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ABSTRACT

Early stages of Alzheimer's disease (AD) are associated with volume reductions in specific subregions of the medial temporal lobe
(MTL). Using a manual segmentation method—the Olsen-Amaral-Palombo (OAP) protocol—previous work in healthy older
adults showed that reductions in grey matter volumes in MTL subregions were associated with lower scores on the Montreal
Cognitive Assessment (MoCA), suggesting atrophy may occur prior to diagnosis of mild cognitive impairment, a condition that
often progresses to AD. However, current “gold standard” manual segmentation methods are labour intensive and time consum-
ing. Here, we examined the utility of Automatic Segmentation of Hippocampal Subfields (ASHS) to detect volumetric differences
in MTL subregions of healthy older adults who varied in cognitive status as determined by the MoCA. We trained ASHS on the
OAP protocol to create the ASHS-OAP atlas and then examined how well automated segmentation replicated manual segmen-
tation. Volumetric measures obtained from the ASHS-OAP atlas were also contrasted against those from the ASHS-PMC atlas,
a widely used atlas provided by the ASHS team. The pattern of volumetric results was similar between the ASHS-OAP atlas and
manual segmentation for anterolateral entorhinal cortex and perirhinal cortex, suggesting that ASHS-OAP is a viable alternative
to current manual segmentation methods for detecting group differences based on cognitive status. Although ASHS-OAP and
ASHS-PMC produced varying volumes for most regions of interest, they both identified early signs of neurodegeneration in CA,/
CA,/DG and identified marginal differences in entorhinal cortex. Our findings highlight the utility of automated segmentation
methods but still underscore the need for a unified and harmonized MTL segmentation atlas.

1 | Introduction

In Alzheimer's disease (AD), neurodegeneration occurs years
before clinical diagnosis. Pathological aggregates of amyloid-3
and hyperphosphorylated forms of tau protein can accumu-
late in the brains of cognitively healthy older adults decades
before symptom onset (Bennett et al. 2005). In particular,

neurofibrillary tangles associated with tau pathology have
been closely linked to cognition and memory performance in
AD and normal aging (Nelson et al. 2012; Marks et al. 2017).
Neurofibrillary tangles first appear in the transentorhi-
nal region of the medial temporal lobe (MTL), which likely
overlaps with Brodmann area 35 (BA35) of the perirhinal
cortex (PRC) and potentially overlaps with the anterolateral
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entorhinal cortex (alERC) (Braak and Braak 1995). Over time,
neurofibrillary tangles affect hippocampal subfields such as
the cornu ammonis (CA,) and later spread to the subiculum
(SUB) and other brain regions beyond the MTL (Braak and
Braak 1995; Braak and Del Tredici 2020).

The pattern of progression of tau pathology in the MTL is sim-
ilar to the progression of brain atrophy associated with AD
and normal aging, which suggests an association between tau
pathology and atrophy in the MTL (de Flores et al. 2020; Jack
et al. 2002; de Souza et al. 2012). The CA, subfield of the hip-
pocampus, alERC, and PRC (or more precisely BA35) exhibits
the earliest signs of atrophy in individuals with preclinical AD
(Yushkevich et al. 2015b; Pini et al. 2016; Xie et al. 2019). The
parahippocampal cortex (PHC) and the rest of the hippocam-
pal subfields tend to display greater atrophy as AD progresses
(Braak and Braak 1995; Khan et al. 2014). Identifying the earli-
est signs of neurodegeneration prior to clinical diagnosis of mild
cognitive impairment (MCI), a condition that often progresses
to AD, is critical to improving early detection of impending AD
(Petersen 2004; Sperling et al. 2011).

Manual segmentation has been considered the standard
technique for measuring structural volume changes in brain
regions associated with AD. Using one such method, the
Olsen-Amaral-Palombo (OAP) manual segmentation proto-
col, Olsen et al. (2017) found that certain regions of the MTL
exhibited grey matter volume declines in healthy community-
dwelling older adults who did not have subjective memory
complaints but who nonetheless exhibited signs of cognitive
decline associated with impending MCI, as measured by
the Montreal Cognitive Assessment (MoCA; Nasreddine
et al. 2005). The MoCA is a brief neuropsychological assess-
ment tool that exhibits excellent specificity and sensitivity
in detecting MCI (Markwick, Zamboni, and de Jager 2012;
Nasreddine et al. 2005) and predicting future conversion to
AD (Julayanont et al. 2014). Specifically, in their study, the
participants who failed the MoCA (half of the study sample)
showed reduced grey matter volumes in the alERC, PRC, and
CA, subfield of the hippocampus—the very same MTL struc-
tures where tau pathology consistently accumulates in early
AD. Other work has found that structural changes in these
aforementioned regions are related to cognitive decline as
assessed via other behavioral measures beyond the MoCA
(Yeung et al. 2017, 2019). Collectively, these studies have
shown that lower MoCA scores in healthy older adults were
related to smaller volumes in specific MTL subregions that are
affected in AD, highlighting the potential sensitivity of both
the MoCA and manual segmentation methods in detecting
subtle AD-related changes in grey matter.

Although manual segmentation of hippocampal subfields and
extrahippocampal regions remain the standard in the field of
neuroimaging, this method is labor intensive and time con-
suming, especially when large amounts of complex imaging
datasets must be analyzed. Establishing inter-rater reliability
can also often pose a significant challenge. In addition, man-
ual segmentation requires specialized expertise, which can re-
sult in equity issues due to differences in funding and personnel
across research labs. By contrast, automated segmentation is
time efficient, requires limited operator training, and provides

consistent results with repeated iterations on any given dataset
(Bender et al. 2018).

There are several automated segmentation software tools cur-
rently available for use by the scientific community, includ-
ing FreeSurfer (Iglesias et al. 2015), MAGeT-Brain (Pipitone
et al. 2014), HippUnfold (DeKraker et al. 2022), and Automatic
Segmentation of Hippocampal Subfields (ASHS; Yushkevich
et al. 2015b). These tools are different in terms of the MR image
they use for segmentation: FreeSurfer is deployed on T1-weighted
images or T1-weighted images with an optional additional T2-
weighted image for segmentation of hippocampal subfields,
MAGeT-Brain is run on either T1-weighted or T2-weighted
images, HippUnfold uses either T1-weighted or T2-weighted
images, and ASHS uses T1-weighted images or T1-weighted im-
ages with an additional T2-weighted image (depending on the
atlas) for subfield delineation. Although T1-weighted scans with
~1 millimeter (mm) isotropic resolution may suffice for certain
segmentation goals, previous research has suggested that im-
ages with submillimetric (e.g., 0.4 0.4) in-plane resolution are
the most appropriate image type for segmenting hippocampal
subfields (Wisse et al. 2021). Of the four tools mentioned above,
FreeSurfer relies on volumetric registration using a single atlas
(Iglesias et al. 2015; Wisse et al. 2021); ASHS, and MAGeT-Brain
make use of multi-atlas registration (Yushkevich et al. 2015b;
Pipitone et al. 2014); HippUnfold uses topological registration
and U-Net tissue classification based on a large training set for
hippocampal subfield segmentation (DeKraker et al. 2022).

In the current study, we were particularly interested in using
ASHS as our preferred automated segmentation tool for two
main reasons. First, ASHS can be applied using a segmentation
atlas provided by the ASHS team (e.g., ASHS-PMC: Penn
Memory Center T2-weighted 3T MRI Atlas; ASHS-PMC-T1:
Penn Memory Center T1-Only Atlas for T1l-weighted 3T
MRI; ASHS-Utrecht: Utrecht Medical Center 7T MRI Atlas)
or other existing atlases (e.g., Neuroimaging Tools &
Resources Collaboratory: https://www.nitrc.org/frs/?group_id=
370). Alternatively, ASHS can be “trained” based on a segmen-
tation protocol of a user's own choice (i.e., the user can design
their own custom atlas package to label MRI scans). Second,
ASHS provides atlases that are trained on MR images that are
similar to MR images available for use in the current work in
terms of their resolution (i.e., ASHS-PMC: Penn Memory Center
T2-weighted 3T MRI Atlas). Given these factors, ASHS emerged
as the preferred choice for our current study.

