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ABSTRACT

Hippocampal subfields differentially develop and age, and they vary in vulnerability to neurodegenerative diseases. Innovation
in high-resolution imaging has accelerated clinical research on human hippocampal subfields, but substantial differences in
segmentation protocols impede comparisons of results across laboratories. The Hippocampal Subfields Group (HSG) is an inter-
national organization seeking to address this issue by developing a histologically valid, reliable, and freely available segmentation
protocol for high-resolution T,-weighted 3T MRI (http://www.hippocampalsubfields.com). Here, we report the first portion of
the protocol focused on subfields in the hippocampal body; protocols for the head and tail are in development. The body proto-
col includes definitions of the internal boundaries between subiculum, Cornu Ammonis (CA) 1-3 subfields, and dentate gyrus,
in addition to the external boundaries of the hippocampus apart from surrounding white matter and cerebrospinal fluid. The
segmentation protocol is based on a novel histological reference dataset labeled by multiple expert neuroanatomists. With broad
participation of the research community, we voted on the segmentation protocol via an online survey, which included detailed
protocol information, feasibility testing, demonstration videos, example segmentations, and labeled histology. All boundary defi-
nitions were rated as having high clarity and reached consensus agreement by Delphi procedure. The harmonized body protocol
yielded high inter- and intra-rater reliability. In the present paper we report the procedures to develop and test the protocol, as
well as the detailed procedures for manual segmentation using the harmonized protocol. The harmonized protocol will signifi-
cantly facilitate cross-study comparisons and provide increased insight into the structure and function of hippocampal subfields
across the lifespan and in neurodegenerative diseases.
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1 | Introduction

The hippocampus is one of the most prolifically studied brain
regions indexed in PubMed (Simpson et al. 2021). Hippocampal
structure and function measured from MRI are acknowledged
correlates of learning and memory (Squire 2004); its morpho-
metric shape and volume dynamically change across childhood
development and aging (Botdorf et al. 2022; Bussy et al. 2021;
Langnes et al. 2020); and it is vulnerable to multiple patho-
physiological, genetic, and environmental factors (Walhovd
et al. 2023). Hippocampal volume is of particular importance
in the assessment, diagnosis, and progression of Alzheimer's
disease and related dementia (Dubois et al. 2007; Frisoni and
Jack 2011; Sperling et al. 2011).

However, the hippocampus is not a unitary structure. The
human hippocampal subfields include the subiculum com-
plex (Sub), dentate gyrus (DG), and Cornu Ammonis (CA)
sectors 1-3; and some neuroanatomists discern a CA4 re-
gion (Ding 2013; Duvernoy et al. 2013; Palomero-Gallagher
et al. 2020) whereas others consider it the hilus region of the DG
(Insausti and Amaral 2004). The subfields have distinct cyto-
and receptor-architecture, vascularization, gene expression,
functional connectivity, and vulnerabilities to pathology (Braak
and Braak 1991; Duvernoy et al. 2013; Insausti and Amaral 2004;
Palomero-Gallagher et al. 2020; Small et al. 2011). Identification
and measurement of hippocampal subfields as distinct struc-
tures can improve specificity of functional correlates and early
detection of diseases across the lifespan (e.g., La Joie et al. 2013;
Mueller et al. 2010; Riphagen et al. 2020; Wisse et al. 2014). As
of this writing, a lack of consensus on the definitions to measure
the hippocampal subfields from in vivo MRI remains a major
impediment to those goals.

Since the introduction of high-resolution T,-weighted in vivo
imaging methods nearly two decades ago (e.g., Mueller and
Weiner 2009; Zeineh et al. 2000), the literature has grown ex-
ponentially, accompanied by a multitude of protocols to label
human hippocampal subfields on MRI (Wisse et al. 2017). These
protocols differ in anatomical nomenclature and segmentation
definitions, resulting in barriers to synthesis and interpretation
of the combined literature (Yushkevich et al. 2015) that slow sci-
entific progress and clinical translation.

The Hippocampal Subfields Group (HSG) formed to address
these barriers through the development of a harmonized proto-
col for segmenting hippocampal subfields that can be applied to
samples across the lifespan and of different disease pathology.
To date, the HSG has approximately 200 active members from
33 countries that support a distributed working group struc-
ture to develop a histologically valid and reliable segmentation
protocol for human hippocampal subfields (see Figure 1). Our
previous publications described a comparison of 21 protocols to
determine the scope of the disagreement in labels (Yushkevich
et al. 2015), an overview of the HSG purpose and structure
(Wisse et al. 2017), an intermediate progress update on portions
of the protocol development for the hippocampal body (Olsen
et al. 2019), and a guide to quality control (Canada et al. 2024).
The current paper describes the procedures to develop the har-
monized protocol to label subfields in the hippocampal body,
and the supporting evidence for validation. At the end of the
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FIGURE1 | A flow chart of the Hippocampal Subfield Group (HSG)
organization activity for supporting development and testing of the har-
monized protocol for subfield segmentation in the hippocampal body.
Hc—hippocampus.

report, we include a summary of the protocol in the hippocam-
pal body that is ready for application in the field.

Based on a survey of the literature and anatomical reference
materials, the HSG Boundary Working Group chose to begin
protocol development in the hippocampal body. This portion
of the hippocampus begins immediately posterior to the uncus
and terminates posteriorly with the last visualization of the
lamina quadrigemina (Olsen et al. 2019). The hippocampal
body is the largest portion of the structure along the ante-
rior-posterior dimension (Daugherty et al. 2015; Malykhin
et al. 2017; Poppenk et al. 2013), its anatomy is less complex
than the anterior regions, and the subfield anatomy is rela-
tively uniform over its span (Ding 2013; Duvernoy et al. 2013;
Insausti and Amaral 2004). In this regard, the hippocampal
body is well-suited to start developing a harmonized proto-
col. Because many of the existing protocols are restricted
to the hippocampal body (Bender et al. 2018; Mueller and
Weiner 2009; Yushkevich et al. 2015), this first part of the
harmonized protocol can be immediately adopted for many
research questions while the head and tail protocols are still
in development.

We developed and validated the hippocampal body protocol
for a T,-weighted MRI sequence with a high in-plane coro-
nal resolution (0.4 x 0.4 mm?), typically acquired with 2-mm
slice thickness (e.g., Mueller et al. 2010; Yushkevich, Wang,
et al. 2010). In our previous review of the literature and tech-
nical requirements, we found T,-weighting optimal for visual-
ization of key landmarks. For example, the internal structure
of the hippocampus is partially defined by the stratum radia-
tum, lacunosum, and moleculare (SRLM), which is best vi-
sualized in vivo on T,-weighted images (Wisse et al. 2021).
Because many of the structures to be delineated are smaller
than a millimeter, high resolution is needed for accurate
segmentation (Canada et al. 2024; Wisse et al. 2017). A T,-
weighted, 0.4Xx0.4mm? in-plane resolution sequence (typ-
ically anisotropic, with relatively thick slices) is one of the
most commonly used sequences in applied research and clin-
ical study of the hippocampal subfields as of this writing (see
Homayouni et al. 2023; Iglesias et al. 2015; Wisse et al. 2017;
Yushkevich et al. 2015).
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1.1 | Overview of Protocol Development
and the Validation Process

To develop a harmonized protocol for high-resolution T,-
weighted images we used an “evidence-based Delphi panel”
inspired by the EADC-ADNI working group that created
a similar harmonized protocol for total hippocampal seg-
mentation on common T,-weighted MRI (HarP; Boccardi
et al. 2015). The Delphi procedure has several advantages for
consensus building with a diverse representation of exper-
tise in the field; the adaptation to introduce evidence for the
evaluation and to collect data from the evaluation process for
iterative refinement accelerates protocol development and en-
courages wide adoption. In the initial process of surveying the
existing methods (Wisse et al. 2017; Yushkevich et al. 2015),
we noted a key difference between the scope of work for hip-
pocampal subfield harmonization and the HarP development:
namely, when we started our working group, there were no
agreed upon canonical definitions of hippocampal subfield
nomenclature or boundaries on in vivo MRI.

