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Abstract

Researchers who study the human hippocampus are naturally interested in how its sub-
fields function. However, many researchers are precluded from examining subfields
because their manual delineation from magnetic resonance imaging (MRI) scans (still the
gold standard approach) is time consuming and requires significant expertise. To help
ameliorate this issue, we present here two protocols, one for 3T MRI and the other for
7T MRI, that permit automated hippocampus segmentation into six subregions, namely
dentate gyrus/cornu ammonis (CA)4, CA2/3, CA1, subiculum, pre/parasubiculum, and
uncus along the entire length of the hippocampus. These protocols are particularly nota-
ble relative to existing resources in that they were trained and tested using large num-
bers of healthy young adults (n = 140 at 3T, n = 40 at 7T) whose hippocampi were
manually segmented by experts from MRI scans. Using inter-rater reliability analyses, we
showed that the quality of automated segmentations produced by these protocols was
high and comparable to expert manual segmenters. We provide full open access to the
automated protocols, and anticipate they will save hippocampus researchers a significant
amount of time. They could also help to catalyze subfield research, which is essential for

gaining a full understanding of how the hippocampus functions.
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The hippocampus is composed of distinct subfields that have different
functions (Bonnici et al., 2013; Neunuebel & Knierim, 2014; Zeidman
et al., 2015) and connectivity patterns (Dalton et al., 2019, 2022). Study-
ing human hippocampal subfields typically requires them to be delin-
eated from structural magnetic resonance imaging (MRI) scans. Manual
segmentation of subfields from such scans remains the gold standard
approach (Dalton et al., 2017; Wisse et al., 2017). However, there are
currently numerous protocols available that differ on a range of parame-
ters. These include the location of borders between subfields, the granu-

larity with which specific subfields can be individually delineated, and

whether nor not the full length of the hippocampus is segmented. Auto-
mated methods for subfield segmentation have also been developed
(e.g., Augustinack et al., 2013; Fischl et al., 2009; Hadar et al., 2018;
Iglesias et al., 2015; Pipitone et al., 2014; Van Leemput et al., 2009;
Wisse et al., 2016; Yushkevich et al., 2010, 2015a) which essentially
recapitulate these protocol differences. This variety of approaches hin-
ders the ability to integrate and interpret findings across studies.

To address this issue, the Hippocampal Subfield Group (HSG:
http://www.hippocampalsubfields.com) was convened. It includes col-

leagues from around the world who are working toward the
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production of a reliable, validated, harmonized protocol for manual
segmentation of hippocampal subfields and associated medial tempo-
ral lobe regions. This huge undertaking is progressing (Olsen
et al., 2019; Wisse et al., 2017; Yushkevich et al., 2015b), and will
eventually be an invaluable and unifying resource for the field of hip-
pocampus neuroscience.

In the meantime, we previously devised a detailed manual sub-
field segmentation protocol that is faithful to our current understand-
ing of hippocampal anatomy (Dalton et al, 2017). We favor this
protocol because it allows the whole hippocampus to be segmented
into six subregions: dentate gyrus (DG)/Cornu Ammonis (CA)4,
CA2/3, CA1, subiculum, a combined area comprising the presubiculum
and parasubiculum hereafter called the pre/parasubiculum, and the
uncus. It takes approximately 8 h for an expert to segment a person's
two hippocampi from T2-weighted isotropic voxel MRI scans using
this protocol. But such expertise is not available in all research groups,
and even when it is, the time sink involved often prohibits conducting
experiments at scale, such as those examining individual differences.

Consequently, the goal of the current study was to devise an
automated subfield segmentation protocol based on the Dalton et al.
(2017) approach. We could pursue this aim thanks to two open access
resources. The first is the recently released open access dataset from
Clark and Maguire (2023) that includes the largest set of manually
segmented hippocampal subfields of healthy young adults that is cur-
rently available. The second is the software package Automatic Seg-
mentation of Hippocampal Subfields (ASHS; Yushkevich et al., 2015a)
which is free, open source and editable. ASHS can be retrained using
one's own MRI data and segmentation protocol to produce an ASHS
“atlas package” that can then be used to automatically segment sub-
fields from new MRI scans.

