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Abstract

Accurate and reproducible automated segmentation of human hippocampal subfields is of interest to study their roles in
cognitive functions and disease processes. Multispectral structural MRI methods have been proposed to improve automated
hippocampal subfield segmentation accuracy, but the reproducibility in a multicentric setting is, to date, not well character-
ized. Here, we assessed test—retest reproducibility of FreeSurfer 6.0 hippocampal subfield segmentations using multispectral
MRI analysis pipelines (22 healthy subjects scanned twice, a week apart, at four 3T MRI sites). The harmonized MRI protocol
included two 3D-T1, a 3D-FLAIR, and a high-resolution 2D-T2. After within-session T1 averaging, subfield volumes were
segmented using three pipelines with different multispectral data: two longitudinal (“long_T1s” and “long_T1s_FLAIR”)
and one cross-sectional (“long_T1s_FLAIR_crossT2”). Volume reproducibility was quantified in magnitude (reproducibility
error—RE) and space (DICE coefficient). RE was lower in all hippocampal subfields, except for hippocampal fissure, using
the longitudinal pipelines compared to long_T1s_FLAIR_crossT2 (average RE reduction of 0.4-3.6%). Similarly, the lon-
gitudinal pipelines showed a higher spatial reproducibility (1.1-7.8% of DICE improvement) in all hippocampal structures
compared to long_T1s_FLAIR_crossT2. Moreover, long_T1s_FLAIR provided a small but significant RE improvement in
comparison to long_T1s (p = 0.015), whereas no significant DICE differences were found. In addition, structures with vol-
umes larger than 200 mm? had better RE (1-2%) and DICE (0.7-0.95) than smaller structures. In summary, our study suggests
that the most reproducible hippocampal subfield FreeSurfer segmentations are derived from a longitudinal pipeline using
3D-T1s and 3D-FLAIR. Adapting a longitudinal pipeline to include high-resolution 2D-T2 may lead to further improvements.

Keywords Hippocampal subfields - Automated segmentation - FreeSurfer - Test—retest reproducibility - Human brain
morphometry - Multispectral MRI

Introduction

The human hippocampal formation is a complex brain struc-
ture widely studied by neuroscientists due to its involve-
ment in different cognitive processes, such as episodic mem-
ory (Squire et al. 1992; Gorbach et al. 2017) and spatial
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navigation (Maguire et al. 1998; Eichenbaum 2017), in
verbal memory (Ezzati et al. 2016; Zammit et al. 2017),
in normal development (Gogtay et al. 2006; Sussman et al.
2016), in adult age-related changes (Mueller et al. 2007;
Fjell et al. 2014), as well as in neurological and psychiat-
ric pathology, including Alzheimer’s disease (AD) (Dubois
et al. 2007; Mufson et al. 2015), epilepsy (Bernasconi et al.
2011; Winston et al. 2017), autism (Aylward et al. 1999;
Barnea-Goraly et al. 2014), bipolar disorders (Moorhead
et al. 2007; Mamah et al. 2016), and schizophrenia (Levitt
et al. 2010; Kalmady et al. 2017). In particular, there is a
very high interest in characterizing and relating structural
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and functional reorganization of the hippocampus (Zarei
et al. 2013; Przezdzik et al. 2019).

Beyond the interest in the anatomical segmentation of the
whole hippocampal formation, in the last decade, magnetic
resonance imaging (MRI) morphometry has highlighted that
hippocampal subfields may allow for more accuracy than the
whole hippocampus in detecting pathological changes (Pluta
et al. 2012; La Joie et al. 2013). Manual segmentation is still
considered the gold standard, but it has two main challenges:
cost (i.e. time to acquire the expertise and time to perform
the segmentations) and variability across raters (Nugent
et al. 2007; Lee et al. 2015; Yushkevich et al. 2015b). These
limitations have stimulated interest in developing automated
tools for the segmentation of hippocampal subfields. Several
studies have compared different automated tools with man-
ual segmentations to evaluate segmentation accuracy, and
FreeSurfer is considered among the most accurate methods
(Tae et al. 2008; Morey et al. 2009; Zanfidar et al. 2017).

FreeSurfer (http://surfer.nmr.mgh.harvard.edu/, RRID:
SCR_001847) allows the automatic delineation of hip-
pocampal subfields from structural MRI data using different
segmentation options. FreeSurfer requires a 3D-T1 for brain
segmentation, but optional images may be also used, such
as additional 3D-T1, high-resolution 2D-T2, and 3D-FLAIR
data. The updated algorithm released in FreeSurfer 6.0 for
the segmentation of hippocampal subfields uses a new atlas
constructed from ultra-high resolution ex-vivo MRI (Igle-
sias et al. 2015), producing sub-hippocampal volume esti-
mates that better match histological data. The latest version
of FreeSurfer has shown higher hippocampal segmentation
accuracy (Iglesias et al. 2015) relative to segmentations
obtained in earlier FreeSurfer versions (Pluta et al. 2012; de
Flores et al. 2015). One of the factors related to the segmen-
tation improvement is the use of a high-resolution 2D-T2
acquisition perpendicular to the hippocampus, which adds
a different contrast that is particularly relevant in the delin-
eation of the molecular layer. In particular, Mueller et al.
(2018) have shown that hippocampal subfield segmentation
approaches that involve high-resolution T2 images outper-
formed those using only the whole-brain T1 images in the
detection of early stage atrophy and in association with amy-
loid positivity and general cognitive performance. Moreover,
a longitudinal module specific for the segmentation of the
hippocampal subfields was implemented in FreeSurfer 6.0
(Iglesias et al. 2016). Currently, this module does not allow
the use of additional high-resolution 2D-T2 images.

In addition to the high-resolution 2D-T2 images that help
hippocampal segmentation, it is also possible to conduct
a multispectral segmentation of gray matter using fluid
attenuation inversion recovery (FLAIR) images. The use of
3D-FLAIR data can improve the separation of gray matter
tissue from pial, vessels and extracerebral connective tissue
at brain edges (Viviani et al. 2017). It has been seen that
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the combined use of 3D-T1 and 3D-FLAIR data specifi-
cally improves the segmentation accuracy in the medial and
inferior faces of the hippocampal regions, areas in which
there is an interest in detecting atrophy (Viviani et al. 2017).
Therefore, altogether these findings motivate the interest in
considering 3D-T1, 3D-FLAIR and high-resolution 2D-T2
for improved automated hippocampal subfields.