Therefore, we designed a 5-step workflow to develop a harmo-
nized, anatomically valid and reliable protocol for hippocam-
pal subfields in the body (Figure 2; Olsen et al. 2019; Wisse
et al. 2017). Due to the significant discrepancies among proto-
cols in our initial survey, Step 1 began by partnering with neu-
roanatomists to develop new histological reference materials
to identify relevant landmarks and protocol definitions to then
submit for Delphi procedure, as opposed to sequential voting
on a set of existing protocols. In Steps 2 and 3, working groups
were created with specific scopes of work for histology reference
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FIGURE 2 | Depiction of the workflow for landmark identification,
developing boundary definitions, and validation of the harmonized
protocol.

materials, identification of landmarks, and developing portions
of the protocol. In Step 4, we held consensus voting and col-
lected qualitative feedback from the broader HSG international
network, and we would continue iteratively until consensus was
met by statistical majority agreement. Following consensus, in
Step 5 the protocol was tested and found to have strong inter-
and intra-rater reliability, which has led to the finalization and
now dissemination of the harmonized protocol for the hippo-
campal body.

2 | Methods

2.1 | Step 1: Collect Labeled Histology Reference
Materials

Step 1 to collect labeled histology was implemented in a working
group with international leaders in neuroanatomy and histology of
the hippocampus: Drs. Ricardo Insausti (University of Castilla-La
Mancha), Jean Augustinack (Massachusetts General Hospital),
Katrin Amunts (Research Centre Jiilich), and Olga Kedo (Research
Centre Jiilich). All new reference materials were designed to ad-
dress limitations identified in existing neuroanatomy atlases and
peer-reviewed publications of hippocampal subfield anatomy.
Namely, inclusion of slices along the length of the hippocampal
body to capture potential anterior—posterior variation; samples
from multiple brains to represent individual differences; multiple
tissue staining methods; and multiple neuroanatomists labeling
the same slice images for direct comparison.

The histological dataset and workflow detail have been de-
scribed in our previous progress report (Olsen et al. 2019).
Briefly, three hemispheres were collected each as 6 coro-
nal slices of the hippocampal body with 2mm slice spacing
to be consistent with common imaging protocols. All brains
were from deceased individuals without any noted neuro-
logical disease: left hemisphere of a 65-year-old male with
silver stain (sourced from Juelich); right hemisphere from a
60-year-old male with Nissl stain (sourced from Massachusetts
General Hospital); and left hemisphere of a 75-year-old
male with Kluver-Barrera stain (sourced from University of
Pennsylvania). High-resolution images of the stained sections
were provided to the neuroanatomists for their annotation of
hippocampal body subfields and the boundaries between ad-
jacent subfields. Figure 3 shows representative images from
the reference set with hippocampal subfield labels by different
neuroanatomists. (See Supporting Information for additional
reference images.) Variability in boundary locations is noted
across the images that is assumed to reflect true individual dif-
ferences and anatomical variation throughout the structure, in
addition to reliability of the neuroanatomists. Because these
annotations represent expert judgments, all sources of vari-
ability were considered in the working group process when
identifying landmarks and developing boundary definitions.

2.2 | Step 2: Develop Rules for Outer and Inner
Subfield Boundaries on MRI

Working groups were structured for specific tasks in landmark
identification and developing boundary definitions for the
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FIGURE3 | Example histology reference materials for the hippocampal body developed by the HSG to have representation of variability in hippo-

campal subfield definitions across brains and common histological procedures. Example images include (A) silver stain for cell bodies, (B) Nissl stain,
and (C) the Kliiver-Barrera method. Regional labels include Cornu Ammonis (CA) sectors 1, 2, 3; some neuroanatomists include CA4 and the granu-
lar cell layer (gc); the dentate gyrus (DG); the subiculum (Sub); prosubiculum (ProS); presubiculum (PreS or PrS); and parasubiculum (ParS or PaS).

hippocampal body (described before in Wisse et al. 2017). The
leads of each working group collaborated with the broader HSG
community through multiple open meetings that were sched-
uled with major international scientific conferences in 2014-
2018 (hosted in Irvine, CA, USA; Chicago, IL, USA; San Diego,
CA, USA; Montreal, Canada; London, England; Washington
DC, USA; and Magdeburg, Germany).

We devised a working order to identify landmarks on in vivo
MRI to denote the anterior and posterior limits of the hippo-
campal body, develop the outer boundary definitions to distin-
guish hippocampal tissue from surrounding white matter and
cerebrospinal fluid (CSF), and demarcate the inner boundaries
between adjacent hippocampal subfields in the coronal plane.
The initial results for the anterior—-posterior landmarks and the
outer boundaries of the hippocampal body have been published
(Olsen et al. 2019).

Here, we report the inner boundaries that are used to create la-
bels for subiculum, CA subfields 1-3, and DG. The subiculum
label included portions of the pro-, pre-, and para-subiculum re-
gions that were labeled variably by the neuroanatomists. Each
CAl, 2, and 3 subfields were defined separately. Although com-
bining CA subfield labels (e.g., CA1-2) is common in the litera-
ture (Wisse et al. 2017; Yushkevich et al. 2015), we developed
a protocol to label these regions separately to improve sensitiv-
ity and specificity to functional correlates, but the investigator
may choose to combine labels based on their specific research
question.

An additional label for DG included the CA4 or hilus, separate
from the CA3. We identified two possible rule definitions for
the CA3-DG boundary—one based on a geometric heuristic
that had strong evidence for feasibility, and another that ref-
erenced the endfolial pathway and may have relatively higher
face validity in comparison to the histological reference ma-
terials. Both rules were tested for feasibility and presented for
voting by Delphi procedure to determine which rule would be
retained (see Supporting Information for complete alternative
rule descriptions). The SRLM is the internal boundary that dis-
tinguishes the DG, which the working group determined to be

included in the CA field region labels (i.e., excluded from DG),
and the portion of the molecular layer that extends medially is
included with the subiculum.

2.2.1 | Anatomical Reference Materials

The process of landmark identification and boundary defini-
tions was completed in reference to the histology materials col-
lected in Step 1; published neuroanatomy references (Amaral
and Insausti 1990; Ding 2013; Ding and Van Hoesen 2010;
Duvernoy et al. 2013; Insausti and Amaral 2004, 2012; Mai
et al. 2015; Zeineh et al. 2001, 2015); and example in vivo neu-
roimaging data. In line with the goal of a harmonized proto-
col that can be applied in the field broadly, we made an open
call to the HSG membership for MRI data sharing to collate
example high-resolution (0.4 X 0.4mm? in plane), T,-weighted
images collected in brains of children, younger adults and
older adults; and with representation of common health co-
morbidity (e.g., hypertension). We supplemented the shared
data from HSG membership with additional scans represent-
ing cognitive impairment and Alzheimer's disease-related pa-
thology (Yushkevich et al. 2024) from the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu).
The ADNI was launched in 2003 as a public-private partner-
ship, led by Principal Investigator Michael W. Weiner, MD.
For up-to-date information on ADNI, see www.adni-info.org.
From the collated scans, a common MR image reference set
was developed for protocol development and feasibility studies
to be used for the body protocol, in addition to future work for
the head, tail and medial temporal lobe cortices.

2.3 | Step 3: Initial Check for Feasible Reliability

Early in the working group process, we identified that informa-
tion about feasibility to meet standards for reliability was im-
portant information for experts to reference during the Delphi
procedure for consensus voting. The initial feasibility check was
on a small, representative image set to provide reliability esti-
mates and rater qualitative feedback for the subsequent Delphi
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procedure. This internal development step gathered valuable
information for the Delphi panel while prioritizing efficiency
and additionally ensured the training and implementation pro-
cedures would support a successful future reliability test. Two
expert raters (more than 4years of experience manually seg-
menting the hippocampus and subfields on MRI), who were
naive to the protocol prior to training, participated in the fea-
sibility assessment. We have previously reported the anterior-
posterior ranging protocol as highly reliable (Olsen et al. 2019).
In this stage of the protocol development, the anterior—posterior
ranges were provided to the raters. Training included detailed
documentation with example image tracings, a 2-h introductory
training session (via video conference), followed by prescribed
practice and then an additional 1-3h of individualized feedback
(via video conference).