The 3 Tesla (3T) MRI data from Clark and Maguire (2023) that we
used to build an atlas were from the manually segmented hippocam-
pal subfields of 140 healthy adult participants (81 females) aged
between 20 and 41 years old (mean age = 29.09, SD = 5.61). We
complemented this 3T endeavor with newly-segmented data from 40
(different) healthy adult participants (26 females) aged between
18 and 33 years old (mean age = 23.8, SD = 3.99) who were scanned
at 7 Tesla (7T). We therefore aimed to produce two atlases, one for
3T MRI data and another for 7T MRI data. People with hobbies or
vocations known to be associated with the hippocampus (e.g. licensed
London taxi drivers) were excluded. Participants were reimbursed £10
per hour for taking part. All participants gave written informed con-
sent, and the study was conducted in accordance with the approval of
the University College London Research Ethics Committee (project
IDs: 6743/001 and 18721/001).

For the n = 140 3T MRI data, we randomly allocated 125 of the
participants to a 3T training group which was used to build the 3T
ASHS atlas package. This provided an unprecedented opportunity for
the ASHS algorithm to train on a large number of expertly segmented
hippocampi. The remaining 15 participants were assigned to a 3T test-
ing group that was used to assess the quality of automatic segmenta-
tions produced by the 3T ASHS atlas package. For the n = 40 7T MRI
data, we randomly allocated 30 participants to a 7T training group

which was used for training the 7T ASHS atlas package, and the
remaining 10 participants to a 7T testing group that was used to
assess the 7T ASHS atlas package.

The 3T data were collected using a Siemens Magnetom TIM Trio
3T MRI system with a 32 channel head coil. T2-weighted partial vol-
ume images were acquired (voxel size =0.52 x 0.52 x 0.50 mm)
using a 3D turbo spin echo sequence. Full details of the sequence are
available in previous publications (Clark et al, 2023; Clark &
Maguire, 2023; Dalton et al., 2017, 2019). Of note, scans with isotro-
pic voxels, such as those here, have equivalent resolution in all orien-
tations, which is particularly important for convoluted structures like
the hippocampus, which can contain undulations in the subfields. For
each participant, three images were acquired (each taking 13 m) and
up to three high quality images were coregistered, denoised and aver-
aged. This averaging and denoising method improved the signal-
to-noise ratio of the T2-weighted image used for hippocampal sub-
field segmentation. ASHS also requires a T1-weighted image for initial
localization of the whole hippocampus. For this we used whole brain
T1-weighted gradient echo images with an isotropic resolution of
800 um that were acquired as part of a Multi-Parameter Mapping
quantitative imaging protocol (taking 25m in total; Callaghan
et al., 2015; Callaghan et al., 2019). Full details of this sequence can
be found in Clark et al. (2020), Clark et al. (2021), Clark et al. (2022)
and Clark and Maguire (2023).

The 7T MRI data were acquired on a Siemens Magnetom Terra
7T MRI system with an 8 channel head coil for localized transmission,
operating in a quadrature-like (“TrueForm”) mode, with a 32-channel
head coil insert for reception. The partial volume T2-weighted 3T MRI
sequence was adapted for 7T MRI to vyield the voxel size
0.52 x 0.52 x 0.50 mm, TR = 3500 ms, echo time (TE) = 229 ms, flip
angle =8°, field of view =200 x 169 mm x 56 mm, matrix =
384 x 324 x 112, partitions = 112, partition thickness = 0.5 mm,
partition oversampling = 14.3%, GRAPPA x 2 in phase-encoding
(PE) direction, bandwidth = 868 Hz/Px, echo spacing = 3.83 ms,
turbo factor = 176, echo train duration = 548 ms, averages = 1.4.
For each participant, two images were acquired (each taking 10 m and
25 s) and up to two high quality images were coregistered, denoised,
and averaged prior to being used for segmentation of the hippocampal
subfields. Of note, such was the image quality at 7T that often one image
would have been sufficient for subfield segmentation, which could mean
shorter acquisition times for future studies. Whole brain T1-weighted
images with an isotropic resolution of 650 um were also acquired using a
Magnetization Prepared 2 Rapid Acquisition Gradient Echo (MP2RAGE)
sequence (Marques et al., 2010), taking 8 m 42 s, with TR = 5000 ms,
TE = 2.54 ms, Tl = 900 ms, and 2750 ms, 5° and 3° flip angles, field of
view = 208 x 208 x 156 mm?°, and GRAPPA x 3 in PE direction.

ITK Snap software version 3.2.0 was used to manually delineate
the hippocampal subfields on the averaged and denoised T2-weighted
images in line with the Dalton et al. (2017) protocol. For each partici-
pant the two hippocampi were manually segmented into six subregions:
DG/CA4, CA2/3, CA1, subiculum, pre/parasubiculum, and uncus.