Besides the challenge of obtaining accurate automated
segmentations of the hippocampal subfields, an additional
issue is related to the reproducibility of these segmentations,
particularly in clinical multicentric longitudinal MRI stud-
ies. Segmentation reproducibility may be evaluated by doing
repeated experiments in a short time using healthy subjects
(i.e. test—retest acquisitions, Morey et al. 2010). The current
literature presents very few test—retest 3T studies evaluating
FreeSurfer hippocampal subfield segmentations in healthy
subjects, as outlined in Table 1. In particular, Marizzoni
et al. (2015) used 3T scanners and FreeSurfer version 5.1,
demonstrating that using the average of two within-session
3D-T1 acquisitions significantly improves test—retest repro-
ducibility of hippocampal subfields. Other studies used
single 3D-T1 acquisition and a variety of software versions
(Whelan et al. 2016; Worker et al. 2018; Brown et al. 2020).
However, none of these studies evaluated how the use of
multispectral data from the same session, such as 3D-FLAIR
or high-resolution 2D-T2, may affect the reproducibility of
hippocampal subfield segmentations with respect to the use
of a single T1 contrast.

Currently there is little consensus on whether the use of
multispectral MRI data may affect the reproducibility of
hippocampal subfield volumes, particularly in longitudinal
multicentric studies using automatic segmentation tools.
Accordingly, the aim of this study is to evaluate the repro-
ducibility of the hippocampal subfield volume segmenta-
tions, using three FreeSurfer segmentation pipelines based
on multispectral structural 3T MRI data: two 3D-T1, one
3D-FLAIR, and one high-resolution 2D-T2 anatomical vol-
ume. To the best of our knowledge, there are no publicly
available datasets containing this complete set of multispec-
tral brain anatomical data for the evaluation of test-retest
data in healthy subjects. In particular, the ADNI3 (http://
adni.loni.usc.edu) and Human Connectome Project (HCP,
https://www.humanconnectome.org) MRI protocols do not
consider two 3D-T1 acquisitions, the HCP and PharmaCog
(https://www.alzheimer-europe.org/Research/PharmaCog)
MRI protocols do not provide a 3D-FLAIR, while high-
resolution 2D-T2 was not acquired in the PharmaCog MRI
protocol. Thus, the images were acquired in four different 3T
MRI centers using a harmonized MRI protocol implemented
within the Italian AD-NET project, a multicentric initiative
focused on the development of operational research criteria
for early recognition of typical and atypical forms of AD
integrating clinical, imaging, and molecular data. Exploiting
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Table 1 Summary of the studies that evaluated test—retest reproducibility of hippocampal subfield volume segmentations derived from Free-

Surfer using structural MRI data

Study MRI scanners (num-  Healthy subjects Within-session structural FreeSurfer version FreeSurfer stream for
ber of sites) (years age range) MRI data acquisition hippocampal subfield
reproducibility analysis
3D-T1 3D-FLAIR 2D-T2
This study Multisite 3T study: 22 (25-65) Two  One One  Longitudinal whole  Longitudinal, averaged
Philips Achieva (3), brain: 6.0 T1
Siemens Skyra (1) Hippocampal sub- Longitudinal, averaged
fields: 6.0 T1+FLAIR
Cross-sectional,
averaged
T1+FLAIR+T2
Brown et al. (2020) Upgrade study: 3T 11 (22-55) Two - - Longitudinal whole ~ Longitudinal, single T1
Siemens Trio (1) to brain: 6.0 (the best of the two
3T Siemens Prisma Hippocampal sub- acquired)
(¢))] fields: 6.0
Worker et al. (2018) 3T GE Discovery (1) 22 (50-73) One - - Longitudinal whole Longitudinal, single T1
brain: 5.3
Hippocampal sub-
fields: 6.0
Whelan et al. (2016) 3T GE (1) 163 (68-80) One - - Cross-sectional whole Cross-sectional, single
brain: 5.3 Tl
Hippocampal sub-
fields: 6.0
Marizzoni et al. Multisite 3T study: 65 (50-80) Two - - Longitudinal whole ~ Cross-sectional, single
(2015) Siemens Allegra brain: 5.1 and averaged T1
(1), Siemens TIM Hippocampal sub-
Trio (2), Siemens fields: 5.1

Verio (1), Siemens
Skyra (1), Siemens
Biograph (1), GE
HDxt (2), GE Dis-
covery (1), Philips
Achieva (4)

Since the focus of this 3T study is the test—retest reproducibility on healthy subjects, the table reports the data associated with 3T acquisitions of
healthy volunteers, even if some studies also evaluated other populations (Worker et al. 2018; Whelan et al. 2016)

FreeSurfer 6.0, we evaluated the hippocampal subfield seg-
mentation reproducibility in three different pipelines: two
longitudinal pipelines (with and without FLAIR images) and
the cross-sectional pipeline with FLAIR and high-resolution
T2 images. The optimal pipeline will be applied on the lon-
gitudinal MRI data of the clinical population acquired within
this multicentric initiative to characterize the atrophy pro-
gression in the hippocampus and its subfields.

Materials and methods
Participants

A total of 22 subjects with no history of neurological, psy-
chiatric, or cognitive impairment disorders participated in
this study that involved four clinical 3T MRI sites across
Italy (Milan, Perugia, Brescia, and Rome). Subjects under-
went two MRI sessions approximately a week apart. Table 2

summarizes basic demographics, MRI site, and scan interval
information. Written informed consent as approved by the
local Ethics Committees from each participating Institution
was provided by each volunteer.