The feasibility study dataset included brains of healthy, typically
developed children (n =2, both male, age 9 and 15years), healthy
adults (n=2, female age 31, and male age 66), and dementia of
the Alzheimer's type collected by ADNI (n=1, female age 70).
Although the feasibility dataset had a limited representation of
population variability, a sample of different ages, sex, and health
status was included to gather descriptive information at this stage
of protocol development for the Delphi panel. Between-rater in-
traclass correlation coefficient (ICC(2,k); Shrout and Fleiss 1979)
and average Dice similarity coefficient (DSC; Dice 1945; Zou
et al. 2004) were calculated for bilateral labels. Raters indicated
how well they understood the protocol and their confidence
when applying the protocol on a 7-level Likert scale: for example,
asked if they understood the protocol, responses were recorded
1=Not at all to 7= Extremely well. Open responses were recorded
to provide additional qualitative information.

For ease of use and standardization during the protocol devel-
opment, all segmentations were made with the freely avail-
able ITKSnap software (Yushkevich et al. 2006; http://www.
itksnap.org/pmwiki/pmwiki.php; last accessed 11/14/2025).
However, it should be noted that the protocol can be imple-
mented in any modern available software that allows manual
segmentation.

2.4 | Step 4: Collect Feedback via Delphi Voting
Procedure

We applied an “evidence-based Delphi panel” procedure, similar
to that developed by Boccardi et al. (2015) when creating the har-
monized protocol for (total) hippocampal segmentation on T-
weighted MRI. Briefly, this procedure presented quantitative and
qualitative evidence to a panel of experts to apply when voting
on agreement of landmark and boundary definitions to be used
for segmentation. The Delphi procedure was anonymous and
recursive until experts reached consensus for all components of
the segmentation protocol. Delphi panel participants rated each
rule on a 9-level Likert scale for agreement (1=do not agree at
all; 9=fully agree) and clarity (1 = extremely unclear and requires
major revisions; 9=extremely clear and requires no changes),
with the option to indicate no opinion that would not count in
consensus evaluation. Open fields collected additional qual-
itative feedback. Consensus was declared when the number of
agreement responses (Likert rating 6-9) was statistically greater

than the number of disagreements. This definition of consensus
is more conservative than the definition in a traditional Delphi
method, which uses median greater than 5 in the 9-level Likert
rating for declaring consensus (Boccardi et al. 2015). If consensus
was not achieved, the quantitative ratings and qualitative com-
ments collected during the Delphi procedure were used to revise
the boundary definitions; the procedure was repeated iteratively
until consensus was reached for all boundary rules. If statisti-
cally significant consensus on a given rule was not reached after
four rounds, the details of the rule agreed upon by the majority of
respondents would be taken as the final rule.

Responses were collected via Qualtrics, version December 2017
(https://www.qualtrics.com; Qualtrics, Provo, UT). We re-
cruited participants with an open call via HSG member email
listserv (approximately 200 subscribers), website and social
media accounts; and participants were encouraged to share
the call with other investigators who had relevant expertise.
Included responses for analyses were confirmed to have self-
reported expertise relevant to human hippocampal anatomy
and its segmentation on in vivo MRI. To limit non-independence
of responses, we instructed lab groups to complete one ques-
tionnaire together, which was confirmed based on the reported
principal investigator before anonymizing responses for analy-
sis. The Delphi procedure for the anterior-posterior landmarks
and outer boundaries of the hippocampal body was completed
December 2017-March 2018 and reported previously (Olsen
et al. 2019); here we report the procedure for the inner subfield
boundaries (survey dates December 2021-April 2022).

2.4.1 | Information Provided to the Panel
for the Delphi Procedure

The Qualtrics questionnaire presented the complete protocol de-
scription and example images with segmentations, and then each
landmark or boundary definition was summarized for evaluation
with contextual information, relevant evidence with example im-
ages, and acknowledged limitations. A summary of this informa-
tion was included in the Qualtrics questionnaire, with additional
reference materials and detailed explanation in a 79-page supple-
ment (see Supporting Information that has since been updated
with additional information of the final harmonized protocol).
Protocol training documents, a video recording of the protocol
as an applied segmentation, example MRI with segmentations
by the two expert raters from the feasibility assessment, and the
resulting data were also available for download. Delphi panelists
were encouraged to download the supplemental materials and
try a first-hand experience with the protocol before reporting
on their level of agreement. The survey also assessed the com-
munity's preference between two alternative definitions for the
boundary between CA3 and DG: one based on a geometric heu-
ristic and the other by approximating the endfolial pathway (see
Supporting Information for additional details).

2.5 | Step 5: Formal Reliability Analysis on
Consensus Protocol

Following the consensus by Delphi procedure on the inner
boundaries, the rule definitions were combined with the
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consensus definitions for outer hippocampal boundaries (Olsen
et al. 2019) to create one protocol for formal reliability analy-
sis before accepting as final. Three raters who were naive to
the protocol were assembled: 2 expert raters (with more than
4years of experience manually tracing hippocampal subfields
on T,-weighted MRI) and a rater with no manual segmentation
experience. Training materials, video demonstration, practice
MRI scans and example tracings were provided to the raters.
All raters met with the trainer by video conference to review
the documentation, general procedures in ITK-Snap, and a brief
demonstration with time for questions. All raters completed
practice segmentations on 2-5 scans and received specific feed-
back from the trainer in subsequent online meetings. All raters
required the trainer's approval before starting reliability testing.
This procedure was similar to training in a lab setting and lim-
ited to 2-3 contact hours to mimic the anticipated scalability of
the procedures for dissemination of the protocol to the broader
research community.

An additional blinded set of MRI scans was reserved for reli-
ability testing with blinded review. The tracers were provided
the anterior-posterior body ranges and had no other informa-
tion on scan demographics or study of origin. The reliability
dataset included N=24 brains representing healthy, typically
developing children (n=7, ages 4-15), healthy adults and those
with hypertension without dementia (n=9, ages 31-94), adults
with mild cognitive impairment (n =5, ages 70-75) and with de-
mentia (n=3, ages 76-79). MRI scans were sourced from data
sharing by multiple members of the HSG; and all scans with cog-
nitive impairment and five of the scans in cognitive-typical older
adults were sourced from ADNI. The dataset was representa-
tive of the practices in the broad research field: all images were
collected with 0.4 X 0.4 mm? resolution in the coronal plane and
2-mm slice thickness, aligned perpendicular to the hippocampal
long axis; and were at 3T field strength (manufacturers differed
by site, including Siemens and Phillips). Images were selected
following common quality control (Canada et al. 2024) for visu-
alization of the SRLM as a key landmark for the protocol, and
included mild-to-moderate forms of common imaging artifacts
related to motion or reconstruction error. Inter-rater reliability
was assessed among the three raters, in addition to intra-rater
reliability for an expert rater and the novice rater following > 2-
week delay.