We trained ASHS on the manual segmentation protocol (OAP
protocol) developed by our lab and used in our previous work
(Olsen et al. 2017, 2013) to determine how well the automated
segmentation (ASHS-OAP) approximated the MTL volumes
that were generated by the “gold standard” manual segmenta-
tions in Olsen et al. (2017). By using the same MRI dataset of
40 healthy older adult brains collected by Olsen et al. (2017), we
were able to determine whether the ASHS-OAP atlas could be
used to detect the earliest signs of neurodegeneration in hip-
pocampal subfields and extrahippocampal regions of an older
adult sample. We examined whether volumetric measures ob-
tained from ASHS-OAP would relate to MoCA performance in
the same way as they did when manual segmentation was used
(Olsen et al. 2017).
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There is increased interest in the field for automated methods
that delineate hippocampal subfields (Hickling et al. 2024). If
ASHS, when trained on the OAP protocol, can produce volumet-
ric results that are similar to the volumetric results produced by
manual segmentation on the same sample of healthy older adult
MRI images, then the ASHS-OAP atlas may be a more efficient
alternative to manual tracing of the MTL. Moreover, in the cur-
rent study, we provide the first demonstration of automatic vol-
umetric estimations of entorhinal cortex (ERC) subregions (i.e.,
alERC and posteromedial entorhinal cortex, pmERC) in any
sample. Therefore, this work may be of particular interest for
researchers who study brain regions associated with early signs
of AD-related neurodegeneration.

We also compared the volumetric results from the ASHS-OAP
atlas to an atlas provided by the ASHS team (ASHS-PMC) and
commonly used by researchers to identify hippocampal and
extrahippocampal atrophy among older adults and those with
MCI and/or dementia (Yushkevich et al. 2015b; Xie et al. 2017).
Furthermore, we examined whether volumetric measures ob-
tained from ASHS-PMC would relate to MoCA performance.
By comparing the volumetric results from the ASHS-OAP atlas
to the volumetric results from the ASHS-PMC atlas, we high-
light the need for a unified and harmonized MTL segmenta-
tion protocol to improve reproducibility. The ASHS-OAP atlas,
along with a README file containing information about the
data/file structures and software requirements for using the
atlas, are available on Dryad, an open data publishing platform
(Mazloum-Farzaghi et al. 2024; https://doi.org/10.5061/dryad.
6djh9w17h).

2 | Methods
2.1 | Participants

Forty community-dwelling healthy older adults (as described
in Olsen et al. 2017; age range =59-81years; mean age="71.4;
mean education=16.3years; range=12-23; 30 female) were
recruited from participant databases at the Rotman Research
Institute and the University of Toronto. All participants received
the MoCA (M score =26.63, SD =2.86) (Nasreddine et al. 2005)
and were divided to two age-matched groups that differed solely
in their MoCA score. Although a score of 26 is not a definitive
threshold for indicating risk of MCI, it is the threshold score
that warrants further dementia screening (sensitivity =98%;
Damian et al. 2011). Likewise, in our prior work (D'Angelo
et al. 2016; Yeung et al. 2013; Olsen et al. 2017), we found sig-
nificant cognitive and neural differences between those who
scored above versus below the 26 threshold score. Therefore,
the two groups in the current study were defined as an “at-risk”
group (N=20; 17 females; M age =72.5years, range =59-81, M
education =16.2years, range = 12-22) who scored below 26 (in-
dicating potentially pathologic cognitive impairment and risk
for MCI, M score =23.4, range =17-25), and a “healthy” group
(N=20; 13 females; M age=70.3years, range=63-77, M edu-
cation=16.6years, range = 12-23) who scored 26 and above (M
score =27.9, range =26-30). t-tests showed no difference in age,
t(38)=1.29, p=0.20, or years of education, #(38)=0.51, p=0.61,
between the two groups, but there was a significant difference in
MoCA score, t(38) =7.87, p<0.001 between them.

None of the older adults had any significant subjective mem-
ory complaints as measured by the Memory Functioning
Questionnaire (MFQ; Gilewski, Zelinski, and Schaie 1990).
Moreover, neuropsychological performance in these subjects
was in the nonimpaired range (see Olsen et al. (2017) for more
details). All participants were fluent English speakers with
normal or corrected-to-normal vision and were screened for
non-MRI compatible metal implants, color blindness, diabetes,
neurologic disorders, stroke, or brain trauma. All participants
gave written informed consent and were compensated for their
participation. The Research Ethics Board at Baycrest Hospital
approved this research.

2.2 | Structural Image Acquisition

Neuroimaging was completed on a 3-Tesla Siemens Trio scan-
ner using a 12-channel head coil. All participants received a
T1-weighted, magnetization-prepared, rapid acquisition with
gradient echo image (MP-RAGE) whole-brain anatomical
scan (TE/TR=2.63ms/2000ms, 160 axial slices perpendicu-
lar to the AC-PC line, voxel size=1x1X1mm, FOV=256mm,
TI=1100ms). The T1-weighted MP-RAGE was used for slice
placement during the acquisition of a subsequent high In-plane
resolution T2-weighted scan in an oblique-coronal plane, per-
pendicular to the hippocampal long axis (TE/TR=68/3000ms,
20-28 slices depending on head size, 512x 512 acquisition ma-
trix, voxel size =0.43 X 0.43 X 3mm, no skip, FOV =220mm). For
the T2-weighted scan, the first slice was placed anterior to the
collateral sulcus (CS) (including the temporal pole, when possi-
ble) and the last slice was placed posterior to the hippocampal
tail to ensure full coverage of the entire hippocampus and MTL
cortices for all participants.

2.3 | Manual Segmentation

Manual segmentation of grey matter was previously per-
formed on the 40 older adult participants’ T2-weighted im-
ages using the OAP protocol, which had been employed for
previous volumetric investigations of MTL subregions (Olsen
et al. 2009, 2013; Palombo et al. 2013; Yushkevich et al. 2015a).
The manual segmentations (termed Manual-OAP) were con-
ducted on participants' native space, on the oblique-coronal
plane perpendicular to the long axis of the hippocampus.
A single rater who was blind to the MoCA scores manually
delineated regions of interest (ROI), which included three
hippocampal subfields (CA,, a region combining dentate
gyrus (DG), CA, and CA, (CA,/CA,/DG), and SUB) and four
MTL cortex subregions (alERC, pmERC, PRC, and PHC) in
FSLView (Figure 1A). Hippocampal subfields (CA,, CA,/CA,/
DG, SUB) were defined in the body and posterior head of the
hippocampus. Note that ROI were also delineated for the tail
and anterior head of the hippocampus, but these regions were
not further divided into their individual subfields. Currently,
there is little consensus as to how to subdivide these regions
into subfields using in vivo 3-Tesla MRI, which is why it has
been our practice to combine them into a single ROI, as do
other high-resolution protocols (e.g., see Schlichting and
Preston protocol in Yushkevich et al. 2015a). Because the hip-
pocampal subfields within these regions are not segmented
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FIGURE 1 | The extent along the anterior-posterior axis (A-P in the figure) of the different anatomical labels included in the Manual-OAP
(A), ASHS-OAP (C) and ASHS-PMC (B & D) atlases. Dashed black vertical lines outline MRI slices (the number of slices is variable from subject
to subject). Dashed black lines surrounding the ROI (C and D) indicate the combining of regions into a single ROI for comparison across protocols
(Modified ASHS-OAP to Modified ASHS-PMC) in our analyses. Note the tail and anterior head were not analyzed (A). The collateral sulcus label
(CS) was not analyzed (B). “Appearance of ...” indicates most anterior slice that contains landmark. “Last visualization of ...” indicates most posterior
slice that contains landmark. ASHS-PMC diagram (B) is adapted from Xie et al. (2017). alERC =anterolateral entorhinal cortex, CS=collateral

sulcus, DG =dentate gyrus, ERC =entorhinal cortex, FTJ=frontal temporal junction, PHC =parahippocampal cortex, PRC =perirhinal cortex,

pmERC =posteromedial entorhinal cortex, SUB =subiculum.

into subregions, these regions were excluded from further
analysis. A second rater who was also blind to the MoCA
scores segmented the same regions to establish inter-rater reli-
ability. Inter-rater reliability and intra-rater reliability results
were similar to reliability values reported in previous studies
on the manual segmentation of the hippocampus and MTL
cortices (Wisse et al. 2012; Yushkevich et al. 2015b). For a de-
tailed description of the segmentation protocol and reliability
results see Olsen et al. (2017).