MRI scanners and acquisition protocol

The main specifications of the different 3T clinical MRI
scanners are reported in Table 2. The MRI protocol was har-
monized using only vendor-provided sequences and keep-
ing the following main parameters for the various structural
sequences. The acquisition protocol for each test and retest
sessions included a 3D sagittal T1-weighted sequence (FOV
240 x 240 mm?, 180 slices, voxel size 1 X 1x 1 mm?, TE
3.9 ms, FA 8°, no fat suppression, and no averages, approx-
imate acquisition time 4 min 30 s) at the beginning and
another one at the end of the scanning session, a 3D axial
FLAIR T2-weighted sequence (FOV 240 x 240 mm?, 180
slices, voxel size 1x 1x 1 mm?>, TI 1650 ms, fat suppression,
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Table 2 Summary of subjects’ demographic data and main MRI system information across sites

Subjects’ age: Subjects’ gender Test—retest interval: 3T MRI scanner MR system software Receiver
mean + SD (males/females) mean+SD (days) version coil
(years) channels
Sitel: IRCCS “Carlo 55+11 6/1 6.9+0.4 Philips Achieva 5.1 32
Besta”, Milan
Site 2: Perugia University, 49+38 32 7+0 Philips Achieva 2.6.3 8
Perugia
Site 3: Brescia University, 5048 372 72404 Siemens Skyra ~ Numaris4 syngo MR E11 64
Brescia
Site 4: IRCCS *““Santa 36+9 3/2 11+7 Philips Achieva 3.2 32

Lucia”, Rome

2 averages, approximate acquisition time 5 min), and a 2D
high-resolution coronal T2-weighted sequence covering the
whole hippocampus with slices oriented perpendicular to its
main anterior—posterior axis (FOV 200 x 200 mm?, 60 slices,
voxel size 0.4 x 0.4 x 2 mm?, TE 120 ms, no fat suppression,
2 averages, approximate acquisition time 6 min). The overall
acquisition protocol lasted about 50 min because it included
other sequences. The choice of acquisition parameters of
the various sequences corresponds to the recommendations
made for multispectral FreeSurfer segmentation for the hip-
pocampal formation (Iglesias et al. 2015). In particular, the
high in-plane resolution 2D-T2 data is meant to help the
segmentation by fitting an ex-vivo reference atlas that allows
modelling of the molecular layer.

Hippocampal segmentations

DICOM images were first compressed and then uploaded on
a data-sharing system based on the XNAT platform (https
//lwww.xnat.org/, RRID:SCR_003048) that was acces-
sible to all the participating sites. This system automati-
cally anonymizes data during the upload. The downloaded
anonymized DICOM images were converted to nifti format
using the free dem?2nii tool (http://www.nitrc.org/projects/
dem?2nii/, RRID:SCR_014099. Output format: SPM8—3D
NIFTTI nii). A visual quality control of the acquired images
was performed by an expert clinician before the FreeSurfer
processing.

A within-session T1 co-registration and averaging was
performed to improve the reproducibility of the hippocampal
subfield segmentation, as previously described (Marizzoni
et al. 2015). From now on, reference to the T1 data always
refers to the within-session average of two T1 acquisitions
(TTs).

Figure 1 shows, schematically, the three hippocampal
subfield segmentation pipelines implemented in FreeSurfer
6.0. The pipelines differ among themselves in the level of
multispectral MRI contrast information used for the subfield
segmentations: one contrast (two averaged 3D-T1s; green in
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Fig. 1), two contrasts (two averaged 3D-T1s and 3D-FLAIR;
red in Fig. 1), or three contrasts (two averaged 3D-Tls,
3D-FLAIR, and high-resolution 2D-T2; blue in Fig. 1). The
steps of the main analyses are outlined as follows.

Test—retest of the averaged T1 structural images were
automatically processed according to the longitudinal pipe-
line (Reuter et al. 2012) of FreeSurfer 6.0. Specifically, an
unbiased within-subject template (Reuter and Fischl 2011) is
created using robust, inverse consistent registration (Reuter
et al. 2010), and several processing steps are then initialized
with common information from the within-subject template.
Since FreeSurfer allows the use of FLAIR images to improve
the pial surface reconstruction, we tested the longitudinal
pipeline both with FLAIR images (red in Fig. 1) and without
(green in Fig. 1).

The final step for all the pipelines is the segmentation of
the hippocampal subfields. The longitudinal module (Igle-
sias et al. 2016) was used on both outputs of the FreeSurfer
longitudinal pipelines, with only T1s (green in Fig. 1) or T1s
and FLAIR (red in Fig. 1). This longitudinal module for the
segmentation of the hippocampal subfields does not allow
the use of additional high-resolution 2D-T2 images. There-
fore, to incorporate the three image contrasts in the hip-
pocampal subfield segmentation, we used the output of the
FreeSurfer longitudinal pipeline with 3D-T1 and 3D-FLAIR
images, adding the high-resolution 2D-T2 images (blue in
Fig. 1) in a cross-sectional approach (Iglesias et al. 2015),
where the segmentations at test and retest sessions are done
separately.

To abbreviate, we refer to the three hippocampal subfield
pipelines with the following labels: long_T1s refers to the
full longitudinal pipeline where only two averaged 3D-T1s
are used, long_T1s_FLAIR refers to the full longitudinal
pipeline where two averaged 3D-T1s and 3D-FLAIR are
used, and long_T1s_FLAIR_crossT2 refers to the longi-
tudinal FreeSurfer pipeline with two averaged 3D-T1s and
3D-FLAIR, followed by the cross-sectional pipeline for the
segmentation of the hippocampal subfields also using the
high-resolution 2D-T2.
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Fig.1 MRI image processing flowchart for the three tested segmentation pipelines (long_Tls, long_T1s_FLAIR and long T1s FLAIR_

crossT2). Hp hippocampus

FreeSurfer 6.0 hippocampal subfield segmentations
included for both brain hemispheres the cornu ammonis
areas (CAl, CA2-3, CA4), hippocampal tail (Hp_Tail),
subiculum, hippocampal fissure (fissure), presubiculum,
parasubiculum, molecular layer (Hp_ML), granule cells
in the molecular layer of the dentate gyrus (GC-ML-DG),
fimbria, and the hippocampal-amygdala transitional area
(HATA). In addition to the whole hippocampus (Whole_
Hp, i.e. sum of all hippocampal subfields except hip-
pocampal fissure), we also computed an additional esti-
mate of the whole hippocampus, called Whole_Hp_Fiss,
which added the fissure to Whole_HP. No manual edits
were performed.

On average, it took about 18 h/subject to complete the
longitudinal processing that used only T1 images on a Linux
workstation (Ubuntu 16.04) equipped with an Intel Xeon
E5-1603 v3 CPU (4 x2.80 GHz processors) and 16 GB of
1866 MHz DDR4 RAM. Adding FLAIR images, the overall
computation time increased about 2 h; an additional 1 h was
required for the cross-sectional processing with the high-
resolution T2 images.