2.6 | Statistical Analyses

During the Delphi procedure, ratings were reported on 9-level
Likert scales, and responses were summarized with descrip-
tive statistics. Consensus was determined by statistical majority
of agreement, recoding agreement response (Likert rating 6-9)
versus no agreement (Likert rating 1-5), and clear rule descrip-
tion (Likert rating 6-9) versus unclear (Likert rating 1-5), with
differences in frequency assessed by binomial tests (¢=0.05). In
establishing reliability of the harmonized protocol, the reliability
metrics included inter-rater reliability (N=24) of volumes by ICC,
assuming random raters (ICC(2,k); Shrout and Fleiss 1979) and av-
erage DSC among all pairs of raters (Dice 1945; Zou et al. 2004).
A sample of 24 brains provided 80% power to detect a between-
rater ICC >0.65 to be significantly different than p,=0.3 as a con-
servative null hypothesis (¢ =0.05; Walter et al. 1998). Intra-rater

reliability was tested for absolute agreement (ICC2,1) and average
DSC of the rater with themselves on a subset of scans (n=11) for
one expert and the novice rater. Intra-rater reliability was expected
to be higher than inter-rater reliability, and the test had 80% power
to detect an ICC >0.85 to be significantly different than p =0.3
(Walter et al. 1998). As an initial step of evaluating potential bias in
measurement related to scan demographics, possible differences
in inter-rater DSC reliability were tested with non-parametric
Mann-Whitney U tests of the distributions between child and
adult age groups, and with Kruskal-Wallis tests by cognitive di-
agnosis with the data sourced from ADNI. In this preliminary
analysis of potential measurement bias, the sample size provided
80%-90% power to detect between-group differences of d=1.5-2.0
to significance (¢ =0.05; Faul et al. 2007), corresponding to differ-
ences greater than 1.5 standard deviations.

3 | Results

3.1 | Step 1: Collected Histology Reference
Materials

The expert neuroanatomists provided independent labels of the
histological dataset representing the anterior—posterior length of
the hippocampal body in the coronal plane, similar to common
neuroimaging procedures. The neuroanatomists referenced sim-
ilar cytoarchitectural details when making labels, and yet differ-
ences emerged in the expert judgment on the boundary location
between adjacent subfields. (See Supporting Information for
complete set of labeled images.) As a prime example of the value
of this additional histological reference dataset, we will briefly
describe the information gained on the CAI1-Sub boundary.
Similar to the pattern of differences we originally observed be-
tween different neuroimaging protocols (Yushkevich et al. 2015),
the disagreement between neuroanatomists on the location of
the CA1-Sub boundary was the most prominent (Figure 4). Some
neuroanatomists labeled pro-subiculum as a transition region
from Sub to CA1 (see Ding and Van Hoesen 2015; Rosenblum
et al. 2024). Taking this into account, for all neuroanatomists
the location of the Sub-CA1l boundary fell within a medial-
lateral range of possible positions on a slice (see Figure 4) that
was consistent with anatomical variation noted by other histo-
logical studies (Ding 2013; Zeineh et al. 2015) and the range of
boundaries in existing MRI segmentation protocols (Yushkevich
et al. 2015). When compared between slices in the anterior and
posterior hippocampal body, there was relative consistency for
an individual brain, although between-individual differences
were noted (see Supporting Information for details). The differ-
ent sources of variability (i.e., different expert judgment, indi-
vidual differences, and anterior-posterior differences) were all
considered when developing the protocol definitions that applied
a geometric heuristic to align the internal subfield boundaries in
reference to hippocampal macrostructural landmarks.

3.2 | Step 3: Initial Check for Feasible Reliability
of Proposed Protocol to Combine Inner and Outer
Boundaries

The initial feasibility assessment suggested that the proto-
col could be implemented reliably, pending formal testing: all
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FIGURE 4 |

Example anatomical labels between hippocampal subfields on the same slice of a Nissl-stained brain by three expert neuroanat-

omists. The variability in annotation style reflects the differences among neuroanatomists. The red arrow indicates the location of the CA1-Sub

boundary. Regional labels include Cornu Ammonis (CA) sectors 1, 2, 3; some neuroanatomists include CA4 and the granular cell layer (gc); the den-
tate gyrus (DG); the subiculum (Sub); prosubiculum (ProS); presubiculum (PreS or PrS); and parasubiculum (ParS or PaS).

TABLE1 | Summary of Delphi evaluation responses for inner boundary definitions based on geometric heuristic.

Rule definition Question N  Range M SD % Agree  Binomial test

Sub-CA1 boundary How clear is the boundary description? 26 7-9 8.42  0.64 100 <0.001
Do you agree with the boundary rule? 25 3-9 8.08 141 96.0 <0.001

CA1-CA2boundary  How clear is the boundary description? 26 5-9 8.46  0.90 96.2 <0.001
Do you agree with the boundary rule? 23 1-9 8.09 2.3 87.0 <0.001

CA2-CA3boundary  How clear is the boundary description? 26 7-9 8.58 0.64 100 <0.001
Do you agree with the boundary rule? 23 1-9 8.09  2.02 91.3 <0.001

CA3-DG boundary How clear is the boundary description? 26 7-9 8.65 0.56 100 <0.001
Do you agree with the boundary rule? 22 1-9 714 2.27 81.8 0.004

Treatment of SRLM  How clear is the boundary description? 26 5-9 850 0.95 96.2 <0.001
Do you agree with the boundary rule? 24 3-9 8.21 147 91.7 <0.001

Note: Boundary definitions based on the geometric heuristic were presented with relevant evidence and contextual information alongside the questions for evaluation.
The SRLM was defined as an internal structure to be included within the label for subiculum and CA subfields (i.e., excluded from DG). Ratings were made on a
9-level Likert scale; responses > 5 were considered endorsement of clarity or agreement. Consensus was determined by statistical majority agreement with significant
binomial test (alpha=0.05). N=26 laboratories participated; items with fewer responses are due to indicating no opinion and were omitted from summary calculations

for consensus evaluation.

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; SRLM, stratum radiatum, lacunosum, and moleculare; Sub, subiculum.

ICC(2)>0.83, except Sub (0.45), and all DSC >0.61. The lower
reliability of the Sub volume was due to ambiguity in the pro-
cedure for the medial boundary with cortex, which was subse-
quently revised with feedback on rule clarity collected during
the Delphi procedure. Additional assessment of the rater ex-
perience and understanding of the protocol is available in the
Supporting Information. The feasibility test results and qualita-
tive reporting were provided as background information for the
“evidence-based Delphi panel.”

3.3 | Step 4: Delphi Procedure Evaluating
the Inner Boundaries Between Subfields in
the Hippocampal Body

The Delphi procedure included responses from 26 participat-
ing laboratories, all indicating at least 4 years previous experi-
ence with manual segmentation of the hippocampal subfields,

and 85% of labs had more than 5years' experience. All labs
had experience with hippocampal measures on 3T data and
92% of labs had experience with relevant T,-weighted images.
With one iteration, all inner boundary definitions were found
to be clear and achieved consensus (all binomial test p val-
ues <0.004; Table 1). No revisions to rule definitions were re-
quired for consensus, although the working group used the
feedback on clarity to implement minor changes to wording
and sample images.

When presented with the alternative rule definition for the
CA3-DG boundary that referenced the endfolial pathway (see
Supporting Information for details), the majority preferred the
geometric heuristic (57.69%), fewer preferred the endfolial path-
way rule (23.08%), and a similar percentage had no preference
(19.23%). A representative comment relating to the endfolial
pathway rule underscores the need to balance reliability with
face validity: “Overly complex [and] is prone to errors and more
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TABLE 2 | Representative qualitative comments collected during the Delphi procedure on rules for defining subfield boundaries in the

hippocampal body.

Theme of
constructive
feedback

Example comment

Agreement rating

Delineation of CA2
may be misaligned

“T am concerned that the current segmentation of CA2 doesn't fully capture 1
the CA2 subregion...Given the fact that the CA2 subregion is so small, I would

be concerned about potential interpretations of CA2 segmentations, and
especially if individuals are using CA2 segmentations to look at functional
activation. I'm not convinced at the moment that you can delineate CA2.”

“I would suggest including CA2 as part of CA3, given how hard it is to 1
distinguish these two. I'm also concerned that as we move anterior to
posterior, the boundaries between CA2 and CA3 may shift, and I don't

know if the current rule would capture that shift well enough.”

“The segmentation will likely not be perfect (proposed rule more lateral 9
than expert ratings), but we agree that the proposed boundary definition is
okay. As a general remark, one may need to be careful when investigating
CA2 alone and be aware that one might not only be measuring CA2.”

Specificity of defining
CA3 apart from DG

“The inferior part of the CA3 may extend too far into DG, but this may also be 7
due to the rather flat HC in the example... So, we are generally in agreement

with this rule given the trade-off between accuracy and complexity.”