2.4 | Automated Segmentation

2.41 | Automatic Segmentation of Hippocampal
Subfields Using the Olsen-Amaral-Palombo
(ASHS-0AP) Protocol

A custom atlas was built using the ASHS software (Yushkevich
et al. 2015b) following the published procedures (https://sites.
google.com/view/ashs-dox/local-ashs/building-an-atlas-for-
t2-mri), but not the slice heuristics procedure. We generated
a custom atlas package (ASHS-OAP) based on the 40 healthy
older adults’ manual segmentations from Olsen et al. (2017).
Following atlas generation, automated segmentation using the
ASHS-OAP atlas was applied on all 40 older adult participants.
The ASHS segmentation procedure contains an approach

called multi-atlas label fusion, which allows all participants
in an atlas to “vote” on the label for each voxel, an approach
known as multi-atlas label fusion (Yushkevich et al. 2015b).
As our atlas participants were also members of the target seg-
mentation, we used leave-one-out cross-validation to remove
any possibility of bias in the target segmentation sample as de-
scribed in the ASHS documentation (https://sites.google.com/
view/ashs-dox/local-ashs/building-an-atlas-for-t2-mri#h.p_
8mP2fZnC5Wtu). More specifically, each atlas participants'
vote was excluded from their own target segmentation during
the labelling process. That is, to prevent inflating accuracy in
their automated segmentation through bias, we did not use a
participant's own manual segmentation when labelling their
MR image (Schlichting et al. 2019). Atlas building in ASHS
was performed on a Linux cluster with a Sun Grid Engine. The
automated segmentation produced by ASHS-OAP resulted in
nine ROI, as also produced by the Manual-OAP method. These
regions were the tail and anterior head of the hippocampus,
three subfields of the hippocampus (CA,, CA,/CA,/DG, SUB)
and four MTL cortex subregions (alERC, pmERC, PRC, PHC)
(Figure 1A). The tail and anterior head of the hippocampus
were not analyzed. Therefore, in the analyses, which com-
pared the ASHS-OAP atlas to Manual-OAP, seven ROI were
assessed for each method (CA,, CA,/CA,/DG, SUB, alERC,
pmERC, PRC, PHC). See https://doi.org/10.5061/dryad.6djh9
w17h for more details.
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2.4.2 | Automatic Segmentation of Hippocampal
Subfields Using the Penn Memory Center
(ASHS-PMC) Protocol

Automated segmentation using the ASHS-PMC atlas (Xie
et al. 2017) (provided by ASHS team; Figure 1B) was also ap-
plied to the same group of 40 healthy older adults. The ASHS-
PMC atlas was trained on brain images of older adults with MCI
or AD and thus can be used to segment hippocampal and extra-
hippocampal MTL subregions of older adults (55+ years of age).
There are three atlases currently available for ASHS (ASHS-
PMC: Penn Memory Center T2-weighted 3T MRI Atlas, ASHS-
PMC-T1: Penn Memory Center T1-Only Atlas for T1-weighted
3T MRI, and ASHS-Utrecht: Utrecht Medical Center 7T MRI
Atlas); however, for ASHS to work effectively, the MRI scans
provided by users must be sufficiently similar to the MRI scans
used to form the atlas provided by the ASHS team. Therefore,
the ASHS-PMC atlas was chosen for the current study. It is im-
portant to note that the ASHS-PMC atlas was trained on brain
images of older adults with MCI or AD, whereas the ASHS-OAP
atlas was trained on brain images of healthy older adults.

Automated segmentation using the ASHS-PMC atlas resulted
in five subfield labels of the hippocampus (CA,, CA,, CA,, DG,
SUB) and four MTL cortex subregion labels (ERC, BA35, BA36,
PHC) (Figure 1B). Note that the ASHS-PMC atlas labels the re-
gions of the MTL differently than the Manual-OAP/ASHS-OAP
methods (Xie et al. 2017). One of the goals in the current study
was to compare the ASHS-OAP atlas to the ASHS-PMC atlas in
terms of the relationship between their volumetric outputs and
MoCA scores. Thus, in order to compare the volumetric outputs
from the ASHS-PMC atlas to the ASHS-OAP atlas, we combined
the volumes of BA35 and BA36 into one region (PRC) and CA,,
CA,, and DG into another region (CA,/CA,/DG) from the volu-
metric outputs of ASHS-PMC (Figure 1D). In addition, we com-
bined alERC and pmERC volumes produced by ASHS-OAP into
one ERC region (Figure 1C). The ASHS-PMC atlas segments the
hippocampus into subfields along the entire longitudinal axis,
so this protocol does not have an “anterior head” and “tail” label;
therefore, these regions were not included in analyses compar-
ing the ASHS-OAP and the ASHS-PMC atlas (Figure 1D). Thus,
in the analyses which compared the ASHS-PMC atlas to the
ASHS-OAP atlas, six ROI were assessed for each atlas: three
subfields of the hippocampus (CA,, CA,/CA,/DG, SUB) and
three MTL cortical regions (ERC, PRC, PHC) (Figure 1C,D).

2.4.3 | Volume Extraction

The results of the automated segmentations (ASHS-OAP and
ASHS-PMC) from the left and right hemispheres indicated three
different segmentation variants depending on the segmentation
algorithm used by ASHS (“Heur,” “NoGray,” and “UseGray”).
We used the results from the segmentation algorithm “UseGray,”
which is the preferred algorithm when the MRI intensity char-
acteristics of the T2-weighted image are similar to the intensity
characteristics of the images in the atlas package (as stated in
the ASHS published procedures: https://sites.google.com/view/
ashs-dox/local-ashs/building-an-atlas-for-t2-mri). In our case,
the same T2-weighted images were used in the atlas package
and target sample for the ASHS-OAP atlas. Similarly, we used

the “UseGray” algorithm for extracting volumes from the
ASHS-PMC atlas.

Raw volumes obtained from automated and manual segmen-
tation methods were adjusted for differences in overall head/
brain size across all participants using an adapted version of the
ANIMAL algorithm (Collins et al. 1995). Total brain volume
was accounted for in each ROI using a linear regression where
each ROI is regressed on total brain volume (Free et al. 1995).
Each individual's estimated total brain volume (eTIV) was ob-
tained from FreeSurfer (version 5.3) rather than ASHS, as Olsen
et al. (2017) used FreeSurfer for their head size correction analy-
ses (Buckner et al. 2004). This allowed for reliable comparison of
the head/brain size corrected automated and manual volumes.
Then the beta coefficient (i.e., regression slope, which represents
the effect of brain size across participants on that region’s vol-
ume), was obtained from the regression analysis. The residual
value (i.e., the structure's actual size minus its predicted value
based on the individual's brain volume) was accounted for in
each ROI for each individual using the following formula (Free
et al. 1995): NV=0V—Gradx(bV,~bV__ ). In this formula,
NV is the corrected MTL subregion volume, OV is the original
MTL subregion volume, Grad is the gradient (i.e., beta coeffi-
cient) of the regression line between the MTL subregion volume
and the total brain volume measure, bV, is the brain volume
measurement for that participant (i.e., eTIV from FreeSurfer),
and bV_ . is the mean brain volume for all participants. For
total volume analyses, we added the volumes of the left and right
hemispheres for each participant's ROI for Manual-OAP, ASHS-
OAP, and ASHS-PMC methods.

Furthermore, all automated segmentations on the T2-weighted
images (voxel size=0.43x0.43 X 3mm) were visually inspected
for quality assurance. More specifically, visual inspection was
applied using a pass or fail rating system for each ROI pro-
duced by ASHS-OAP and ASHS-PMC. A “fail” score was con-
sidered to be a ROI, which had more than 20 voxels under or
over-segmented on a given slice. All automated segmentations
received a pass score for both ASHS-OAP and ASHS-PMC
methods, and no participants were excluded from the current
study. In addition, no manual corrections were applied to the
automated segmentations.

2.5 | Statistics

All analyses were performed using the R programming lan-
guage (R Core Team 2022). In the analyses, which compared
the ASHS-OAP atlas to Manual-OAP, seven ROI were assessed
for each method (CA,, CA,/CA,/DG, SUB, alERC, pmERC,
PRC, PHC).

In the analyses, which compared the ASHS-PMC atlas to the
ASHS-OAP atlas, six ROI were assessed for each method (CA,,
CA,/CA,/DG, SUB, ERC, PRC, PHO).

Variance-stabilizing transformations (Draper and Smith 1998)
were applied to all brain region volumes using the natural log-
arithm function “log()” in R. Log-transformed volumes were
then used in all statistical analyses to address heteroscedasticity
and non-normality in the data. Log-transformation allowed for
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stabilization of the variance in brain regional volumes, reduced
skewness, and allowed the data to more closely conform to the
assumptions of parametric tests, resulting in more reliable and
interpretable results. Note that all figures and tables report brain
region volumes in their original state unless otherwise stated
(i.e., corrected for total brain volume, but without the variance-
stabilizing transformation).

Initial exploration of the data assessed main effects and inter-
actions with hemisphere using repeated-measures or mixed-
design ANOVA models. When hemisphere did not interact with
effects of interest, reported analyses were run on the summation
of left and right hemisphere volumes.

Using the anova_test() function from the rstatix package in
R (Kassambara 2023), a repeated-measures ANOVA was run
to test the significance of the interaction between brain re-
gion (within-subjects factor)x segmentation method (within-
subjects-factor; Manual-OAP and ASHS-OAP or ASHS-OAP
and ASHS-PMC) on brain volume. Greenhouse-Geisser correc-
tions (built into anova_test()) were applied to correct for viola-
tions of assumptions of sphericity (Mauchly's test of sphericity).
Interaction effects were followed up by using paired t-tests (two
tailed) and corrected for multiple comparisons. The Holm-
Bonferroni method was used to control familywise error rate
when performing multiple comparisons.