Segmentations were visually examined before the sta-
tistical analysis to exclude major errors. A Kruskal-Wallis
test was used to evaluate for MRI site effects on the hip-
pocampal volume segmentations. After confirming no sig-
nificant site effects, the test-retest segmentation data was
grouped across sites with a focus on evaluating pipeline
effects on test-retest reproducibility metrics.

Test-retest reproducibility analysis

To assess the test-retest reproducibility of the hippocam-
pal segmentations, we considered for each subject and
each segmentation two metrics: the percent absolute
reproducibility error (RE) and the DICE coefficient (Van
Rijsbergen 1978) across the test—retest sessions.

For each structure, the dimensionless measure RE is the
absolute percent difference of the volume with respect to
its mean value between test and retest sessions:
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| Vretest - Vtest |

RE =100 - .
(Vrelest + Vtesl)/2

The spatial reproducibility was studied by computing the
DICE coefficient, which estimated the overlap between the
co-registered test—retest volumes of the same hippocampal
structure. DICE coefficient is defined as:

DICE = |Mretest n Mtestl i
(|Mretest| + |Mtest|)/2
where M, and M. . represent the binary masks of the

same hippocampal structure coming from the two different
MRI acquisitions. For two identical masks, DICE =1 if they
are identically positioned, whereas DICE value is less than
1 if the spatial overlap is not perfect (reaching zero if there
is no overlap at all).

The RE and DICE reproducibility analyses were carried
out on the left/right hemisphere average for each segmen-
tation volume. For inter-site analyses, DICE was averaged
across the subjects scanned at the same MRI center.

Statistical analysis

Statistical analysis was performed using R (software ver-
sion 3.5.1; http://www.r-project.org/, RRID: SCR_001905).
A significance level of 5% was adopted in all the analyses.

A Kruskal-Wallis test was used to estimate possible
MRI site differences regarding subjects’ ages, genders,
test—retest time intervals, and hippocampal volumes. The
Kruskal-Wallis test was also used for comparisons of the
test—retest reproducibility measures between the three tested
FreeSurfer pipelines (long_Tls, long_T1s_FLAIR, and
long_T1s_FLAIR_crossT2).

A Wilcoxon test corrected for multiple comparisons
(Bonferroni correction) was applied for paired comparisons
of the hippocampal volumes and the test-retest reproducibil-
ity measures between the three tested FreeSurfer pipelines.

In addition, Bland—Altman plots have been used to visu-
alize the test—retest volume differences of hippocampal
structures as a function of mean structure volume for each
segmentation pipeline.

Results

No major segmentation errors were found upon visual
inspection. Figure 2 shows hippocampal segmentation
results overlaid on the corresponding T1 from a sample
subject.

A Kruskal-Wallis test confirmed that there were no sta-
tistically significant differences across MRI sites regarding
subject’s age (p =0.054), gender (p =0.71), and test—retest
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time interval (p =0.14). Further, hippocampal volume
showed no MRI site effects, regardless of segmentation
pipeline (p =0.13-0.21).

A statistically significant difference was found (Wil-
coxon test, p <0.001) between the hippocampal volume
segmented using the longitudinal pipelines (mean hip-
pocampal volume for both the longitudinal pipelines:
3530+ 70 mm?) in comparison to the cross-sectional one
(mean hippocampal volume: 3310 + 10 mm?®). Figure 3
shows the distribution of hippocampal subfield volumes
for the three pipelines.

To summarize the data, unless otherwise stated, in what
follows we grouped the data across sites, averaging right and
left hemispheres for each hippocampal structure.

Test-retest reproducibility of whole
hippocampus and its subfields with long_
T1s_FLAIR pipeline

In this section we focus on the reproducibility results from
the long_T1s_FLAIR pipeline, first reporting the test—retest
RE and then the DICE coefficients for spatial overlap. The
comparison across pipelines is reported in the following
subsection.

Figure 4 (upper panel) shows the test-retest RE (aver-
age and standard deviation of RE across the whole group)
for each hippocampal subfield segmentation (left and right
hemisphere averages) separately for the three pipelines.

RE varies across hippocampal structures from 1 to 6%
(Fig. 4, upper panel, red bars). In particular, mean test—retest
RE among MRI sites was ~1% and ~0.9% for Whole_Hp
and Whole_Hp_Fiss, respectively. With regard to the hip-
pocampal subfields, the mean test—retest RE was ~6% for
fissure, < 5% for fimbria, ~3% for parasubiculum, <3% for
HATA, and < 2% for the other structures.

The DICE coefficients of spatial overlap can be seen
in the lower panel of Fig. 4 (red bars, long_T1s_FLAIR
pipeline). The spatial reproducibility (DICE) was =~ 95.2%
for Whole_Hp_Fiss, ~#93.9% for Whole_Hp, = 93.5% for
Hp_Tail, > 85% for subiculum, presubiculum, CA1, and
CA4,>80% for parasubiculum and HATA, > 75% for GC-
ML-DG, Hp_ML, CA2-3, and fimbria, ~#61% for the fissure.

Figure 5 shows the distribution of test—retest reproduc-
ibility metrics as functions of hippocampal structure volume.
The RE distribution (Fig. 5, top), shows a fairly stable repro-
ducibility in the range of 1-2% for structures larger than
200 mm?, with reproducibility loss for smaller structures
(fissure, fimbria, parasubiculum, HATA). The DICE coef-
ficient distribution (Fig. 5, bottom), shows an overall good
spatial reproducibility (75-95%) across volumes except for
the fissure.
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Fig. 2 Illustration of the hippocampal subfield segmentations in sag-
ittal (top left), axial (bottom), and coronal (top right) views. Sub-
field structures of a sample subject (site 1, session 1, longitudinal
pipeline with FLAIR) are overlaid on the corresponding averaged
T1-weighted image generated by FreeSurfer 6.0 during the automated
processing. The images were made using the FreeView visualization

Segmentation reproducibility: comparison
across pipelines

A Kruskal-Wallis test showed a significant difference of the
reproducibility metrics across the three pipelines, both for
RE (p <0.001) and DICE coefficient (p <0.001).