“From the current geometric rule, I'm concerned since DG/ 1
CA3 are very wrapped around each other and with the extent
of DG/CA3 boundaries shifts from anterior to posterior.”

“We have concerns with this boundary since it is sampling 3
DG within CA3, although it seems easy to follow the
instructions and relatively consistent between raters.”

Treatment of SRLM

“T agree with the boundary, however, similar to one of the raters, I would 5

also like to note the potential for biases towards greater volume in CA
regions and subiculum when the SLRM is more difficult to distinguish.”

“We believe this structure should be given a distinct label. Some 3
consider this structure to be white matter given the lack of neuronal
cell bodies, and it may also include blood vessels and CSF pockets
along the hippocampal sulcus which should ideally be excluded
(or at least separated) from subfield volume measures.”

Note: Representative comments providing constructive critique of rules in the harmonized protocol are reported here arranged by theme and the individual rating on

agreement for the relevant rule (1 =strongly disagree; 9 =strongly agree).

importantly cannot be properly assessed for validity with MRI
compared to neuroanatomical sections. Therefore, the addi-
tional potential validity is mitigated by complex instructions
(prone to errors).” Therefore, the geometric heuristic rule set to
define all internal boundaries between the hippocampal sub-
fields, including the CA3-DG boundary, was retained for the
final protocol development.

Although all boundary definitions in the retained final protocol
had statistical majority agreement (81%-96% responses), there
was a range of responses that included individuals who dis-
agreed (see Table 1). The qualitative comments provided some
insights into the ratings and informed the discussed limitations
of the protocol (see Table 2 for representative comments; the
Supporting Information reports all comments).

One common theme in the qualitative comments from Delphi re-
spondents was on the delineation of CA2, which shares boundaries

with CA1 and CA3. The CA2 region is the smallest subfield to seg-
ment and thus particularly vulnerable to segmentation error and
misalignment. The region has distinct cytoarchitecture that may
be critical for memory (Ding et al. 2010), and so it is desirable to cre-
ate a separate label for the region despite the challenge of its small
size. The feedback from the Delphi panel is included as a limita-
tion of the protocol applied to images with 0.4 x0.4mm? in-plane
resolution and informs a discussion of alternative approaches to
combine CA2 with adjacent subfield labels (e.g., CA1-2).

A second theme in the comments was in the specificity of the
definition of CA3 apart from DG. These regions are closely con-
nected and present with complex morphometry that has the
CA3 folding into the DG following hippocampal development
as an allocortical structure (Duvernoy et al. 2013; Insausti and
Amaral 2004; Zeineh et al. 2001). The comments from the Delphi
panelists align with the challenges the working group experi-
enced to have a definition that had strong face validity with the
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available reference materials and would have good reliability. As
seen in the example comments from the Delphi procedure, the
balance between reliability and face validity was weighed when
indicating for agreement of the boundary definition. In addition,
there was reference to not having a distinct label for the CA4/
hilus region. Although neuroanatomists generally agree on the
presence of this region, there is disagreement among neuroanat-
omists on naming and allocation as CA4 region (Ding 2013;
Duvernoy et al. 2013; Williams et al. 2023) or as the hilus of the
DG (Insausti and Amaral 2004). Based on the resolution and
contrast of the typical high-resolution T,-weighted MRI on 3T,
the working group did not separately label this region and it is
included in the DG label. These details are included to qualify
the protocol use and external validation based on the histologi-
cal reference materials available to date.

A third point of discussion in the Delphi panel was on the treat-
ment of the SRLM. The SRLM lines the internal edge of the hip-
pocampal fissure and separates the DG from the CA subfields.
The protocol includes the SRLM within the CA1-3 subfield la-
bels (excluded from the DG), and the molecular layer extension
medially is included in the subiculum label. This protocol de-
cision was informed by review of published manual segmenta-
tion of ultra-high-resolution (~200um? isotropic) ex vivo MRI
with histology that identified the dark band on T,-weighted
MRI falls within the CA-SRLM region (Adler et al. 2018; de
Flores et al. 2020). Due to limitations of typical high-resolution
in vivo imaging (0.4 X 0.4 mm? in plane), the working group de-
termined it was not feasible to have a separate, reliable label for
SRLM, and therefore it was included in the CA field labels and
the extension of the molecular layer within the Sub label. This
is a limitation of the protocol that was also noted by the Delphi
panelists.

3.4 | Step 5: Formal Reliability Analysis
of the Consensus Protocol

Following consensus, inter-rater reliability was tested on the
sample of N=24 brains and found to be excellent for all regions,
with lower but acceptable reliability of the CA2 label (Table 3).
Reliability between the twoexpertraters(allICC(2,2)=0.63-0.93;
all DSC =0.59-0.85) was similar to the novice with either expert
(all ICC(2,2)=0.57-0.97, except CA2-R for one comparison was
0.45; all DSC=0.60-0.87). Intra-rater reliability by one expert
and one novice rater following > 2-week delay (n =11) indicated
excellent agreement (Table 3) and was consistent between the
expert rater (all ICC(2,1)=0.90-0.99; all DSC=0.68-0.89) and
the novice rater (all ICC(2,1)=0.75-0.97; all DSC =0.69-0.91).
Similar reliability ratings between expert and novice raters sug-
gest the protocol can be consistently applied regardless of prior
experience with manual segmentation or knowledge of hippo-
campal anatomy, although experience with the specific protocol
is expected to confer some stability of the skill.

Average reliability was also similar among raters regardless of
the scanned individual's demographic characteristics. With the
available sample, we provide initial evidence that there is no
differential reliability systematic with age (children vs. adults)
or by cognitive impairment among older adults following ADNI
diagnostic procedures (Table 4).

TABLE 3 | Summary inter- and intra-rater reliability of the
harmonized protocol.

Intra-rater (2
raters, n=11)

Inter-rater (3
raters, n=24)

Avg.
Region ICC(2,k) Avg.DSC ICC%Z) Avg. DSC
Sub-L 0.87 0.86x0.01 0.87 0.90+0.02
Sub-R 0.87 0.84+0.01 0.89 0.89+£0.02
CA1l-L 0.88 0.84+0.01 0.84 0.88+£0.03
CA1-R 0.94 0.83+0.02 0.96 0.88+£0.03
CA2-L 0.66 0.61£0.02 0.89 0.73£0.08
CA2-R 0.76 0.62+0.03 0.91 0.69+0.11
CA3-L 0.91 0.70+0.02 0.96 0.80£0.05
CA3-R 0.90 0.71£0.03 0.91 0.76 £0.08
DG-L 0.86 0.82%+0.03 0.86 0.87x0.04
DG-R 0.91 0.80£0.03 0.93 0.86£0.05

Note: Reliability was tested on a blinded dataset by two expert raters and 1
novice rater (k=3 raters), all naive to the protocol. Average ICC, and average
DSC (+ SD) are reported.

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; DSC, dice similarity
coefficient; ICC, intra-class correlation coefficient; Sub, subiculum.

3.5 | HSG Harmonized Protocol for Segmenting
Subfields in the Hippocampal Body

Following confirmation of reliability, we have formalized the
procedures as the HSG Harmonized Protocol for subfield seg-
mentation in the hippocampal body. The hippocampal subfields
are drawn to be contiguous (sharing internal boundaries) and
label the entire hippocampal body volume (Figure 5). The pro-
cedure begins by selecting the anterior-posterior range of the
hippocampal body (see Olsen et al. 2019), and then applying a
geometric heuristic in reference to macrostructural landmarks
of the hippocampus and surrounding neuroanatomy to approxi-
mate the inner boundaries between contiguous subfield regions
(summarized in Figure 6). The hippocampal subfield regions
are then segmented by applying the outer boundaries of the hip-
pocampus (previously described in Olsen et al. 2019) with the
inner boundaries as detailed here.