We first used inter-rater reliability analysis to assess the manual

hippocampal segmentations. A second researcher independently
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segmented the hippocampi of 20 out of the 125 participants in the 3T
training group, and 9 out of the 30 participants in the 7T training
group. The Dice similarity coefficient (Dice, 1945), which ranges from
0 (no overlap) to 1 (complete overlap), was used to calculate the
degree of overlap between the subfield masks produced by the first
and second researchers. The results are shown on Table 1, and for
both 3T and 7T MRI they were comparable to previous studies using
this protocol (e.g., Barry et al., 2021; Clark et al., 2023; Dalton
et al.,, 2019) and other approaches (e.g., Berron et al., 2017; Bonnici
et al, 2013; Chadwick et al, 2014; Lee et al, 2014; Palombo
et al., 2013; Yeung et al., 2019).

Having established that the manual segmentations were reliable,
we next created the ASHS atlases. We trained ASHS on the manual
hippocampal subfield segmentations of the 3T training group sample
(125 participants) and separately on the 7T training group
sample (30 participants). Several ASHS configuration parameters were
adjusted to optimize the software for the 0.52 x 0.52 x 0.50 mm
voxel size of our T2-weighted images. The ASHS training process
works by first applying deformable coregistration of the T1-weighted
image, T2-weighted image and hippocampal subfield masks to an
unbiased population template. Automatic segmentations are then pro-
duced by deformably coregistering the T2-weighted image of each
participant to that of all other participants, and applying joint label
fusion (Wang et al, 2013). Finally, corrective learning classifiers

TABLE 1 Inter-rater reliability results
for the two manual segmenters.

Subfield

Dentate gyrus
CA2/3

CAl

Subiculum
Pre/parasubiculum

Uncus

(Wang et al., 2011) are trained by comparing the automatic segmenta-
tions with the manual segmentation of the same T2-weighted image;
see Yushkevich, Pluta, et al. (2015) for full details of the ASHS pipe-
line. We used leave-one-out cross-validation to train the 7T ASHS
atlas package and, due to the larger 3T training group sample and for
computational efficiency, we used leave-five-out cross-validation to
train the 3T ASHS atlas package (see Supporting Information Table S1
for results based on the cross-validation tests).

We then used our 3T and 7T ASHS atlas packages to segment
the hippocampi of participants in the new 3T test group (15 partici-
pants) and new 7T test group (10 participants) respectively. When
used to segment new hippocampi, ASHS produces automatic segmen-
tations in the same way as it does during training. Then it uses the
trained corrective learning classifiers to correct the automatic seg-
mentation. We evaluated performance of the 3T and 7T ASHS atlas
packages by using inter-rater reliability analysis to compare the auto-
matic segmentations with corresponding manual segmentations of the
same test samples. The results are shown on Table 2. As is evident for
both 3T and 7T atlases, Dice similarity coefficients were comparable
to, if not better than (see Figure 1), previous studies involving expert
manual segmenters using this protocol (e.g., Barry et al., 2021; Clark
et al., 2023; Dalton et al., 2019) and other approaches (e.g., Berron
et al, 2017; Bonnici et al., 2013; Chadwick et al, 2014; Lee
et al., 2014; Palombo et al., 2013; Yeung et al., 2019).

Dice similarity coefficient (mean + SD)

3T MRI 7T MRI

Left Right Left Right

0.84 + 0.02 0.85 +0.03 0.87 +0.02 0.86 + 0.03
0.67 +0.04 0.68 + 0.04 0.69 + 0.02 0.68 + 0.04
0.78 £ 0.03 0.79 £ 0.02 0.78 +0.03 0.80 + 0.02
0.81 +0.02 0.79 + 0.02 0.81 +0.03 0.79 + 0.03
0.71+0.03 0.69 +0.03 0.70 + 0.04 0.72 +0.02
0.82 + 0.03 0.84 + 0.02 0.88 + 0.03 0.86 + 0.04

Note: Two researchers independently segmented the hippocampi of 20 out of the 125 participants in the
3T training group, and 9 out of the 30 participants in the 7T training group.