The post hoc Wilcoxon test showed a significant decrease
of hippocampal structures reproducibility in the long_T1s_
FLAIR_crossT2 pipeline with respect to the other two longi-
tudinal pipelines, both in terms of RE and DICE coefficient
(»<0.001 in all cases). The higher reproducibility of the
longitudinal pipelines can be seen in Fig. 4 (upper panel).
Except for the hippocampal fissure, there was an average
reduction of 0.4-3.6% in the test-retest RE of all segmen-
tations. Similarly (Fig. 4, lower panel), with regard to the
reproducibility of spatial overlap of the segmentations, the
longitudinal pipelines showed a higher spatial reproduc-
ibility (1.1-7.8% of DICE improvement) in all hippocam-
pal structures relative to the long_T1s_FLAIR_crossT2
pipeline.

Moreover, when comparing the two longitudinal pipe-
lines, long_T1s_FLAIR provided a small but significant

Parasubiculum
M Presubiculum
B Subiculum
Bca1
Bca2-3

CA4
" GC-ML-DG

HATA

Fimbria
M Hp_ML
B Fissure

Hp_Tail

tool (https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/).
CAl, CA2-3, CA4 cornu ammonis areas, GC-ML-DG granule cells in
the molecular layer of the dentate gyrus, HATA hippocampal-amyg-
dala transitional area, Hp_ML molecular layer, Fissure hippocampal
fissure, Hp_Tail hippocampal tail

reproducibility improvement in terms of test-retest RE
(Wilcoxon test, p = 0.015). Meanwhile, no significant
DICE differences were found between the two longitudinal
pipelines (Wilcoxon test).

Bland—Altman plots (Suppl. Figure 1) show the
test—retest volume differences of hippocampal structures
as a function of mean structure volume for each segmen-
tation pipeline. The longitudinal pipelines (long_Tls,
long_T1s_FLAIR) substantially reduced volume differ-
ences across all subregions, except for the fissure, with
respect to long_T1s_FLAIR_crossT2. For some structures
(e.g. CAl, CA4, GC-ML-DG, parasubiculum), long_T1s_
FLAIR slightly reduced volume differences with respect
to long_Tls.

Summarizing, the two longitudinal pipelines (long_T1s
and long_T1s_FLAIR) give more reproducible hippocam-
pal segmentations than the cross-sectional pipeline (long_
T1s_FLAIR_crossT2), with a marginal but significant
reproducibility improvement for the long_T1s_FLAIR
pipeline.
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Fig.3 Volume estimates of whole hippocampus and its subfields for
the three tested segmentation pipelines (long_T1s, long_T1s_FLAIR
and long_T1s_FLAIR_crossT2). The last region on the right refers
to the structure obtained merging the whole hippocampus and fis-
sure. Error bars represent the standard deviation from the mean. CA/,

Discussion

It is currently unclear how the choice of different anatomical
MRI input data (T1, FLAIR, high-resolution T2) and choice
of FreeSurfer segmentation pipelines affect the reproduc-
ibility of hippocampal subfield segmentations. In this multi-
centric study, we evaluated the test-retest reproducibility of
automated hippocampal subfield segmentations using three
different FreeSurfer 6.0 pipelines in 22 healthy subjects
scanned twice using multispectral acquisitions in four clini-
cal 3T MRI centers. To the best of our knowledge, we pro-
vide for the first time a quantitative characterization of hip-
pocampal subfield segmentation multicentric reproducibility
using 3D-FLAIR and high-resolution 2D-T2 input images in
addition to standard 3D-T1 images. The most important find-
ings of this study are two: (1) the longitudinal hippocampal
subfield segmentation pipelines are superior to the cross-
sectional one using the high-resolution 2D-T2 data, (2) use
of 3D-T1s and 3D-FLAIR in the longitudinal pipelines offers
marginal but significant reproducibility improvements rela-
tive to the use of only 3D-T1 data.

The hippocampal formation is a brain region that is
affected by several neurological and psychiatric disorders
and its atrophy is already used to help enrich recruitment

@ Springer

CA2-3, CA4 cornu ammonis areas, GC-ML-DG granule cells in the
molecular layer of the dentate gyrus, HATA hippocampal-amygdala
transitional area, Hp_ML molecular layer, Fissure hippocampal fis-
sure, Hp_Tail hippocampal tail

into AD clinical trials, as reported by the European Medi-
cines Agency in EMA/CHMP/SAWP/809208/2011. Mor-
phometric information about its sub-regions could contribute
to a differential diagnosis in pathological states. For exam-
ple, Iglesias et al. (2015) showed that the discrimination of
mildly cognitive impaired and mild AD patients improved
using volumetric data of hippocampal subfields relative to
the whole hippocampus.

In our study, we found that the longitudinal pipeline for
hippocampal subfield segmentation (Iglesias et al. 2016)
gave an overall higher test-retest reproducibility (percent
volume errors in the range of 1-6% across structures) com-
pared to the cross-sectional pipeline (Iglesias et al. 2015)
with high-resolution 2D-T2 images (2-8% across structures).
The improved performance of the longitudinal pipelines
with respect to the cross-sectional one is in good agreement
with other 3T studies, even if they used only 3D-T1 and
older versions of FreeSurfer, which found similar results in
the whole hippocampus (Jovicich et al. 2013) and with the
hippocampal subfields (Worker et al. 2018). In addition, the
high-resolution 2D-T2 images are expected to have higher
operator-dependent variability across sessions since they
cover only a part of the brain and need to be oriented per-
pendicular to the hippocampus by the operator each time.
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Fig.4 Test-retest volume reproducibility error (upper panel) and
spatial reproducibility (DICE coefficient, lower panel) of whole hip-
pocampus and its subfields for the three tested segmentation pipelines
(long_T1s, long_T1s_FLAIR and long_T1s_FLAIR_crossT2). The
last region on the right is relative to the structure obtained merging

the whole hippocampus and fissure. Error bars represent the stand-
ard deviation from the mean. CAl, CA2-3, CA4 cornu ammonis areas,
GC-ML-DG granule cells in the molecular layer of the dentate gyrus,
HATA hippocampal-amygdala transitional area, Hp_ML molecular
layer, Fissure hippocampal fissure, Hp_Tail hippocampal tail
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Fig.5 Test-retest volume reproducibility error (upper panel) and spa-
tial reproducibility (DICE coefficient, lower panel) of hippocampal
subfields obtained from the long_T1s_FLAIR pipeline as a function
of the structure volume. The volumes were averaged across hemi-
spheres, sessions, and subjects. CAI, CA2-3, CA4 cornu ammonis