The geometric heuristic accommodates individual variability in
shape, size, and rotation that is observed in development, aging,
and related disease (see Supporting Information for example seg-
mentation). One example of atypical anatomical variation is with
incomplete hippocampal inversion, or malrotation, which pres-
ents as a round shape, verticalization, and medial position of the
hippocampus that occurs during development and persists at later
ages (Bajic et al. 2008). In reported samples, the frequency of mal-
rotation has been observed to be in 6%-20% of brains in at least one
hemisphere (e.g., Bajic et al. 2008; Cury et al. 2015). Hippocampal
malrotation is correlated with neurodevelopmental disorders and
seizures, whereas it is less frequent in healthy brains, and those as-
ymptomatic cases often present with only one or two of the defin-
ing features (Bernasconi et al. 2005; Gamss et al. 2009). Because
the harmonized protocol leverages the internal geometry of the
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TABLE 4 | Summary of average inter-rater dice similarity coefficient by scan demographic.

Age-group comparisons

Comparisons by cognitive diagnosis

Region Children (n=7) Adults (n=17) D Cognitive typical (m=5) MCI(®=5) Dementia(n=3) P

Sub-L 0.87+£0.03 0.86+0.02 0.80 0.87+0.01 0.87+0.01 0.85+0.03 0.59
Sub-R 0.85+£0.02 0.84+0.02 0.32 0.85+0.02 0.85£0.03 0.82+0.02 0.29
CAl1-L 0.86£0.02 0.83£0.03 0.06 0.84+£0.02 0.81+0.03 0.82+0.04 0.21
CA1-R 0.85x0.01 0.82x+0.03 0.17 0.83+0.02 0.82+0.02 0.81+0.06 0.66
CA2-L 0.62+0.08 0.60£0.10 0.71 0.63+0.09 0.55+0.14 0.61+0.02 0.84
CA2-R 0.63+0.10 0.62£0.09 0.76 0.64+0.07 0.60£0.06 0.55+0.10 0.24
CA3-L 0.73+0.06 0.70+0.06 0.26 0.73£0.03 0.65+0.09 0.69+0.02 0.11
CA3-R 0.69x0.09 0.72£0.04 0.46 0.73£0.05 0.72£0.05 0.70£0.03 0.60
DG-L 0.83+0.05 0.81+0.04 0.35 0.84+0.03 0.81+0.05 0.79+0.04 0.21
DG-R 0.82+0.04 0.80£0.04 0.32 0.81£0.03 0.81+0.04 0.77+0.04 0.24

Note: Average Dice similarity coefficient (DSC) +SD is reported stratified by age group and cognitive diagnosis that was associated with the scan. Distributions were
compared for statistically significant difference (a=0.05) by Mann-Whitney U test for age-group comparisons, and by Kruskal-Wallis test for cognitive diagnosis
comparisons. Comparisons by cognitive diagnosis were made only among scans collected by ADNI and included standardized protocol for diagnosis.
Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; MCI, mild cognitive impairment; Sub, subiculum.

FIGURE 5 | Hippocampal Subfield Group (HSG) Harmonized Protocol for segmenting subfields in the hippocampal body. The protocol is illus-
trated on a high-resolution (0.42x 0.42mm? in-plane), T,-weighted MRI showing the same image with the geometric heuristic illustrated (top) and
the subfield segmentation labels (bottom; Sub, subiculum; CA, Cornu Ammonis; DG, dentate gyrus).

hippocampus, the placement of Line 1 rotates with incomplete in-
version. Further, the length of Line 1 accommodates variability in
shape, such as roundedness and verticalization with malrotation,
or flattening in neurodegenerative disease. Continued application
and evaluation of the protocol in unique clinical populations will
be a priority for future work. A brief summary of the complete,
harmonized segmentation protocol for the subfields in the hippo-
campal body is provided here; detailed procedures, examples, and
training materials are available for download (https://hippocampa
Isubfields.com/harmonized-protocol/).

3.5.1 | Placement of the Geometric Heuristic
Definitions to Identify Inner Boundaries Between
Hippocampal Subfields

See Figure 6 for a summary illustration of the steps in the geo-
metric heuristic line placement.

3.5.2 | Complete Harmonized Segmentation Protocol to
Apply Outer and Inner Boundaries to Label Subfields in
the Hippocampal Body

3.5.2.1 | Subiculum Label. The Sub label includes por-
tions of the pro-, pre- and para-subiculum regions that the neu-
roanatomists labeled with subiculum. In the anterior body,
the medial Sub-cortex boundary is defined as a horizontal line
extending from the most medial superior aspect of the para-
hippocampal white matter to the CSF. In the posterior body,
the Sub-cortex boundary is defined as the superior medial
point—it extends to the medial edge of the hippocampus
where it meets the parahippocampal gyrus; visualized as
the medial portion of the Sub tapering and terminating at
the beginning of the calcarine sulcus, appearing as a “notch”.
Across the anterior-posterior length, the lateral boundary is
the CA1-Sub boundary defined at the inferior portion of Line 2,
spanning from the SRLM/molecular layer to the white matter.
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1. Line 1 should be anchored at the opening of the
hippocampal fissure adjacent to the superior edge of the
subiculum (a, the “arm pit”) and extended to the most lateral,
outside edge of the alveus (white matter structure) of the CA1
sector.

2. Line 2 is then placed perpendicular to the middle of Line 1,
extending from the most superior edge of the hippocampus to
the parahippocampal white matter.

5 | b

3. An additional vector is extend from the point of bisection at

w
.

30° to the lateral side.
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4. Extend another vector at 45° to the medial side.
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FIGURE 6 | Summary of the geometric heuristic applied to the hippocampus on high-resolution (0.4 x 0.4 mm? in-plane) T,-weighted images to

approximate the location of boundaries between contiguous hippocampal subfields. This refers to the inner boundaries of the hippocampal subfields,

and when combined with the outer boundary definitions, allows segmentations of subfield areas throughout the length of the hippocampal body.

The superior Sub boundary is drawn to include the SRLM/
molecular layer. The inferior boundary is drawn on the border
of the adjacent white matter.

3.5.2.2 | CA1l Label. The medial/internal boundary is at
the CA1-Sub border (the inferior portion of Line 2, spanning
from the SRLM to the white matter). The CA1 boundary is
drawn to include the SRLM and to exclude it from the DG. Any
visualization of a hippocampal sulcal cyst should be excluded.
A hippocampal sulcal cyst (or cavity) is a CSF-filled space in
the hippocampal fissure (most commonly between the SRLM
and the inferior, lateral edge of the DG). The external white mat-
ter is excluded from the lateral boundary.

3.5.2.3 | CA2Label. ThemedialboundaryofCA2isthesupe-
rior portion of Line 2, marking the location of the CA2-3 bound-
ary. The lateral boundary is the 30° vector to the superior lateral
edge of the hippocampus (marks the location of the CA1-CA2
boundary). The inferior/internal CA2 boundary is drawn to
include the SRLM. The superior boundary is drawn on the bor-
der of the external white matter to exclude it.

3.5.2.4 | CA3 Label. The lateral boundary is the supe-
rior portion of Line 2 (marks the location of the CA2-3 bound-
ary). The superior and medial boundary is drawn to exclude
external white matter and CSF. The inferior/internal boundary
is the 45° vector to the superior medial edge of the hippocampus
(marks the location of the CA3-DG boundary), including any
remaining visualization of the SRLM within that zone.

3.5.2.5 | DG Label. The remainder of the internal volume
thatisvisualized adjacent to the wedge from Line 2 and the medial
45° bisector is the DG. The superior/internal boundary is the 45°
vector to the superior medial edge of the hippocampus (marks

the location of the CA3-DG boundary) and excludes external
white matter (fimbria) and CSF. The lateral and inferior bound-
aries are internal at the hippocampal fissure/SRLM.

