value
above 0.75 is considered to be excellent (Shrout and Fleiss, 1979), our hippocampal dentation
scores are considered reliable and consistent for our analysis.

3.2 Observed Variables:

The average, standard deviation, and range were calculated for each observed variable of
the CCA, shown in Table 2. Two paired samples t-test was done to compare dentation and
volume between the left hippocampus and the right hippocampus. The difference in dentation
between the left (M= 3.1, SD= 1.3) and right (M= 2.8, SD= 1.5) hippocampus was statistically
significant (t(110)= 1.98, p (two-tailed)= 0.0079). However, there was no statistically significant
difference (t(110)= 1.98, p (two-tailed)= 0.704)between left (M= 3131.7 mm?, SD= 388.2 mm?)
and right M= 3142.0 mm?, SD=416.5 mm?) volume.

Observed Variable Average SD Range
Craft Story 21 13.3 4.7 2-24
Benson Figure Complex 9.7 3.3 0-17
CVLT LDFR 8.1 34 0-16
MST LDI 0.1 0.2 -0.37 - 0.63
Left Dentation 3.1* 1.3 1-8
Right Dentation 2.8% 1.5 0-6
Left Volume (mm?) 3131.7* 388.2 2001.3 - 4213.3
Right Volume (mm?) 3142.0%* 416.5 1928.6 - 4249.5

Table 2. Episodic Memory and Hippocampal Structure Measures. The table above shows the average scores,
standard deviations, and ranges for each measure inputted (i.e., observable variables) into our CCA. Paired Sample
T-tests were run for Dentation and Volume. Left Dentation is statistically different from Right Dentation. Left and

Right Volumes were not statistically different. The * indicates measures that underwent a paired samples t-test to
determine hemispheric statistical significance. The difference in left and right dentation was statistically significant.

However, there was no statistically significant difference between left and right volume.

3.3 Canonical Correlation Analysis:

Our model (Fig. 3) of a canonical correlation illustrates the relationship between all
episodic memory tests and all hippocampal structures. A canonical correlation generates multiple
models and Fig. 3 shows the only significant model output by the analysis. The black arrows
represent the weighting of each measure to create the latent variable (“episodic memory” and
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“hippocampal structure.” We found a relatively strong statistically significant canonical
correlation between Episodic Memory and Hippocampal Structure variables (r = 0.491 p
<0.001), represented by the red arrow in Fig. 3. This model accounted for 33.5% of the variance
in the data.

The model assigned weights (Canonical Loadings) to each of the four episodic memory
measures that give rise to the “Episodic Memory” factor, all CLs had the same sign, indicating
they all tended to covary. When the sign of all the weights is the same (positive or negative), this
shows that they all covary in the same direction, like many other types of analyses (e.g, principal
components analyses, factor analyses). In this case, every canonical loading value in the model
was negative. To make Fig. 3 easier to interpret, we report the absolute value of those canonical
loading values; since every value was negative, the interpretation is the same.

Episodic test measure CVLT had a canonical loading (CL) below |0.30| (Lambert and
Durand, 1975), indicating it was not an important contributing factor to the function (CL =
0.204). The Benson Figure test showed a strong contribution to the model (CL = 0.801). Right
Dentation also showed a strong contribution to the model (CL = 0.862). Yet, Right Volume
showed the lowest contribution of the hippocampal structures (CL = 0.468). The partial
correlation accounting for ICV resulted in a slightly statistically significant correlation (r =
0.487, p = <.001).

L r=10.491
Episodic P 5 Hippocampal
Memory Structure
0.204
Craft Story Benson Right Left Left Right
CVLT 21 MST Figure Volume Dentation Volume Dentation

Figure 3. Canonical Correlation Model. The diagram above represents the output of the CCA. The Episodic
Memory measures and Hippocampal Structure measures are sorted, left to right, by canonical loadings contributing
to two latent variables (“Episodic Memory” and “Hippocampal Structure”). The red arrow represents the canonical

correlation (r = 0.491) is illustrated between Episodic Memory and Hippocampal Structure. All of the canonical
loadings were originally negative values but were changed to positive values for simplification and interpretability
(see section 3.3 for further explanation).