Instead, the 3D-T1 and 3D-FLAIR volumes, being full-
brain, are less operator dependent. Further, using the three
image contrasts needed for the long_T1s_FLAIR_crossT2
pipeline also requires a slightly longer acquisition time,
which results in higher sensitivity to head motion effects
that may affect the segmentation (Iglesias et al. 2015) and
therefore its reproducibility. The higher REs reported by
Worker et al. (2018) are most likely related to a combination
of acquisition factors, in particular the use of only one 3D-T1
volume per subject. The hippocampal subfield reproducibil-
ity findings of our long_T1s pipeline are consistent with the
study from Marizzoni et al. (2015), which also used two
averaged 3D-T1s but an older version of FreeSurfer. Both
studies showed that reproducibility and DICE coefficients
get worse for structures smaller than 200 mm? (such as the
hippocampal fissure and fimbria). For structures with larger
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areas, GC-ML-DG granule cells in the molecular layer of the den-
tate gyrus, HATA hippocampal-amygdala transitional area, Hp_ML
molecular layer, Fissure hippocampal fissure, Hp_Tail hippocampal
tail

volumes, the RE is about 1-2% and DICE in the range of
0.75-0.95. Adding a 3D-FLAIR volume for the pial surface
reconstruction in the longitudinal pipeline resulted in a small
but statistically significant improvement of test—retest RE.
In agreement with previous studies (Van Leemput et al.
2009; Marizzoni et al. 2015), test-retest RE were higher for
the smaller volumes, probably because partial volume effects
influence the segmentation of smaller regions in a greater
percentage. A possible improvement can be achieved by
merging close sub-volumes (Mueller et al. 2018). For exam-
ple, we found an improvement in the test-retest reproduc-
ibility of the whole hippocampus by merging it with fissure,
which was the least stable subfield. The boundary between
hippocampal fissure (i.e. the vestigial space located between
the molecular layer and the dentate gyrus) and the external
cerebrospinal fluid may contribute to the lower test—retest
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reproducibility of this structure. In addition, its shape and
small size may make this region more susceptible to partial
volume effects, compromising the closer structures as well
as the whole hippocampus.

Manual delineation represents the gold standard for brain
structure segmentation from MRI images. However, for large
datasets it is highly time-consuming and requires a very spe-
cific expertise. To the best of our knowledge, only one study
(de Flores et al. 2015), has so far compared manual and auto-
matic segmentations of the hippocampal subfields (using
the previous 5.1 FreeSurfer version). Thus, future accuracy
validations of the FreeSurfer 6.0 algorithm would be useful.
In particular, previous studies suggest that the use of high-
resolution T2 MRI data offers higher segmentation accuracy
for hippocampal subfields (Mueller et al. 2018). Therefore,
the extension of the longitudinal FreeSurfer pipeline to the
use of such type of MRI data seems promising.

This study has several limitations, which briefly include
the following experimental issues: sample size, MR scanner
bias, reproducibility assessments without accuracy estima-
tions, no evaluation of disease effects, only one automated
segmentation method. Our sample size was small (22 sub-
jects) and corresponded to only two repeated measures from
four MRI sites having a bias towards Philips scanners (3 out
of 4). Our analysis was limited to the evaluation of repro-
ducibility, while the accuracy of segmented regions was not
assessed. Such studies would help clarify the bias towards
larger hippocampal volumes that we observed with the
longitudinal pipelines in comparison to the cross-sectional
pipeline using high-resolution 2D-T2 data. With regard to
segmentation accuracy, future studies are needed to further
validate FreeSurfer and other segmentation methods against
the gold standard manual segmentation, potentially showing
the advantages of multispectral contrasts in the segmenta-
tion of hippocampal subfields. Another limitation is that,
being limited to the reproducibility of healthy subjects, we
did not assess the sensitivity that the different segmentation
pipelines have to detect disease-related changes. Our imag-
ing consortium is currently completing the acquisition of a
longitudinal cohort of mildly cognitively impaired subjects.
Such data will allow us to evaluate the sensitivity of different
pipelines to track disease progression in future studies. Other
public datasets with disease samples including multispectral
anatomical data may also be considered. Lastly, our study
was limited to the evaluation of automated segmentation
pipelines from FreeSurfer. Other segmentation tools exist
but are beyond the scope of this study (Yushkevich et al.
2015a).

A more general open challenge in the field remains the
harmonization across various different hippocampal subfield
segmentation protocols that are available and continuously
improved (Yushkevich et al. 2015b; Wisse et al. 2017; Xie
et al. 2018). A distributed public effort enabling access to

multispectral MRI data, access to manually edited segmen-
tations, or even the possibility to contribute by manually
editing segmentations, may help provide a common refer-
ence dataset against which to compare and improve new
segmentation protocols.

Conclusions

This is the first study that compares the reproducibility
of hippocampal subfield segmentations (FreeSurfer 6.0)
derived from single and multi-spectral structural MRI data.
The segmentation pipelines used the average of two within-
session 3D-T1s, either alone or with a 3D-FLAIR using the
longitudinal stream. A third pipeline included, in addition
to the averaged T1 and FLAIR, a high-resolution 2D-T2 in
the cross-sectional stream.

We showed that the choice of automated segmentation
pipeline and choice of multispectral structural MRI data
used in the segmentation can significantly affect both the
volumes and the test—retest reproducibility of human brain
hippocampal subfield volumes as measured by FreeSurfer
6.0 in a 3T multicentric study. We found that the longitudinal
pipeline using two 3D-T1s and a 3D-FLAIR gave the highest
reproducibility relative to the use of a longitudinal pipeline
with only two 3D-T1s or a cross-sectional pipeline using two
3D-T1s, a 3D-FLAIR, and a high-resolution 2D-T2. Impor-
tantly, the segmentation of most hippocampal subfields was
possible with no reproducibility costs relative to the segmen-
tation of the whole hippocampus. Our results support the
use of FreeSurfer automated segmentation of hippocampal
subfields in clinical studies to develop new biomarkers for
diagnosis, staging, progression, and evaluation of treatment
response in neuropsychiatric diseases. The extension of the
longitudinal pipeline with the use of high-resolution T2 data
might offer further reproducibility improvements which
should also be evaluated in terms of segmentation accuracy.