The accuracy of automated segmentation (ASHS-OAP) rela-
tive to manual segmentation (Manual-OAP) was assessed in
terms of relative overlap by using the Dice similarity coefficient
(DSC; Crum, Camara, and Hill 2006) for each MTL subregion
in each hemisphere, which ASHS produced automatically as
part of its software. The DSC produced a value between 0 and
1, where 0 indicated no overlap or similarity between two re-
gions (complete dissimilarity) and 1 indicated perfect overlap or
similarity between two regions (complete similarity) produced
by Manual-OAP and ASHS-OAP. A higher DSC indicated that
the automated segmentation method produced results that
closely matched the manual segmentation (DSC>0.70; high
agreement), while a lower coefficient (0.5>DSC>0.7; moderate
agreement, 0.5>DSC; low agreement) indicated a greater di-
vergence between the two methods. As ASHS-OAP and ASHS-
PMC atlases are based on different segmentation protocols, DSC
was not computed when these two atlases were compared.

The relationship between MTL subregion volumes and cogni-
tive status was examined by treating MoCA performance as
a categorical variable (healthy vs. at-risk). Using the anova_
test() function in R, MTL subregion volumes were entered
into a single mixed-design ANOVA to test for main effects
of group (between-subjects factor; healthy, at-risk), brain re-
gion (within-subjects factor), and group-by-region interac-
tions on volume for each of the three segmentation methods
separately. Greenhouse—Geisser corrections were applied to
correct for violations of assumptions of sphericity. A second
mixed-design ANOVA, which included age as a covariate was
also run to control for any age differences between groups
for each segmentation method. Greenhouse-Geisser correc-
tions were applied to correct for violations of assumptions of
sphericity (Mauchly's test of sphericity). Interaction effects

between group X brain region were followed up with indepen-
dent t-tests (one tailed) and corrected for multiple comparisons
(Holm-Bonferroni method). Given the literature reporting
volume reductions in MTL subregions as a function of AD se-
verity (Adachi et al. 2003; Kerchner et al. 2010, 2012; La Joie
et al. 2013), and our previous work on a similar group of indi-
viduals who demonstrated neural and behavioral impairments
(D'Angelo et al. 2016; Newsome, Duarte, and Barense 2012;
Newsome et al. 2013; Yeung et al. 2013), we had strong a priori
hypotheses that brain volumes would be smaller in the at-risk
group; thus, one tailed tests were used.

Linear models were conducted to test the interaction between
group (healthy, at-risk) and segmentation method (Manual-OAP
and ASHS-OAP or ASHS-OAP and ASHS-PMC) on regions that
exhibited significant group differences (healthy, at-risk).

3 | Results
3.1 | Manual-OAP Versus ASHS-OAP

3.1.1 | Comparison of Manual Volumes (Manual-OAP)
and Automated Volumes (ASHS-OAP)

Manual segmentation (Manual-OAP) volumes were compared
with automated segmentation volumes (ASHS-OAP) of the same
participant. Seven regions were assessed: three subfields of the
hippocampus (CA,, CA,/CA,/DG, SUB) and four MTL cortical
subregions (alERC, pmERC, PRC, PHC) (Figure 1). A repeated-
measures ANOVA revealed a nonsignificant protocol (Manual-
OAP and ASHS-OAP)Xbrain region (natural log-transformed
volumes) X hemisphere interaction after correction for sphericity
violations (p=0.87); consequently, the reported analyses were
run on the summation of left and right hemispheres. We present
all main effects and interaction effects to provide a comprehen-
sive account of our findings.

A repeated-measures ANOVA was performed with brain re-
gion (seven ROI) and segmentation method (Manual-OAP and
ASHS-OAP) as interaction terms and brain volume (natural
log-transformed volumes) as the dependent variable. This model
was run in order to test whether the brain region X segmentation
method was significant (indicating a significant difference be-
tween segmentation method on brain regional volume).

There was a significant interaction between segmentation
method and brain region (F(6,234) =2.87, p<0.05), a significant
main effect of segmentation method (F(1,39)=5.90, p<0.05),
and a significant main effect of brain region (F(6,234) =1361.55,
p<0.05). Mauchly's test for sphericity indicated violations for
both brain region and the interaction term (p <0.05). Following
Greenhouse-Geisser corrections, the interaction term (p <0.05)
and main effect of brain region remained significant (p <0.05).
Thus, volumes produced by Manual-OAP and ASHS-OAP dif-
fered from one another significantly.

Mean volumes obtained from Manual-OAP and ASHS-OAP
are shown in Table 1. Follow-up paired t-tests indicated that
none of the ROI had significantly different volumes between
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Volumes (Mean + SD) of manual (Manual-OAP) and automated segmentation (ASHS-OAP).

TABLE 1

Segmentation
method

ASHS-OAP volume

Manual-OAP volume

Right Total Left Right Total

Left

Hemisphere

1240.82+£128.50 624.13+£105.31 613.13+£94.55 1237.26+113.47

614.95+121.63

625.87£124.11

CA,

1942.77 £268.26 936.72+£108.62 967.45+117.90 1904.16 £220.86

990.24 £182.35

952.53+151.92

CA,/CA,/DG

SUB

1139.57 +£254.49 587.82+141.02 538.73+£107.95 1126.55+146.33

540.45+178.32

599.12+195.26

1372.38 £214.84 631.72+120.39 664.70 £102.81 1296.42+159.21

700.59 +138.45

671.79 £176.31

alERC

240.54 £138.74 459.93+164.04 191.44+133.98 219.48 £127.67 410.92 +140.74

219.38+160.34

pmERC

4622.81+718.12

4843.17+1080.47 2524.22+326.78 2098.59 +£386.67

2227.50+636.84

2615.67 £505.95

PRC

3668.72+ 558.85 1918.20£271.49 1756.55+240.11 3674.76 £461.063

1774.50+£269.88

1894.22+339.86

PHC

Note: Analyses were run on total volume; however, for completeness, we have reported left and right volumes for each MTL subregion. None of the regions of interest had significantly different volumes between Manual-OAP and

ASHS-OAP when multiple comparisons were taken into account.

TABLE 2 | Dice similarity coefficient (DSC) (mean + SD) of volumes
from Manual-OAP and ASHS-OAP.

Hemisphere Left Right

CA, 0.78+0.04 0.79+0.04
CA,/CA,/DG 0.81+0.04 0.80+0.05
SUB 0.76 £0.06 0.75+0.06
alERC 0.73+£0.06 0.74+0.06
pmERC 0.59+0.12 0.62+0.11
PRC 0.74+0.05 0.71+£0.08
PHC 0.78+0.07 0.79+0.06

Note: The DSC produced a value between 0 and 1, where 0 indicated no overlap
or similarity between two regions (complete dissimilarity) and 1 indicated
perfect overlap or similarity between two regions (complete similarity) produced
by Manual-OAP and ASHS-OAP. (DSC > 0.70; high agreement, 0.5>DSC>0.7;
moderate agreement, 0.5 > DSC; low agreement).

Manual-OAP and ASHS-OAP. Note that the alERC (¢(39) =2.44,
p<0.05 uncorrected, two tailed) and pmERC (#(39)=2.59,
p<0.05 uncorrected, two tailed) showed volumetric differences
between Manual-OAP and ASHS-OAP; however, these effects
did not survive correction for multiple comparisons.

The DSC for Manual-OAP versus ASHS-OAP (Table 2) was the
highest for CA,/CA,/DG in the hippocampal formation (Left:
0.81+0.04, Right: 0.80+0.05) and the lowest for the SUB (Left:
0.76 +0.06, Right: 0.75+0.06). Moreover, the DSC of Manual-
OAP versus ASHS-OAP (Table 2) was the highest for the PHC
in the MTL cortex (Left: 0.78 £0.07, Right: 0.79+0.06) and the
lowest for pmERC (Left: 0.59 +0.12, Right: 0.62+0.11).