3.4 Correlational Analyses:

Although interpretations of the data are based on the CCA above, for completeness we
report the individual correlations among episodic memory test measures, among hippocampal
structures, and correlations between episodic memory tests and hippocampal structures. Fig. 4
illustrates the relationships between individual episodic memory tests and individual
hippocampal structure measures. Verbal episodic memory tests such as CVLT (r = 0.00, -0.17)
and Craft Story 21 (r = 0.05, -0.09) had weak correlations to both left and right hippocampal
volume. The Benson Figure episodic memory test had the strongest association with the episodic
memory tests to all of the hippocampal structure measures (r = 0.27-0.35). Moderate correlations
are seen between hippocampal structure measures (r=0.256-0.308). There are strong correlations
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between left and right hippocampal volume measures (r = 0.679) and left and right hippocampal
dentation measures (r = 0.754).

]
=]

Participants
=]

o

Left Dent.
oON B O ®

Right Dent.
on B O

Figure 4. Correlation Plot Diagram. The diagram above represents the correlations between episodic test
measures (Benson Figure Complex, Craft Story 21, CVLT, and MST) and hippocampal dentation in each
hemisphere (Left Dent= left dentation and Right Dent= right dentation), and hippocampal volume in each
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representative of volume measures (green = Left Volume, purple = Right Volume). Red represents the correlation
plots between volume and dentation measures. The r values represent the Pearson correlation values and the p values
are representative of the statistical significance.

4. Discussion

Our results suggest that both hippocampal dentation and hippocampal volume are
important for memory function. A more complex hippocampal structure (ie. higher volume and
more dentes) was related to higher episodic memory test measures in this oldest-old adult
sample. With the aging of the global population, oldest-old adults will become a greater
percentage of the population, making healthy cognitive aging more and more important to
understand. Our analysis supports an association between the morphology and memory
functioning of the hippocampus in this oldest-old sample, contributing to our understanding of an
important aspect of cognitive aging: episodic memory.

4.1 Hippocampal Dentation has Variability in Oldest-old Adults.

The hippocampus has been central to our understanding of memory. Yet, a connection
between specific aspects of morphology, like hippocampal dentation, and function has not been
previously demonstrated in this oldest-old adult sample. Fleming Beattie et al. (2017) points to a
connection between hippocampal dentation and episodic memory. They found that the degree of
hippocampal dentation varied across 22 healthy adults (range: 20-57 years) and was positively
associated with episodic memory.

In our findings, we also see this variability in hippocampal dentation in our healthy
oldest-old adult group (Table 2). The range of the hippocampal dentation varied between the left
and right hemispheres, but the average was similar. Further, the difference in dentation between
the left and right hippocampus was statistically significant. Previous literature found no
statistical difference in dentation between the left and right hippocampus in a healthy adult
sample (Fleming Beattie et al., 2017). The discrepancy in our findings and previous literature
may suggest that aging contributes to changes in each hemisphere of the hippocampus. Studies
have shown that the hippocampus begins to atrophy in healthy human aging (Fraser et al., 2015).
The effects of hippocampal atrophy on hippocampal dentation have not been explored, but our
results suggest hippocampal dentation variability occurs in old age. The rates of hippocampal
atrophy are similar for those with stable memory and declining memory (Pudas et al., 2018).
This finding suggests that hippocampal volume is not the only hippocampal feature related to
memory. The variability is seen in our sample, suggesting the previously explored relationship
between episodic memory and hippocampal dentation extends into old age. Previous literature
points at hippocampal structure not being the only measure related to memory, indicating the
variability in dentation seen in the oldest-old sample and hippocampal volume could account for
differences in episodic memory. Our findings suggested there was no correlation between
hippocampal dentation and intracranial volume (Sup Fig.1). Dentation could then be a useful
measure in aging studies as aging causes impacts on brain volume.
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4.2 The Combination of Hippocampal Volume and Dentation Create a More Complete
Measure of Hippocampal Morphology.