Acknowledgements This work was supported by the Italian Minister
of Health, grant number: NET-2011-02346784. The authors thank all
volunteers that participated in this study.

Funding Open access funding provided by Universita degli Studi di
Torino within the CRUI-CARE Agreement.

Compliance with ethical standards

Conflict of interest The authors have no conflicts of interest to declare.

Ethical approval All procedures performed in this study were in
accordance with the ethical standards of the Ethics Committee of the
coordinating site (Fondazione IRCCS Istituto Neurologico Carlo Besta,
Milan, Italy, protocol no. 33, 05 October 2016), by those of the respec-
tive recruiting centers, and with the 1964 Helsinki declaration and its
later amendments.

@ Springer



148

Brain Structure and Function (2021) 226:137-150

Informed consent Written informed consent was obtained from all
individual participants included in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aylward EH, Minshew NJ, Goldstein G et al (1999) MRI volumes
of amygdala and hippocampus in non-mentally retarded autis-
tic adolescents and adults. Neurology 53:2145-2150. https://doi.
org/10.1212/wnl.53.9.2145

Barnea-Goraly N, Frazier TW, Piacenza L et al (2014) A preliminary
longitudinal volumetric MRI study of amygdala and hippocampal
volumes in autism. Prog Neuropsychopharmacol Biol Psychiatry
48:124-128. https://doi.org/10.1016/j.pnpbp.2013.09.01

Bernasconi A, Bernasconi N, Bernhardt BC, Schrader D (2011)
Advances in MRI for ‘cryptogenic’ epilepsies. Nat Rev Neurol
7:99-108. https://doi.org/10.1038/nrneurol.2010.199

Brown EM, Pierce ME, Clark DC et al (2020) Test-retest reliability
of FreeSurfer automated hippocampal subfield segmentation
within and across scanners. Neuroimage 210:116563. https://doi.
org/10.1016/j.neuroimage.2020.116563

de Flores R, de Joie R, Landeau B et al (2015) Effects of age and
Alzheimer’s disease on hippocampal subfields. Hum Brain Mapp
36:463-474. https://doi.org/10.1002/hbm.22640

Dubois B, Feldman HH, Jacova C et al (2007) Research criteria for the
diagnosis of Alzheimer’s disease: revising the NINCDS-ADRDA
criteria. Lancet Neurol 6:734—746. https://doi.org/10.1016/S1474
-4422(07)70178-3

Eichenbaum H (2017) The role of the hippocampus in navigation is
memory. J Neurophysiol 117:1785-1796. https://doi.org/10.1152/
jn.00005.2017

Ezzati A, Katz MJ, Zammit AR et al (2016) Differential association
of left and right hippocampal volumes with verbal episodic and
spatial memory in older adults. Neuropsychologia 93:380-385.
https://doi.org/10.1016/j.neuropsychologia.2016.08.016

Fjell AM, McEvoy LK, Holland D, Dale AM, Walhovd KB (2014)
What is normal in normal aging? Effects of aging, amyloid and
Alzheimer’s disease on the cerebral cortex and the hippocam-
pus. Prog Neurobiol 117:20-40. https://doi.org/10.1016/j.pneur
0bi0.2014.02.004

Gogtay N, Nugent TF, Herman DH et al (2006) Dynamic mapping of
normal human hippocampal development. Hippocampus 16:664—
672. https://doi.org/10.1002/hipo.20193

Gorbach T, Pudas S, Lundquist A et al (2017) Longitudinal associa-
tion between hippocampus atrophy and episodic-memory decline.
Neurobiol Aging 51:167—-176. https://doi.org/10.1016/j.neurobiola
ging.2016.12.002

Iglesias JE, Augustinack JC, Nguyen K et al (2015) A computational
atlas of the hippocampal formation using ex vivo, ultra-high reso-
lution MRI: Application to adaptive segmentation of in vivo MRI.

@ Springer

Neurolmage 115:117-137. https://doi.org/10.1016/j.neuroimage
.2015.04.042

Iglesias JE, Van Leemput K, Augustinack J, Insausti R, Fischl B, Reu-
ter M (2016) Bayesian longitudinal segmentation of hippocam-
pal substructures in brain MRI using subject-specific atlases.
Neurolmage 141:542-555. https://doi.org/10.1016/j.neuroimage
.2016.07.020

Jovicich J, Marizzoni M, Sala-Llonch R et al (2013) Brain morphom-
etry reproducibility in multi-center 3T MRI studies: a comparison
of cross-sectional and longitudinal segmentations. Neuroimage
83:472-484. https://doi.org/10.1016/j.neuroimage.2013.05.007

Kalmady SV, Shivakumar V, Arasappa R et al (2017) Clinical cor-
relates of hippocampus volume and shape in antipsychotic-naive
schizophrenia. Psychiatry Res Neuroimaging 263:93-102. https
://doi.org/10.1016/j.pscychresns.2017.03.014

LaJoie R, Perrotin A, De La Sayette V et al (2013) Hippocampal sub-
field volumetry in mild cognitive impairment, Alzheimer’s disease
and semantic dementia. Neuroimage Clin 3:155-162. https://doi.
org/10.1016/j.nicl.2013.08.007

Lee JK, Nordahl CW, Amaral DG, Lee A, Solomon M, Ghetti S
(2015) Assessing hippocampal development and language in
early childhood: evidence from a new application of the auto-
matic segmentation adapter tool. Hum Brain Mapp 36:4483—
4496. https://doi.org/10.1002/hbm.22931

Levitt JJ, Bobrow L, Lucia D, Srinivasan P (2010) A selective
review of volumetric and morphometric imaging in schizo-
phrenia. Curr Top Behav Neurosci 4:243-281. https://doi.
org/10.1007/7854_2010_53

Maguire EA, Burgess N, Donnett JG, Frackowiak RS, Frith CD,
O’Keefe J (1998) Knowing where and getting there: a human
navigation network. Science 280:921-924. https://doi.
org/10.1126/science.280.5365.921

Mamah D, Alpert KI, Barch DM, Csernansky JG, Wang L (2016)
Subcortical neuromorphometry in schizophrenia spectrum and
bipolar disorders. Neuroimage Clin 11:276-286. https://doi.
org/10.1016/j.1nicl.2016.02.011