To further examine how well volumes produced by Manual-OAP
matched with volumes produced by ASHS-OAP, scatterplots for
each ROI were created with data points representing each partic-
ipant (using non-log-transformed volumes) (Figure 2; top panel).
We found a strong correlation between volumes produced by
Manual-OAP and ASHS-OAP for the PRC region (F(1,38)=87.39,
p<0.001, R°=0.70, R=0.84). In addition, there was a moder-
ate correlation between volumes produced by Manual-OAP
and ASHS-OAP for CA, (F(1,38)=35.29, p<0.001, R?=0.48,
R=0.69), CA,/CA,/DG (F(1,38)=42.58, p<0.001, R?=0.53,
R=0.73), SUB (F(1,38)=51.08, p<0.001, R?=0.57, R=0.75),
alERC (F(1,38)=42.33, p<0.001, R?=0.53, R=0.73), and PHC
(F(1,38)=32.54, p<0.001, R?=0.46, R=0.68). However, the rela-
tionship between volumes produced by Manual-OAP and ASHS-
OAP for pmERC (F(1,38)=8.48, p<0.01, R?=0.18, R=0.42) was
weak. In addition, Bland-Altman plots were used to assess the
agreement of the log-transformed volumes for each ROI between
Manual-OAP and ASHS-OAP (Figure 2; bottom panel). Each
point on the plot represents a single measurement, and most
points are close to the central line (mean difference), indicating
good agreement between the two methods. There are a few points
near and outside the limits of agreement (e.g., pmERC), which
indicates specific cases where the two methods differ. Overall, the
majority of points fall within the limits of agreement, suggesting
reasonable agreement between the manual and automated log-
transformed volume measurements, with some variation as indi-
cated by the spread of points.
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FIGURE 2 | Top panel: Scatter plots depicting the variance explained between volumes produced by the Manual-OAP and ASHS-OAP atlas for

each ROI (non-log-transformed volumes). Each data point represents one participant, categorised by healthy (blue) or at-risk (pink). Dotted unity line
represents equivalency between volumes produced by Manual-OAP and ASHS-OAP. Points that fall along the unity line indicate that the volumes
of the two atlases are exactly the same. Deviation from the unity line indicates a discrepancy between the volumes of the two atlases. Volumes are
measured in mm?. A: CA , B: CA,/CA,/DG, C: Subiculum (SUB), D: Anterolateral entorhinal cortex (alERC), E: Posteromedial entorhinal cortex
(pmERC), F: Perirhinal cortex (PRC), G: Parahippocampal cortex (PHC). Bottom panel: A Bland-Altman plot was used to assess the agreement
between the Manual-OAP and ASHS-OAP methods (using log-transformed volumes) by plotting the difference between the methods against their
average. Each point is colored according to ROI. The central dashed line represents the mean difference between the log-transformed volumes of
Manual-OAP and ASHS-OAP. The line is close to 0, which suggests that there is no substantial systematic bias between the two methods. The other
two dashed lines represent the limits of agreement, set at the mean difference + 1.96 times the standard deviation of the differences.
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3.1.2 | Group Differences in MTL Subregion Volumes
(Manual-OAP, ASHS-OAP)

A mixed-design ANOVA was performed with brain region (seven
ROI) and group (healthy, at-risk) as interaction terms, and brain
volume as the dependent variable (natural log-transformed vol-
umes) for Manual-OAP and ASHS-OAP methods separately.
This test examined whether the brain region X group interaction
was significant for a given segmentation method (indicating a
significant difference between groups on brain regional volume).
Initial exploration of the data using a mixed-design ANOVA
revealed no significant group (healthy, at-risk)xbrain region
(natural log-transformed volumes) X hemisphere interaction for
Manual-OAP (p=0.53) and ASHS-OAP (p=0.63) after correc-
tion for sphericity violations; consequently, the reported anal-
yses were run on the summation of left and right hemispheres.

For Manual-OAP, a mixed-design ANOVA revealed a significant
main effect of group (F(1,38)=5.33, p<0.05) and brain region
(F(6,228)=842.72, p<0.05). The group X brain region interaction
effect was nonsignificant (F(6,228)=1.76, p=0.11). Mauchly's test
for sphericity revealed violations for both brain region (p<0.05)
and the groupxbrain region interaction (p<0.05). Following
Greenhouse-Geisser corrections, the main effect of brain region
remained significant (p <0.05), while the group X brain region in-
teraction remained nonsignificant (p=0.15). When age was added
as a covariate and after sphericity corrections were performed,
there was still a significant main effect of brain region (p <0.05)
and a nonsignificant brain region X group interaction (p=0.14).
The effect of group was nonsignificant (p=0.06).

For Manual-OAP, follow-up independent samples t-tests showed
that only the alERC region was significantly larger in the healthy
group versus the at-risk group (¢(38)=3.27, p<0.01, one tailed).
The effect of alERC was still significant even when adding age
into a follow-up linear model with group and age as independent
variables on volume. The CA, subfield (t(36)=2.42, p<0.05,
one tailed) and the PRC (¢(31)=2.19, p<0.05, one tailed) also
showed group differences; however, these effects did not survive
correction for multiple comparisons. Boxplots for each region
are plotted in Figure 3.

For ASHS-OAP, a mixed-design ANOVA revealed that there was
a significant main effect of group (¥(1,38)=7.09, p<0.05), brain
region (F(6,228)=156.13, p<0.05), and groupxbrain region in-
teraction effect (F(6,228)=2.19, p<0.05). Mauchly's test for sphe-
ricity indicated violations for both brain region (p<0.05) and the
group X brain region interaction (p <0.05). Following Greenhouse-
Geisser corrections, brain region (p<0.05) remained significant,
and the interaction effect became nonsignificant (p=0.08). When
age was added as a covariate, there was still a significant main ef-
fect of brain region (p <0.05), and a significant main effect of group
(p<0.05) after corrections for sphericity. The brain region X group
interaction (p=0.09) remained nonsignificant.

For ASHS-OAP, follow-up independent samples t-tests showed
that the CA,/CA,/DG subfield (¢(38)=3.09, p <0.05, one tailed)
and the PRC (t(28)=2.61, p<0.05, one tailed) indicated group
differences. Follow-up linear models were conducted with
age as a covariate. The effect of the CA,/CA,/DG subfield
and PRC were still significant even when adding age into the

linear models. The alERC (¢(38)=2.29, p<0.05, uncorrected,
one tailed) and CA, region (¢(34)=2.10, p <0.05, uncorrected,
one tailed) showed group differences; however, these effects did
not survive correction for multiple comparisons. Boxplots for
each region are plotted in Figure 3.

Linear models were conducted to test the interaction between
group (healthy, at-risk) and segmentation method (Manual-OAP
and ASHS-OAP) on regions that exhibited significant group dif-
ferences for both Manual-OAP and ASHS-OAP methods (alERC,
CA,/CA,/DG, PRC). The interaction between group and seg-
mentation method was nonsignificant for alERC, CA,/CA,/DG,
and PRC, which suggested that the observed volume differences
between groups were not statistically different across Manual-
OAP and ASHS-OAP methods.

3.2 | ASHS-OAP Versus ASHS-PMC

3.2.1 | Comparison of Automated Volumes Obtained
From ASHS-OAP and ASHS-PMC

In the next sets of analyses, we were interested in comparing the
ASHS-OAP atlas to the ASHS-PMC atlas. In order to compare the
volumetric outputs from the ASHS-PMC atlas to the ASHS-OAP
atlas, six regions were assessed for each atlas: three subfields of the
hippocampus (CA,, CA,/CA,/DG, SUB) and three MTL cortical
regions (ERC, PRC, PHC) (Figure 1C,D). Note that these sets of
analyses are different than the previous section as we combined
alERC and pmERC volumes produced by ASHS-OAP into one
ERC region. See Section 2 for further details. Initial exploration
of the data using a repeated-measures ANOVA revealed a signif-
icant protocol (ASHS-OAP and ASHS-PMC)Xbrain region (nat-
ural log-transformed volumes) X hemisphere interaction (p <0.05)
after correction for sphericity violations. However, to align with
our previous work (Olsen et al. 2017) and the prior Manual-OAP
versus ASHS-OAP section of the current paper, the reported anal-
yses were run on the summation of left and right hemispheres. We
present all main effects and interaction effects to provide a com-
prehensive account of our findings.

A repeated-measures ANOVA was performed with brain re-
gion (six ROI) and segmentation method (ASHS-OAP and
ASHS-PMC) as interaction terms and brain volume (natural
log-transformed volumes) as the dependent variable. This model
was run in order to test whether the brain region X segmenta-
tion method was significant. There was a significant interaction
between brain region x segmentation method (F(5,195) =894.61,
p<0.05), a significant main effect of segmentation method
(F(1,39)=303.60, p<0.05), and a significant main effect of brain
region (F(5,195)=1139.22, p<0.05). Mauchly's test for spheric-
ity indicated violations for both brain region (p <0.05) and the
interaction effect (p <0.05). Following Greenhouse-Geisser cor-
rections, the main effect of brain region (p <0.05) and the inter-
action effect (p <0.05) remained significant. Therefore, volumes
produced by ASHS-OAP and ASHS-PMC were significantly dif-
ferent from one another.

Mean volumes of six ROI (CA,, CA,/CA,/DG, SUB, ERC, PRC,
PHC; Figure 1C,D) obtained from ASHS-OAP and ASHS-PMC
are shown in Table 3. The follow-up paired t-tests indicated that
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FIGURE3 | Hippocampal subfields and MTL cortical volumes. Box plots, plotted separately for healthy and at-risk participants and segmentation

method (Manual-OAP on the left and ASHS-OAP on the right), *p <0.05 after multiple comparison correction, +p <0.05 before multiple comparison
correction. Example of three segmentation slices produced for each ROI per segmentation method displayed for the same participant (healthy
participant) (A-G). A=anterior, alERC =anterolateral entorhinal cortex; P=posterior; PHC =parahippocampal cortex; pmERC = posteromedial

entorhinal cortex; PRC =perirhinal cortex; SUB =subiculum.