TABLE 2 Reliability results for the
Automatic Segmentation of Hippocampal
Subfields (ASHS) atlases when compared
to an independent set of manually

segmented images. Subfield

Dentate gyrus
CA2/3

CAl

Subiculum
Pre/parasubiculum

Uncus

Dice similarity coefficient (mean + SD)

3T MRI ASHS atlas 7T MRI ASHS atlas

Left Right Left Right

0.88 + 0.03 0.89 +0.01 0.87 +0.03 0.89 +0.01
0.74 £ 0.04 0.75 £ 0.05 0.75 £ 0.05 0.78 £ 0.03
0.81+0.03 0.83 +0.02 0.81+0.03 0.82 +0.02
0.83 + 0.02 0.82 +0.02 0.83 +0.02 0.84 + 0.02
0.72 £ 0.05 0.72 £ 0.05 0.71+0.05 0.74 £ 0.02
0.85 + 0.02 0.85 + 0.02 0.84 + 0.03 0.86 + 0.03

Note: Our 3T and 7T ASHS atlas packages were used to segment the hippocampi of participants in a new
3T test group (n = 15) and a new 7T test group (n = 10), respectively.
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segmentations and the corresponding manual segmentations, where (a) relates to our 3T ASHS atlas package used to segment hippocampi from
new 3T MRI data (n = 15) and (b) relates to our 7T ASHS atlas package used to segment hippocampi from new 7T MRI data (n = 10). The overall
mean Dice similarity coefficients are plotted with opaque points and the mean Dice similarity coefficients for each test participant's data are
plotted with transparent points. Error bars indicate the standard error of the mean. To aid interpretation, the dashed lines provide an approximate
indication of the typical inter-rater reliability thresholds between human manual segmenters for the protocol used here. DG, dentate gyrus; Sub,
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Example segmentations, one from a 3T MRI participant (upper panels) and one from a 7T MRI participant (lower panels),

performed using (a) the 3T ASHS atlas package to segment hippocampi from new 3T MRI data and (b) the 7T ASHS atlas package to segment
hippocampi from new 7T MRI data. In both (a) and (b), the top row displays the raw T2-weighted image, the second row shows a manual
segmentation of the hippocampal subfields and the bottom row displays the ASHS automatic segmentation. Note that light blue areas are cysts.
T2W, T2-weighted; DG, dentate gyrus; Sub, subiculum; Pre/para, pre/parasubiculum. The images shown for 3T and 7T are from approximately
similar locations along the length of the hippocampus. See Supporting Information Figure S1 for further examples.
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When visually inspecting automatic segmentations and their cor-
responding manual segmentations, the subregion masks appeared
very similar (see Figure 2; for further examples see Supporting Infor-
mation Figure S1). There were some minor local differences, which
are also common in manual segmentations performed by different
human segmenters. These two ASHS atlas packages can, therefore, be
used to automatically segment subfields from new 3T and 7T
T2-weighted structural MRI data with isotropic voxels. The atlases,
along with a README file containing information about the IT
requirements and a step-by-step guide for using the atlases, are avail-
able on Figshare (https://doi.org/10.6084/m9.figshare.24298891).

There are several caveats that should be borne in mind in relation
to these ASHS atlases. They were built using the MRI scans of healthy
young adults, and so would be best used to segment subfields in scans
from similar people. As many participants in cognitive neuroscience
experiments are from the age groups scanned here, we hope the
atlases will be useful. ASHS also requires T2-weighted scans, and
indeed such scans are, in our experience, best suited to delineating
the hippocampal subfields. We also strongly advocate having scans
with isotropic voxels particularly for an undulating structure like the
hippocampus. Atlas users should therefore acquire data with isotropic
voxels in order to achieve maximum benefit. A final point to note is
that our atlases focus solely on the hippocampus. For researchers
interested in adjacent cortical areas such as the entorhinal or peri-
rhinal cortices, the large open access Clark and Maguire (2023) data-
set and the editable ASHS software provide the opportunity to
segment and build new atlases that include these regions in the
future.

In summary, here we demonstrated that the whole hippocam-
pus can be automatically segmented from 3T and 7T MRI scans
with isotropic voxels into six subregions according to a detailed
subfield segmentation protocol. We provide free, open access to
the ASHS atlas packages we developed and that makes this possi-
ble. We showed that the quality of automated segmentations pro-
duced by these ASHS atlas packages is high when assessed by
inter-rater reliability analyses, which is the method typically used
for checking the quality of manual segmentations. We anticipate
that these atlases will save researchers a significant amount of
time, especially when conducting subfield experiments at scale.
Moreover, we hope that the ability to automatically segment sub-
fields will allow more research groups to conduct subfield experi-
ments, which will be essential for gaining a full understanding of

how the hippocampus functions.
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