Previous literature has found conflicting results in the relationship between hippocampal
volume and episodic memory (Pudas et al., 2018, Pohlack et al., 2014, Chantome et al., 1999,
Lupien et al., 2007,Van Petten, 2004). The previous results showing a positive relationship
between episodic memory and hippocampal dentation seen in healthy adults demonstrated the
role dentes may play in memory (Fleming Beattie et al., 2017). Our analysis combined
hippocampal volume and hippocampal dentation in order to construct a more comprehensive
hippocampal measure. When constructing our latent variable Hippocampal Structure, we divided
volume and dentation measures into the left and right hemispheres to account for possible
variability between the two hemispheres. As seen in Figure 3, right dentation showed the
strongest relationship in the model (CL = 0.862), while right volume showed the weakest
relationship of the hippocampal structure measures in the model (CL = 0.468). These findings
pointed to right hippocampal dentation as more related to episodic memory. Interestingly, left
hippocampal volume showed a stronger relationship in the model (CL = 0.713) than left
hippocampal dentation (CL = 0.626), indicating left hippocampal volume contributed more
strongly to the Hippocampal Structure. These findings illustrate a potential hemispheric
difference in the role the dentation may play on the hippocampal function. Overall, the findings
support the idea that all four hippocampal structure measures contribute to our model. The
combination of these measures could allow for a more complete measure of hippocampal
morphology and point to a stronger connection between morphology and memory functioning in
the hippocampus that has not been previously explored.

4.3 A Larger and More Complex Hippocampus is Related to Greater Episodic Memory
Performance.

In the context of healthy aging, better episodic memory performance relates to a larger
and more complex hippocampal structure. Fig. 3 illustrates a relatively strong statistically
significant canonical correlation (r = 0.491, p < 0.001) between hippocampal structure and
episodic memory. CCA determines the variables that have the greatest contribution to the
strongest relationship between the two sets. When corrected for ICV using a partial correlation
the canonical correlation resulted in similar results (Sup Fig 1., r = 0.487, p <0.001). The
analysis further strengthened the evidence for a positive relationship between hippocampal
dentation and episodic memory explored in Fleming Beattie et al. (2017). The latent variable
Episodic Memory was composed of different episodic memory tests to include different aspects
of episodic memory (pattern separation, verbal, visuospatial) used to create a more complete
measure. The latent variable Hippocampal Structure was constructed by both hippocampal
volume and dentation in the left and right hemispheres. To our knowledge, our analysis was the
first to incorporate both hippocampal dentation and volume as a combined, latent variable of
Hippocampal Structure. Our findings point to a connection between the morphology and
memory functioning of the hippocampus.

4.4: Episodic Memory Measures do not Equally Contribute to Hippocampal Structure.

In our analysis, we combined different measures of episodic memory to better measure
the domain of episodic memory performance. The model illustrated significant relationships
between all of the episodic memory tests except for the CVLT (CL = 0.204). Previous studies
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have found a positive significant relationship between the CVLT and hippocampal dentation
(Fleming Beattie et al., 2017). Yet, previous studies have also found insignificant relationships
between hippocampal volume and CVLT (Vuoksimaa et al. 2013). Craft story had the second-
lowest contribution to the latent variable (CL = 0.422). Both the CVLT and Craft Story are
verbal episodic memory tests. These results show that verbal episodic memory tests had the
smallest contribution to the latent variable. Figure 4 showed that both CVLT (r = 0.00; -0.17)
and Craft Story (r = 0.05; -0.09) had Pearson correlations near 0 to the hippocampal volume.
This along with previous literature is consistent with the notion that hippocampal volume is not
related to verbal episodic memory tests (Vuoksimaa et al., 2013). The Benson Figure showed the
strongest contribution to the latent variable (CL = 0.801) and strongest Pearson correlations to
the hippocampal structures (r = 0.27; 0.31; 0.35; 0.28). The Benson Figure Complex may have
more weight in our latent variable since it is specifically aimed at visuospatial episodic memory.
The right hippocampus is thought to be involved in the encoding and processing of spatial
relationships, thus playing a crucial role in visuospatial memory (Zeidman and Maguire, 2016).
The canonical correlation model (Figure 3) showed the strongest relationship to both Benson
Figure and Right Dentation. This finding suggests that right dentation could be involved in
visuospatial memory. Indicating that hippocampal structure might be related to not only episodic
memory functioning but also visuospatial memory.