PRC volumes generated by ASHS-OAP and ASHS-PMC were
similar to one another, but ERC, PHC, CA,/CA,/DG, and SUB
volumes produced by ASHS-PMC were significantly smaller
compared with ASHS-OAP (p<0.001, two tailed). CA; volume
produced by ASHS-PMC was significantly greater than ASHS-
OAP (p<0.001, two tailed).

To examine how well volumes produced by ASHS-OAP matched
with volumes produced by ASHS-PMC, scatterplots for each
ROI were created with data points representing each partici-
pant (using non-log-transformed volumes) (Figure 4; top panel).
There was a strong correlation between automated volumes pro-
duced by ASHS-PMC and ASHS-OAP for the CA,/CA,/DG sub-
field (F(1,38)=169.70, p<0.001, R?=0.82, R=0.90). There was a
moderate correlation between automated volumes produced by

ASHS-PMC and ASHS-OAP for CA, (F(1,38)=86.88, p<0.001,
R2=0.70, R=0.83), SUB (F(1,38)=102.20, p<0.001, R?=0.73,
R=0.85),and ERC (F(1,38) =78.56, p <0.001, R?=0.67, R=0.82).
There was a weak relationship between automated volumes pro-
duced by ASHS-OAP and ASHS-PMC for PRC (F(1,38)=26.58,
p<0.001,R?=0.41, R=0.64) and PHC (F(1,38) = 17.28, p < 0.001,
R?=0.31, R=0.56). In addition, Bland-Altman plots were used
to assess the agreement of the log-transformed volumes be-
tween ASHS-OAP and ASHS-PMC for each ROI (Figure 4;
bottom panel). Each point on the plot represents a single mea-
surement, and most points are close to the central line (mean
difference), indicating good agreement between the two meth-
ods. There are a few points near and outside the limits of agree-
ment (e.g., CA,), which indicates specific cases where the two
methods differ. Overall, the majority of points fall within the
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Total
2336.19+240.79
1509.60 +187.30

907.35+102.61
1104.73+112.88
4749.57 £ 594.96
1899.90 +263.74

Right
1180.15+123.54
756.19 £96.32
438.28+92.19
540.68 +85.63
2257.55+282.58
975.71 £159.50

ASHS-PMC volume

Left
1156.03 +£108.32
753.41 £89.67
469.07 +£103.19
564.04+98.71
2492.03 £278.44
924.19+163.07

Total
1237.26 £113.47
1904.16 +220.8
1126.55+146.33
1707.34+113.96
4622.81+718.12
3674.76 +461.06

Right
613.13+94.55
967.45+117.90
538.73£107.95

884.1811+133.01
2098.59 +386.67
1756.55+240.11

ASHS-OAP volume

Left
624.13+105.31
936.72+108.62
587.82+141.02
823.16 +133.81

2524.22+326.78

| Volumes (mean + SD) of automated (ASHS-OAP and ASHS-PMC) segmentation methods.
1918.20+271.49

Segmentation
Method
Hemisphere
CA,/CA,/DG

CcA,
SUB
ERC
PRC
PHC

DG, SUB, ERC, and PHC. Regions labeled by ASHS-PMC that were significantly greater in volume compared to ASHS-OAP included CA,. Note that analyses were run on total volume; however, for completeness, we have reported

Note: Bolded boxes indicate significantly different volumes between ASHS-OAP and ASHS-PMC (two tailed). Regions labeled by ASHS-OAP that were significantly greater in volume compared to ASHS-PMC included CA,/CA,/
left and right volumes for each MTL subregion.

TABLE 3

limits of agreement, suggesting reasonable agreement between
the two methods, with some variation as indicated by the spread
of points.

3.2.2 | Group Differences in MTL Subregions
(ASHS-OAP Versus ASHS-PMC)

A mixed-design ANOVA was performed with brain region (six
regions) and group (healthy, at-risk) as interaction terms and
brain volume as the dependent variable for ASHS-OAP and
ASHS-PMC methods separately. Note that in order to compare
ASHS-OAP to ASHS-PMC, we combined alERC and pmERC
volumes produced by ASHS-OAP into one ERC region. This
model was run in order to test whether the brain region X group
interaction was significant for a given segmentation method.
Initial exploration of the data using a mixed-design ANOVA
revealed no significant group (healthy, at-risk)xbrain re-
gion (natural log-transformed volumes)xhemisphere inter-
action for ASHS-OAP (p=0.34) and ASHS-PMC (p=0.75)
after correction for sphericity violations; consequently, the
reported analyses were run on the summation of left and right
hemispheres.

For ASHS-OAP, a mixed-design ANOVA indicated that there
was a significant brain region (natural log-transformed vol-
umes) X group interaction (F(5,190)=3.0, p<0.05), a signif-
icant main effect of group (F(1,38)=7.34, p<0.05), and a
significant main effect of brain region (F(5,190)=1016.66,
p<0.05). Mauchly's test for sphericity indicated violations
for both brain region (p<0.05) and the interaction effect
(p<0.05). Following Greenhouse-Geisser corrections, brain
region (p <0.05) and the interaction effect (p <0.05) remained
significant. When age was added to the statistical model as
a covariate, there was still a significant brain region x group
interaction (p <0.05), a significant main effect of brain region
(p<0.05), and a significant main effect of group (p<0.05)
after sphericity corrections.

For ASHS-OAP, follow-up independent samples t-tests
showed that the CA,/CA./DG subfield (¢(38)=3.09, p <0.05,
one tailed) and the PRC (t(28) =2.61, p<0.05, one tailed) in-
dicated group differences. Follow-up linear models were con-
ducted with age as a covariate and the effect of CA,/CA,/DG
subfield and PRC were still significant. Group differences
were observed in the CA, (¢(34)=2.10, p <0.05, uncorrected,
one-tailed) and ERC (¢(37) =2.24, p<0.05, uncorrected, one-
tailed). However, after applying corrections for multiple
comparisons, the effects in the CA,; and ERC regions became
marginally significant (p =0.06, corrected). Boxplots for each
region are plotted in Figure 5.

For ASHS-PMC, a mixed-design ANOVA indicated that the
interaction between brain region and group was nonsignif-
icant (F(5,190)=2.12, p=0.07), but there was a significant
main effect of group (F(1,38)=4.89, p<0.05) and brain region
(F(5,190)=1284.52, p<0.05). Mauchly's test for sphericity indi-
cated violations for both brain region (p <0.05) and the interac-
tion effect (p <0.05). Following Greenhouse-Geisser corrections,
brain region (p <0.05) remained significant, and the interaction
effect remained nonsignificant (p=0.09). When age was added
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FIGURE 4 | Top panel: Scatter plots depicting the variation explained between volumes produced by the ASHS-OAP and ASHS-PMC atlases
for each region of interest. Each data point represents one participant, categorised by healthy (blue) or at-risk (pink). Dotted unity line represents
equivalency between volumes produced by ASHS-OAP and ASHS-PMC. Points that fall along the unity line indicate that the volumes of the two
atlases are exactly the same. Deviation from the unity line indicates a discrepancy between the volumes of the two atlases. Volumes are measured
in mm? A: CA |, B: CA,/CA,/DG, C: Subiculum (SUB), D: Entorhinal cortex (ERC), E: Perirhinal cortex (PRC), F: Parahippocampal cortex (PHC).
Bottom panel: A Bland-Altman plot was used to assess the agreement between the ASHS-OAP and ASHS-PMC methods (using log-transformed
volumes) by plotting the difference between the methods against their average. Each point is colored according to ROI. The central dashed line
represents the mean difference between the log-transformed volumes of ASHS-OAP and ASHS-PMC. The line is close to 0, which suggests that
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FIGURES5 | Hippocampal subfields and MTL cortical volumes. Box plots, plotted separately for healthy and at-risk participants and segmentation

method (ASHS-OAP on the left and ASHS-PMC on the right), *p <0.05 after multiple comparison correction, +p <0.05 before multiple comparison
correction. Example of three segmentation slices produced for each ROI per segmentation method displayed for the same participant (healthy
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to the statistical model as a covariate, there was still a nonsignif-
icant brain region x group interaction (p =0.12) and a significant
main effect of brain region (p <0.05). The main effect of group
(p=0.09) became nonsignificant.