4 | Discussion

Through the efforts of multiple working groups over several
years, the HSG has developed a histologically valid, reliable, and
freely available segmentation protocol for high-resolution T,-
weighted imaging (https://hippocampalsubfields.com/harmo
nized-protocol/). Dozens of protocols exist to label human hip-
pocampal subfields on MRI that proliferated over the past de-
cade with the wide implementation of high-resolution imaging.
Significant discrepancies between protocols make reconciling
the current literature difficult, if not impossible. The harmo-
nized hippocampal subfield segmentation protocol provides a
solution to this barrier and can facilitate deeper insights into
development and aging of the structures, their unique cognitive
and functional correlates, and their vulnerability in clinical con-
ditions (e.g., Berron et al. 2016; Daugherty et al. 2016; La Joie
et al. 2010; Mueller et al. 2010; Shah et al. 2019). The HSG has
been inspired to address this challenge by creating a harmo-
nized protocol through consensus that would be valid for scans
of all ages and clinical applications.

This is a lofty task. We were not the first ones to be thus in-
spired and we followed the roadmap of the EADC-ADNI work-
ing group that tackled a similar challenge in definitions of total
hippocampal segmentation on T,-weighted MRI (aka, HarP).
The HarP group pioneered an approach for an “evidence-based
Delphi panel” that presented data and relevant publications
during the process of experts voting on landmark and boundary
definitions (Boccardi et al. 2015). However, in our process, we
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identified unique circumstances for a harmonized protocol in
hippocampal subfields (Wisse et al. 2017). The foremost issue
was that no existing canonical definitions of hippocampal sub-
fields on MRI existed—the regions are traditionally defined by
cytoarchitecture that can only be seen with post-mortem histo-
logical staining (Ding 2013; Duvernoy et al. 2013; Insausti and
Amaral 2004; Williams et al. 2023). Second, there was little con-
sistency in the anatomical nomenclature used in available MRI
segmentation protocols, let alone the definitions for applying the
same label. Our first investigation as a group found striking dif-
ferences in boundary definitions and nomenclature across com-
mon protocols in the field that could not be directly reconciled
(Yushkevich et al. 2015), and undermined the validity of our
shared literature. We determined the HSG would begin by devel-
oping new definitions as opposed to voting among an existing set
as the EADC-ADNI HarP procedure had (Boccardi et al. 2015).
We started from ground truth by creating a novel histological
reference set that had multiple neuroanatomists rating multi-
ple images, so as to represent variability in anatomy and expert
judgment in the process of developing an MRI protocol.

The Delphi procedure was efficient and reached consensus with
one iteration of voting (similar to the outer boundary consensus;
Olsen et al. 2019). The presentation of evidence that included
the novel histological reference set in this process was key
(Boccardi et al. 2015). By virtue of our international working
group structure, we had an opportunity to combine many dif-
ferent neuroanatomical source materials, methods, and collabo-
rating neuroanatomists to weigh in on the developing protocol.
That same information was then presented to a wide represen-
tation of experts in the field to vote on the protocol. Second, we
collected qualitative comments from the raters in the feasibility
check and from the Delphi panelists to iteratively refine the writ-
ten protocol descriptions, supporting materials, and contextual-
ize the consensus vote.

The initial validation of the protocol was demonstrated by the
Delphi procedure and the reliability analysis. All boundary
definitions had strong agreement and clarity ratings, suggesting
support from the broad research community. To elicit partici-
pation in the protocol development process and the Delphi pan-
els, we had recurring calls via our open listserv, website, social
media accounts, and through numerous abstract presentations
at international conferences. We have prioritized collecting ex-
pert opinions from investigators in different disciplines related
to hippocampal subfield study and incorporating the feedback
on accessibility of the materials from novice scholars.

All hippocampal subfield labels had high reliability. As reason-
ably expected, the intra-rater reliability was slightly higher than
inter-rater reliability, but nonetheless all indicated good quality
measurement. Critically, the reliability metrics were similar
between expert raters and the novice rater—suggesting that
prior experience with manual segmentation is not a requisite
to reliably apply the protocol. These results from the reliability
analysis support our aim to have a protocol accessible for wide
adoption, regardless of prior experience with manual segmenta-
tion or knowledge of human hippocampal anatomy. Moreover,
the distributions of average DSC of the hippocampal subfield la-
bels did not differ on scans collected in children as compared
to adults, and among ADNI scans it did not differ as a function

of cognitive impairment. An additional strength of the reliabil-
ity dataset is that scans were collected at different sites on MRI
machines by different manufacturers. Taken together, this evi-
dence suggests the harmonized protocol can be reliably applied
to scans age 4-94years, with common age-related health comor-
bidity and dementia, and across common imaging environments
to support valid comparisons across studies.

The relatively lower reliability of CA2 measures as compared to
the other regions is not surprising given the small size of the
region, in which even small differences between raters can have
great weight in the reliability. For example, the average intra-
rater reliability of the CA2 measures was excellent as compared
to the modest inter-rater reliability. Although the metrics fall
within an acceptable range based on previous publications
(Homayouni et al. 2021; Winterburn et al. 2013), the implica-
tions for applied hypothesis testing should be carefully consid-
ered as a limitation of the protocol. The first consideration is on
the quality of inference about the correlates of CA2, as the mea-
surement error may weaken the accuracy and specificity of the
label. This was a noted concern by the Delphi panelists that was
a source of disagreement for some individuals (although major-
ity agreement was achieved). Second, measurement reliability
goes to the power of hypothesis tests with the data (Zimmerman
and Zumbo 2015). Because most studies will be interested in
hippocampal subfield measurement to make comparisons of dif-
ferential effects or functional correlates, the amount of measure-
ment error per subfield should be considered when interpreting
comparative results and determining statistical power. For re-
search questions that are not specific to CA2, the investigator
may choose to combine the region with another label to further
improve the measurement reliability, or they may specify anal-
ysis a priori to only the subfields relevant for the hypothesis ex-
cluding this region.

Indeed, investigators could segment the hippocampal subfields
by the harmonized protocol and later choose to aggregate any
of the contiguous labels based on their research question. This
approach may appeal to investigators applying structural masks
from the T,-weighted images to functional MRI or multi-modal
data that often use resolutions >1mm?, in which aggregated
labels provide larger sampling areas to improve the quality of
the derived measurement. Although an aggregated label loses
regional specificity, it may be an acceptable compromise in the
context of research that necessitates maximal measurement re-
liability. If the original boundary definitions and nomenclature
are consistent with the protocol, the aggregated label could still
be compared to other studies with the harmonized protocol—
addressing the primary limitation in the current literature that
originally inspired the HSG.

In some applications, though, aggregating labels may not be an
acceptable compromise even for the sake of reliability. For ex-
ample, this was the main critique of the Delphi panelists of the
CA3-DG boundary, which on some slices of the example cases
would have a potential mix of tissue between the two region la-
bels and thus reduce potential functional specificity. The neu-
roanatomists generally had strong similarity in identifying the
CA3 boundary, but there were discrepancies on the DG bound-
aries with consideration of inclusion for CA4/hilus regions. The
CA3 morphometry is complicated and could be approximated
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more closely by the endfolial pathway rule, which in particular
has been shown effective on high-field strength MRI (Berron
et al. 2017). However, when adapting a similar rule in the cur-
rent protocol development, the Delphi panel voted to not move
the rule forward due to its complexity and weaker reliability in
the feasibility test. The cost-benefit assessment by the expert
Delphi panelists emphasized that the loss to measurement reli-
ability may not be worth the few pixels’ difference in accuracy.

Second only to face validity, measurement reliability is a forefront
issue in the application of the harmonized protocol. Because
reliability is a property of both the sample and raters, and not
the measurement instrument per se, investigators interested in
applying the harmonized protocol are strongly encouraged to
establish reliability in their own sample with their own raters
(see Supporting Information for advice on implementation). As
reliability is necessary for valid interpretation of the measures,
the protocol reliability should be established before processing
all sample data for analysis. The reliability assessment and im-
plementation of the anterior-posterior body ranging landmarks
(Olsen et al. 2019) is separate from the segmentation protocol
reliability reported here; these two parts of the protocol do not
require the same rater, and so the labor could be distributed in a
team and implemented sequentially.