4.5 Limitations and Future Analyses

This work has several limitations. One limitation is the demographically homogenous
nature of our participant sample: 92.79% of our sample were Non-Hispanic Caucasians. Further,
our sample was also highly educated with an average of 15.8 years of education. This is relevant
because research suggests that education influences the impact of cognitive aging on memory
(Amieva et al., 2014; Katzman et al., 1989; Rentz et al., 2010; Stern et al., 1995, 1992) such that
memory problems occur later in people with more education. Future studies should aim to have
more diverse oldest-old samples to more accurately represent the broader population.

Our data were collected across four different sites, each with differences such as test
administrators and MR scanners. To mitigate this limitation, prior to data acquisition, personnel
at all four sites underwent extensive training, and pilot data acquired at each site were compared.
Further, all behavioral data underwent double scoring and double entry; all structural MRI
images underwent quality assessment. Our analyses and dataset were not planned or optimized to
examine differences among participants of different sex or gender. Future work could control
for confounding variables and directly address questions of sex differences. Linear relationships
among variables were assumed for statistical analyses. However, we acknowledge the possibility
that relationships among variables may not be linear and these assumptions may not be true.

Another limitation of our analysis is the adapted subjective manual scoring of
hippocampal dentation. However, we addressed this limitation by running an ICC analysis on the
scoring from the two graders. Additionally, the training of the two graders for dentation scoring
was given by the neurologist who developed the rating scale in Fleming Beattie et al. (2017).
However, Fleming Beattie et al. (2017) notes that merely counting individual dentes alone may
not reflect the complexity of the hippocampal structure such as the depth of dentation folds or a
curvilinear shape along the length of the hippocampus. A simple dentation count score alone
might not most accurately and descriptively represent the structure of hippocampal dentation.
The pending development of an objective quantitative method could help mitigate this limitation
of subjectivity by more objectively scoring hippocampal dentation (Ramaniharan et al., 2020).
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Further study of hippocampal structure across a lifespan could lead to a better
understanding of healthy aging, hippocampal structure, and memory. Previous literature found
that across the lifespan the hippocampus undergoes micro-and macro-structural changes, which
are thought to affect hippocampal function (Langnes et al., 2020). However, Langnes et al.
(2020) did not specifically investigate hippocampal dentation. Future work is needed to evaluate
how the hippocampal structure, specifically dentation, differently changes over the course of
healthy aging in older adult samples and younger adult samples or longitudinally.

5. Conclusion

As adult age increases, memory declines, on average (Dumas, 2015; Luo and Craik,
2008; Spaan, 2015). Since memory plays such a vital role in our everyday lives, understanding
both memory and its decline in old age is of importance to society. The hippocampus is well
known to be important to memory, but details of how its structure supports memory are still
being explored. In particular, prominent hippocampal structures, called dentes, give the dentate
gyrus its name, but the importance of this structure to the function of the hippocampus is not well
understood. This work uses a novel technique to measure hippocampal structure through the use
of both dentation and volume. Our study also provides further insight into the range of
hippocampal dentation in people with healthy cognition, specifically in an oldest-old study
group. Our work supports a relationship between hippocampal morphology and memory
functioning in the context of advanced aging. These findings support the idea that hippocampal
sub-structure contributes to the memory functioning of the hippocampus. In the oldest-old
sample, episodic memory is important to healthy cognitive aging, which our study suggests is
predicted by a larger and more complex hippocampus.
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