For ASHS-PMC, follow-up independent samples t-tests
showed that the CA,/CA,/DG subfield (£(36)=3.01, p<0.05,
one tailed) indicated group differences. Follow-up linear mod-
els were conducted with age as a covariate. The effect of the

CA,/CA,/DG subfield was still significant even when age was
added into the linear model. Group differences were observed
in the CA, (t(37)=2.05, p <0.05, uncorrected, one-tailed) and
ERC (t(36)=2.43, p<0.05, uncorrected, one-tailed) regions.
However, after correcting for multiple comparisons, the effect
in the CA, region became nonsignificant (p =0.10, corrected),
while the effect in the ERC region became marginally signifi-
cant (p =0.05, corrected). Boxplots for each region are plotted
in Figure 5.
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Linear models were conducted to test the interaction between
group (healthy, at-risk) and segmentation method (ASHS-OAP
and ASHS-PMC) on regions that exhibited significant group
differences produced by the ASHS-OAP atlas (CA,, CA,/CA,/
DG, ERC, PRC) and ASHS-PMC atlas (CA,/CA,/DG, ERC).
The interaction between group and segmentation method was
nonsignificant for CA;, CA,/CA,/DG, ERC, and PRC, which
suggested that the observed volume differences between groups
were not statistically different across ASHS-OAP and ASHS-
PMC methods.

4 | Discussion

Neuroscience research would benefit from the use of automated
segmentation methods that efficiently and accurately delineate
MTL subregions. We trained ASHS on the OAP manual seg-
mentation protocol, as developed in our previous work (Olsen
et al. 2017, 2013), to determine whether automated segmentation
(ASHS-OAP) would resemble manual segmentation (Manual-
OAP) and be consistent with volumes obtained through an ex-
isting automated ASHS atlas, ASHS-PMC. Structural volumes
from a group of older adults (Olsen et al. 2017) were compared
across each of the methods, and were examined for their rela-
tionship with MoCA performance. The pattern of volumetric
results was similar between the ASHS-OAP atlas and manual
segmentation for alERC and PRC (and to a lesser extent CA,/
CA,/DG), suggesting that ASHS-OAP is a viable alternative to
manual segmentation methods in detecting early signs of neu-
rodegeneration in MTL subregions. The two automated (ASHS-
OAP and ASHS-PMC) methods produced significantly different
volumes for most ROI (CA,, CA,/CA,/DG, SUB, ERC, PHO).
However, both ASHS-OAP and ASHS-PMC identified early
signs of neurodegeneration in CA,/CA./DG and marginal dif-
ferences in ERC. It is also important to note that ASHS-OAP
showed significant group differences in PRC and marginal dif-
ferences in CA,, highlighting the differences between the seg-
mentation protocols used by the two automated methods.

In general, brain volumes from ASHS-OAP were similar to
Manual-OAP as assessed by DSC and nonsignificant differences
in regional volumes between the two methods. Compared with
the healthy group, there was a significant volume reduction in
alERC volume in the at-risk group produced by the Manual-
OAP method. In addition, compared with the healthy group,
there was a significant volume reduction in the CA,/CA,/DG
subfield and PRC volume in the at-risk group produced by the
ASHS-OAP method. The nonsignificant interaction between
group (healthy, at-risk) and segmentation method for alERC,
CA,/CA,/DG, and PRC suggests that there were no statistically
significant differences in volumes produced by Manual-OAP
and ASHS-OAP between the healthy and at-risk groups.

In addition, although the ASHS-OAP and ASHS-PMC atlases
were modified to label the same subregions of the MTL, there
were still some discrepancies in the volumetric results produced
as indicated by the significant interaction between segmentation
method and brain region on volume. Different segmentation at-
lases/protocols may produce different volumetric results due to
nuances in the segmentation rules that each protocol follows
and the population with which the atlas was trained/developed

for. Both ASHS-OAP and ASHS-PMC revealed significant group
differences (healthy vs. at-risk) in CA,/CA,/DG volumes and
marginal differences in ERC. Additionally, ASHS-OAP showed
group differences in PRC volumes and marginal differences in
CA,. Nonetheless, it can be inferred that ASHS-OAP and ASHS-
PMC atlases did not statistically differ in volumes produced,
as evidenced by the nonsignificant interaction between group
(healthy vs. at-risk) and segmentation method (ASHS-OAP vs.
ASHS-PMC) for CA, CA,/CA,/DG, ERC, and PRC volumes.

4.1 | Manual-OAP and ASHS-OAP
4.1.1 | Volumes and DSC

To compare Manual-OAP and ASHS-OAP, the volumes of
seven regions of the MTL were assessed in the same group of 40
healthy older adults: three subfields of the hippocampus (CA,,
CA,/CA,/DG, SUB) and four MTL cortical subregions (alERC,
pmERC, PRC, PHC). Based on the DSC results, it was evident
that volumes produced by ASHS-OAP was similar to volumes
produced by Manual-OAP. For both left and right hemispheres,
the DSC for Manual-OAP versus ASHS-OAP was the highest in
CA,/CA,/DG of the hippocampal formation and the lowest in
SUB. Compared with the CA,/CA,/DG, the SUB can be a more
difficult region to delineate as, according to the OAP protocol,
there are two different rules for delineating the SUB and they
depend on whether the SUB is on an anterior or posterior slice,
which can lead to discrepancies in segmentation overlap be-
tween manual and automated methods. Moreover, ASHS tends
to segment larger subfields of the hippocampus more accurately
than smaller subfields (Wisse et al. 2016), which aligns well with
the finding that the DSC was highest for CA,/CA,/DG com-
pared with SUB.

In the MTL cortex, the DSC of Manual-OAP versus ASHS-OAP
was the highest for the PHC and the lowest for pmERC in both
hemispheres. The PHC is a one of the larger structures of the
MTL and exhibits less variability in shape than other MTL cor-
tical structures (as defined by the OAP protocol). By contrast,
previous work by Wisse et al. (2016) noted that the anterior and
posterior boundaries of the ERC were a large source of disagree-
ment between manual segmentation and ASHS (ASHS-Utrecht
7T atlas). In the current study, the alERC had a moderate DSC
between ASHS-OAP and Manual-OAP, and pmERC had a low
DSC between ASHS-OAP and Manual-OAP. Nonetheless, the
majority of regions in the MTL cortex (as well as in the hippo-
campus) were in the moderate to high DSC range between ASHS-
OAP and Manual-OAP methods for left and right hemispheres
(DSC>0.70). These patterns of results were also reflected in the
Bland-Altman plots. In addition, there were no significant dif-
ferences in volumes produced by Manual-OAP and ASHS-OAP,
which provided further evidence that the ASHS-OAP output
was close to the “gold standard” of manually derived volumes.

4.1.2 | Manual-OAP, ASHS-OAP, and MoCA
Given that Manual-OAP and ASHS-OAP were similar with re-

spect to structural volumes, it is perhaps unsurprising that the
methods were also alike with respect to the relationship between
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brain volumes and MoCA scores. Volumes of the SUB, pmERC,
and PHC obtained from the Manual-OAP and from the ASHS-
OAP methods had similar nonsignificant volumetric group dif-
ferences between the healthy and at-risk groups. In addition, the
CA, region showed group differences for both methods; how-
ever, these effects did not survive correction for multiple com-
parisons. Moreover, the majority of correlations between the
volumes produced by Manual-OAP and ASHS-OAP were in the
moderate to strong range for all MTL subregions. Finally, the
effect of age on brain volume was nonsignificant for all regions
that showed significant group differences for both Manual-OAP
and ASHS-OAP methods.

Despite the similarities described above, there were some dif-
ferences between Manual-OAP and ASHS-OAP for certain
regions of the MTL and their relationship to MoCA perfor-
mance. Using ASHS-OAP, there were significant group differ-
ences in PRC volume and in CA,/CA,/DG volume. However,
using Manual-OAP, there were significant group differences
in alERC volume only. Note the PRC showed group differ-
ences using Manual-OAP; however, these effects did not sur-
vive correction for multiple comparisons. ASHS may bolster
the relationship (e.g., capture more variance) between volume
and cognitive performance for larger subfields of the hippo-
campus (e.g., CA,/CA,/DG) and subregions of the MTL (e.g.,
PRC). Previous work by Wisse et al. (2016) found that ASHS
(ASHS-Utrecht 7T atlas) segmented larger subfields (e.g., CA,,
DG, and SUB) more accurately than smaller subfields (CA,,
CA.,) of the hippocampus. Importantly, for the alERC, a region
that demonstrates some of the earliest signs of atrophy related
to AD, group differences were exhibited for the ASHS-OAP
method; however, the effect did not reach statistical signifi-
cance after correcting for multiple comparisons. Therefore,
compared to automated methods, manual methods may be
more sensitive in detecting subtle changes in grey matter vol-
umes in more variable and smaller regions of the MTL that are
sensitive to AD-related atrophy.