In addition to the primary assessments of face validity and re-
liability, we also began evaluation of potential measurement
bias correlated with individual scan features. A protocol that is
highly reliable can be consistently biased. Many factors related
to demographic attributes like age (Herten et al. 2019), anatom-
ical size (Schmidt et al. 2018), image processing (Yushkevich,
Avants, et al. 2010), or rater visual perception (Maltbie et al. 2012)
affect volume estimates of the hippocampus from in vivo MRI.
In one of our prior publications, we summarize sources of error
in imaging protocols and a multi-stage evaluation of quality
control to optimize for data accuracy (Canada et al. 2024). In
the current report, we provide an initial assessment of potential
measurement bias with the available data in the reliability test,
and we found no significant differences in DSC by age or cog-
nitive diagnosis. This initial analysis of potential measurement
bias was powered to detect large sources of discrepancy related
to these two demographic features. There may be smaller, but
still meaningful, sources of bias that could not be adequately
tested here, and larger samples are needed to assess additional
sources of variability in healthy populations and heterogeneity
in Alzheimer's disease (Ferreira et al. 2020). The future work of
the HSG will apply the protocol in larger samples to test sensitiv-
ity to age- and neuropathological-related change, and continued
evaluation of potential measurement bias. We recommend all
investigators who adopt this protocol to evaluate reliability and
potential measurement bias in their samples, and to report those
outcomes alongside results in our shared literature.

The information provided throughout the development process
and Delphi panel was used to refine and enhance the clarity of
the protocol description, and led to the development of a substan-
tial set of training materials that are available to support protocol
adoption. In addition to written rule descriptions with example
images, including those with common artifacts or variations in
morphometry, we have developed an instructional video with
demonstration of manual segmentation. Example images and

segmentation files in ITK-Snap are available for download from
our website (https://hippocampalsubfields.com/harmonized
-protocol/). We are additionally offering periodic in-person ses-
sions to provide a hands-on training experience.

The protocol can be implemented in any modern software that
allows manual segmentation; for ease of use and as a freely
available resource, we have implemented all example mate-
rials in ITK-Snap (Yushkevich et al. 2006). There are no spe-
cific requirements for the tracing environs or hardware; any
idiosyncrasies specific to a laboratory are tolerable as long as
reliability is confirmed to be similar to the metrics we report
here. Standardization of equipment and software in the field is
not required for harmonized hippocampal subfield measure-
ments with our protocol; however, it may contribute variation to
measurement that we could not evaluate here. Continuing work
with wider adoption of the protocol will provide opportunities to
assess the effects of software and segmentation hardware (e.g.,
tracing tablet vs. mouse) in the future. We envision that the HSG
Harmonized Protocol for the hippocampal body can be applied
to existing and new high-resolution T,-weighted datasets and
used as reference to translate current published findings to a
common nomenclature to improve comparisons in qualitative
and quantitative review.

4.1 | Limitations of the Protocol and Continuing
Work by the HSG

Several limitations of the protocol and continuing work should be
noted. First, the boundaries drawn on MRI are approximations
of the location of microstructural features that cannot be visual-
ized on typical in vivo images (e.g., 0.4 x0.4mm? in-plane reso-
lution, collected at 3T field strength). We validated the protocol
with visual evaluation in comparison to labeled histological im-
ages; future ex vivo studies can continue to validate the protocol in
reference to specific anatomical variation or disease pathology, in
addition to dementia as was done here. Our continued work will
apply the protocol on in vivo MRI scans in different clinical sam-
ples to further test convergent and divergent validity with other
biomarkers of age-related neurodegeneration and dementia.

Second, the protocol was developed for an imaging sequence that
assumes high in-plane coronal resolution with T,-weighting, and
it is typically applied as an anisotropic voxel with 2-mm slice
thickness. We selected this imaging protocol because it was the
first available for clinical research (e.g., Iglesias et al. 2015; Mueller
and Weiner 2009; Winterburn et al. 2013; Zeineh et al. 2000), and
it remains among the most popular methods in the field (e.g., see
Homayouni et al. 2023 for a summary in a recent meta-analysis).
Based on the HSG's prior review, sub-millimeter in-plane cor-
onal resolution with T,-weighting is the minimum required to
visualize SRLM and other key landmarks to segment hippocam-
pal subfields (Canada et al. 2024; Wisse et al. 2017), and we do
not recommend applying the protocol to lower resolution (e.g.,
1mm?®) T -weighted images (Wisse et al. 2021). Although our
validated protocol is designed to be implemented with these im-
aging restrictions, it presented limitations to the set of structures
that could be reliably demarcated and excluded separate labels
for CA4/hilus and the SRLM. The white matter structures at the
external surface of the hippocampus—alveus and fimbria—were
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also excluded. As the field continues to rapidly develop new high-
resolution imaging methods, including high-field strength clinical
imaging, the protocol can be expanded in the future to divide out
these additional labels. Additional precision may be gained with
high-resolution isotropic voxels that allow applying the segmen-
tation rules in multi-plane views. In a similar regard, advances in
post-mortem histological methods continue to improve our un-
derstanding of hippocampal micro- and macro-anatomy (Ding
and Van Hoesen 2015; Palomero-Gallagher et al. 2020; Williams
et al. 2023). We designed the protocol anticipating these possi-
ble future developments so that labels and contiguous boundary
definitions could remain, with new labels further subdividing
the structure. This can provide some continuity in the field while
keeping the protocols relevant to the state-of-the-science.

Third, the boundary definitions shared between contiguous sub-
fields create a dependency within the set of measurements. The
geometric heuristic was developed through a process of observing
high consistency in the relative placement of the internal subfield
boundaries in reference to anatomical features across multiple
histological and MRI data sets. The geometric heuristic has the
benefit of accommodating variability in hippocampal shape, ro-
tation, and size, and with good reliability. However, the internal
boundaries between subfields are largely dependent upon place-
ment of Line 1—the horizontal line oriented from the opening of
the hippocampal fissure to the lateral edge of the alveus on the
CAL. Regions sharing a boundary will naturally have shared mea-
surement variance; the geometric heuristic additionally creates a
dependency as all lines are placed relative to the first one. The
dependency among measurements with this MRI segmentation
protocol should be considered during statistical analysis.

Fourth, this portion of the harmonized protocol is designed to be
applied within the hippocampal body only. The protocol is not
designed for labels in the hippocampal head or tail, which will
have additional labels currently under development by HSG work-
ing groups. The body is the largest portion of the hippocampus
(Daugherty et al. 2015; Malykhin et al. 2017; Poppenk et al. 2013),
and there are several examples of current protocols that exclu-
sively measure the body as a representative measure (e.g., Bender
et al. 2018; Mueller and Weiner 2009; see Yushkevich et al. 2015 for
comparisons). Until all definitions have been developed and pub-
lished, assessment of the subfields within the hippocampal body is
feasible. However, such measurement should be noted as an esti-
mate representative of only that portion of the hippocampus.

4.2 | Summary

Through collaborative working groups and Delphi consensus
procedures, the HSG has developed a harmonized protocol for
subfield segmentation in the hippocampal body. We have vali-
dated the protocol with multi-site and multi-manufacturer im-
aging data from healthy people age 4-94years old, and people
with cognitive impairment. In complement to strong face va-
lidity of the protocol compared to a novel histological reference
set, the high reliability of the protocol is the HSG's contribution
to support well-powered MRI studies with feasible sample sizes
(Homayouni et al. 2021). The protocol is available for immediate
adoption and application to existing and new high-resolution,

T,-weighted datasets. The harmonized protocol for the hip-
pocampal body can be adopted immediately for manual seg-
mentation, and the HSG is currently developing an automated
segmentation atlas as well. Our ongoing work is following the
same procedures reported here to provide future updates to
the harmonized protocol with hippocampal subfield labels in
the head and tail, and labels for medial temporal lobe cortices, all
developed from detailed parcellations of histology by neuroanat-
omists. Future HSG studies will apply the harmonized protocol
to clinical samples for further validation against established bio-
markers of neurodegenerative disease and dementia risk.
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