4.2 | ASHS-OAP Versus ASHS-PMC
4.2.1 | Volumes

We compared a modified version of the ASHS-OAP atlas to a
modified version of the ASHS-PMC atlas in order to assess
whether atlases trained on different protocols would lead to
discrepancies in volumetric results and in their relation to cog-
nition in the same group of 40 healthy older adults. There was
a significant interaction between brain region and protocol
(ASHS-OAP and ASHS-PMC) on volume, which indicated that
the two automated methods produced significantly different vol-
umetric results. PRC volumes were similar across methods, but
ERC, PHC, CA,/CA,/DG, and SUB volumes produced by ASHS-
PMC were smaller compared to volumes produced by ASHS-
OAP. Moreover, CA, volume produced by ASHS-PMC was
significantly greater than CA, volume produced by ASHS-OAP.
The correlations between the automated volumes generated by
ASHS-PMC and ASHS-OAP ranged from weak (PRC, PHC) to
moderate (CA,, SUB, ERC) to strong (CA,/CA,/DG) across all
MTL subregions. These patterns of results were also reflected in
the Bland-Altman plots.

The discrepancies in volumes produced by ASHS-OAP and
ASHS-PMC may be explained by the fact that the atlases were,
by definition, trained on different segmentation protocols that
follow different rules for MTL segmentation. Indeed, research
groups vary in their definitions based on which MTL struc-
tures are delineated and labeled (Yushkevich et al. 2015a).
Although we matched the ROI segmented by the ASHS-OAP
atlas to those segmented by the ASHS-PMC atlas, the volu-
metric results still differed among the majority of regions. For
example, the ASHS-PMC atlas segmented the CA, subfield
throughout the entire extent of the hippocampus, whereas the
ASHS-OAP atlas only segmented the CA, in the anterior head
and body of the hippocampus. Consequently, the CA; volume
produced by ASHS-PMC was significantly greater than the
CA, volume produced by ASHS-OAP. Another notable differ-
ence between the two atlases is related to the segmentation of
PHC. The ASHS-OAP atlas segmented the PHC more laterally
than the ASHS-PMC atlas and encompassed the entire CS.
The ASHS-PMC atlas defined the lateral boundary of the PHC
as being only up to the medial bank of the CS (Xie et al. 2017).
As a result, the PHC volume produced by ASHS-PMC was
significantly smaller than the PHC volume produced by
ASHS-OAP. Moreover, although PRC volumes obtained from
ASHS-OAP and ASHS-PMC were not significantly different
from one another, it is still important to note that each auto-
mated method labeled the anterior and lateral borders of PRC
differently. More specifically, the ASHS-PMC protocol defined
the anterior most appearance of PRC as 2mm anterior to the
hippocampal head (Xie et al. 2017), but, for the ASHS-OAP
protocol, the most anterior appearance of PRC was defined as
the slice that contained the most anterior appearance of the
CS. In addition, unlike the ASHS-OAP protocol, the ASHS-
PMC protocol defined the lateral border of PRC extending into
the fundus of the occipito-temporal sulcus (Xie et al. 2017).

In addition to differences in rules and landmarks used to de-
fine MTL subregions, different populations were used to train
the ASHS-PMC and ASHS-OAP atlases. The ASHS-PMC
atlas was trained on brains of individuals with MCI and AD,
whereas the ASHS-OAP atlas was trained on healthy older
adult brains who had no clinical diagnosis of MCI or AD. As
the target sample in the current study comprised of healthy
older adults, using the ASHS-PMC atlas may have resulted
in under-segmented subregions of the MTL. The ASHS-PMC
atlas may have been “expecting” smaller and more atrophied
regions of the MTL to segment, such as what is typically ob-
served in individuals with MCI and/or AD. The ERC, PHC,
CA,/CA,/DG, and SUB volumes produced by ASHS-PMC
were smaller compared with the volumes produced by ASHS-
OAP, and these subregions are typically smaller in AD (Pini
et al. 2016). These findings highlight the importance of choos-
ing an atlas that would best segment the MTL subregions of
the target sample in order to avoid possible inaccurate seg-
mentations (for more details, see Section 5).

4.2.2 | ASHS-OAP, ASHS-PMC, and MoCA
ASHS-OAP exhibited group differences as assessed by MoCA

performance in CA,/CA,/DG, PRC, and marginal differences
in ERC and CA,. The effect of CA,/CA,/DG subfield and the
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PRC were still significant even when adding age into the mod-
els. Using the ASHS-PMC protocol, the two participant groups
showed significant differences in the CA,/CA,/DG subfield and
marginal differences in ERC. The effect of CA,/CA,/DG sub-
field was still significant even when adding age into the mod-
els. Despite some subtle differences in the specific regions that
demonstrate group differences, it can be suggested that ASHS-
OAP and ASHS-PMC atlases did not statistically differ in vol-
umes produced based on the nonsignificant interaction between
group and segmentation method (ASHS-OAP and ASHS-PMC)
in CA,, CA,/CA,/DG, ERC, and PRC.

The ASHS-OAP atlas and the ASHS-PMC atlas both have their
benefits and drawbacks in terms of which one is a “better” choice
for detecting neurodegeneration. On the one hand, the ASHS-
OAP atlas is unique in the fact that it segments the anterior and
posterior boundaries of the ERC, which may be of particular
interest to researchers who want to study regions of the brain
associated with early signs of AD-related neurodegeneration.
Moreover, the ASHS-OAP atlas delineates the PRC more ante-
riorly than the ASHS-PMC atlas; as a result, it captures greater
volumetric variability in this region. On the other hand, the
ASHS-PMC protocol delineates the PRC into its substructures
(BA35 and BA36), which may be of interest to researchers who
want to study how these substructures change with neurodegen-
eration. In addition, the ASHS-PMC atlas segments a wider range
of hippocampal subfields (greater anterior extent) compared
with the ASHS-OAP atlas. Despite the benefits for each atlas,
both of them exhibit a restricted range for certain subregions
of the MTL. Thus, it is critical for researchers to understand the
segmentation rules used to define MTL subregions in the atlas
chosen to segment MTL subregions of their desired population.

5 | Conclusion and Future Directions

ASHS is a promising alternative to current manual segmentation
methods. In the same group of healthy older adults, volumes
produced by the ASHS-OAP atlas was similar to the volumes
produced by the manual segmentation method that had been pre-
viously shown to be sensitive in detecting changes in grey matter
associated with neurodegeneration (Olsen et al. 2017). Moreover,
the ASHS-PMC atlas was found to be sensitive in detecting early
signs of neurodegeneration. However, delineation and definition
of MTL subregions across different atlases and protocols need
refinement. MTL segmentation protocols are highly discrepant
across experts and employ different terminology and regional
boundary definitions (Yushkevich et al. 2015a). As evidenced
here, this can lead to different brain regional volume estimates
even within the same group of participants.

The selection of atlas composition is important for accurate de-
lineation of MTL subregions; however, the ideal parameters for
atlas composition are yet to be defined. In the current paper, we
applied the ASHS-PMC atlas (trained on brain images of individ-
uals with MCI and AD) to a set of healthy older adult brain im-
ages. This may have led to the underestimation of brain regional
volumes as the ASHS-PMC atlas may have been “expecting”
smaller brain structure to segment due to neurodegeneration
that is typically observed in MCI/AD. In addition, although not
conducted in the current study, the ASHS-OAP atlas (trained

on healthy older adult brain images) may overestimate brain
regional volumes if applied to a population of individuals with
MCI and/or AD. Interestingly, Bender et al. (2018) suggested that
using a more variable set of images (in their case, using a lifes-
pan dataset over a sample-specific dataset) to develop an atlas
may lead to a more diverse set of neuroanatomical features in
the atlas set, which would lead to better correspondence between
manual and automated segmentations. Considering the findings
by Bender et al. (2018), the current study suggests that future re-
search should investigate whether training the ASHS-OAP atlas
on both healthy older adult brain images as well as brain images
of older adults with MCI and AD may lead to better correspon-
dence between manual and automated segmentations. Similarly,
the ASHS-PMC atlas may benefit from being trained on a subset
of healthy older adult brain images in addition to the brain im-
ages of older adults with MCI and AD. Ultimately, having a more
diverse set of atlas images would allow for both the ASHS-OAP
and ASHS-PMC atlases to be reliably applied to either healthy or
clinical populations, or a mix of the two groups.

Automated methods are promising but will only be as good
as the protocol and data on which they are trained. Applying
automated approaches to brains that do not fit certain ex-
pected “norms” (e.g., neurodegeneration in the MTL) may not
produce results that are as accurate as a manual approach. A
hybrid approach in which manual corrections are conducted
after automated segmentation has been applied may help to
alleviate segmentation discrepancies/errors. However, regard-
less of whether a manual or an automated approach is used for
research, there is currently no single consensus MTL segmen-
tation protocol; thus, volumetric results cannot be reliably com-
pared across studies that use different segmentation methods.
Fortunately, the Hippocampal Subfields Group (https://hippo
campalsubfields.com) is currently developing a harmonized
segmentation protocol that can be used by the scientific com-
munity to segment subregions of the MTL either manually and/
or automatically (Wisse et al. 2017; Wuestefeld et al. 2023).
These harmonization efforts will alleviate the discrepancies be-
tween protocols/atlases and will create a ground truth in MTL
segmentation.
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