Marizzoni M, Antelmi L, Bosch B et al (2015) Longitudinal repro-
ducibility of automatically segmented hippocampal subfields:
a multisite European 3T study on healthy elderly. Hum Brain
Mapp 36:3516-3527. https://doi.org/10.1002/hbm.22859

Moorhead TW, McKirdy J, Sussmann JE et al (2007) Progressive
gray matter loss in patients with bipolar disorder. Biol Psychia-
try 62:894-900. https://doi.org/10.1016/j.biopsych.2007.03.005

Morey RA, Petty CM, Xu Y et al (2009) A comparison of automated
segmentation and manual tracing for quantifying hippocampal
and amygdala volumes. Neuroimage 45:855-866. https://doi.
org/10.1016/j.neuroimage.2008.12.033

Morey RA, Selgrade ES, Wagner HR, Huettel SA, Wang L, McCa-
rthy G (2010) Scan-rescan reliability of subcortical brain vol-
umes derived from automated segmentation. Hum Brain Mapp
31:1751-1762. https://doi.org/10.1002/hbm.20973

Mueller SG, Stables L, Du AT et al (2007) Measurement of hip-
pocampal subfields and age-related changes with high reso-
lution MRI at 4T. Neurobiol Aging 28:719-726. https://doi.
org/10.1016/j.neurobiolaging.2006.03.007

Mueller SG, Yushkevich PA, Das SR et al (2018) Systematic com-
parison of different techniques to measure hippocampal subfield
volumes in ADNI2. Neuroimage Clin 17:1006-1018. https://
doi.org/10.1016/j.nicl.2017.12.036

Mufson EJ, Mahady LJ, Waters DG et al (2015) Hippocampal plastic-
ity during the progression of Alzheimer’s disease. Neuroscience
309:51-67. https://doi.org/10.1016/j.neuroscience.2015.03.006

Nugent TF, Herman DH, Ordonez A et al (2007) Dynamic mapping
of hippocampal development in childhood onset schizophre-
nia. Schizophr Res 90:62-70. https://doi.org/10.1016/j.schre
$.2006.10.014


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1212/wnl.53.9.2145
https://doi.org/10.1212/wnl.53.9.2145
https://doi.org/10.1016/j.pnpbp.2013.09.01
https://doi.org/10.1038/nrneurol.2010.199
https://doi.org/10.1016/j.neuroimage.2020.116563
https://doi.org/10.1016/j.neuroimage.2020.116563
https://doi.org/10.1002/hbm.22640
https://doi.org/10.1016/S1474-4422(07)70178-3
https://doi.org/10.1016/S1474-4422(07)70178-3
https://doi.org/10.1152/jn.00005.2017
https://doi.org/10.1152/jn.00005.2017
https://doi.org/10.1016/j.neuropsychologia.2016.08.016
https://doi.org/10.1016/j.pneurobio.2014.02.004
https://doi.org/10.1016/j.pneurobio.2014.02.004
https://doi.org/10.1002/hipo.20193
https://doi.org/10.1016/j.neurobiolaging.2016.12.002
https://doi.org/10.1016/j.neurobiolaging.2016.12.002
https://doi.org/10.1016/j.neuroimage.2015.04.042
https://doi.org/10.1016/j.neuroimage.2015.04.042
https://doi.org/10.1016/j.neuroimage.2016.07.020
https://doi.org/10.1016/j.neuroimage.2016.07.020
https://doi.org/10.1016/j.neuroimage.2013.05.007
https://doi.org/10.1016/j.pscychresns.2017.03.014
https://doi.org/10.1016/j.pscychresns.2017.03.014
https://doi.org/10.1016/j.nicl.2013.08.007
https://doi.org/10.1016/j.nicl.2013.08.007
https://doi.org/10.1002/hbm.22931
https://doi.org/10.1007/7854_2010_53
https://doi.org/10.1007/7854_2010_53
https://doi.org/10.1126/science.280.5365.921
https://doi.org/10.1126/science.280.5365.921
https://doi.org/10.1016/j.nicl.2016.02.011
https://doi.org/10.1016/j.nicl.2016.02.011
https://doi.org/10.1002/hbm.22859
https://doi.org/10.1016/j.biopsych.2007.03.005
https://doi.org/10.1016/j.neuroimage.2008.12.033
https://doi.org/10.1016/j.neuroimage.2008.12.033
https://doi.org/10.1002/hbm.20973
https://doi.org/10.1016/j.neurobiolaging.2006.03.007
https://doi.org/10.1016/j.neurobiolaging.2006.03.007
https://doi.org/10.1016/j.nicl.2017.12.036
https://doi.org/10.1016/j.nicl.2017.12.036
https://doi.org/10.1016/j.neuroscience.2015.03.006
https://doi.org/10.1016/j.schres.2006.10.014
https://doi.org/10.1016/j.schres.2006.10.014

Brain Structure and Function (2021) 226:137-150

149

Pluta J, Yushkevich P, Das S, Wolk D (2012) In vivo analysis of
hippocampal subfield atrophy in mild cognitive impairment via
semi-automatic segmentation of T2-weighted MRI. J Alzhei-
mer’s Dis 31:85-99. https://doi.org/10.3233/JAD-2012-111931

Przezdzik I, Faber M, Fernandez G, Beckmann CF, Haak KV (2019)
The functional organisation of the hippocampus along its long
axis is gradual and predicts recollection. Cortex 119:324-335.
https://doi.org/10.1016/j.cortex.2019.04.015

Reuter M, Fischl B (2011) Avoiding asymmetry-induced bias in lon-
gitudinal image processing. Neurolmage 57:19-21. https://doi.
org/10.1016/j.neuroimage.2011.02.076

Reuter M, Rosas HD, Fischl B (2010) Highly accurate inverse con-
sistent registration: a robust approach. Neurolmage 53:1181—
1196. https://doi.org/10.1016/j.neuroimage.2010.07.020

Reuter M, Schmansky NJ, Rosas HD, Fischl B (2012) Within-subject
template estimation for unbiased longitudinal image analysis.
Neurolmage 61:1402-1418. https://doi.org/10.1016/j.neuro
image.2012.02.084

Squire LR, Ojemann JG, Miezin FM, Petersen SE, Videen TO, Raichle
ME (1992) Activation of the hippocampus in normal humans: a
functional anatomical study of memory. Proc Natl Acad Sci USA
89:1837-1841. https://doi.org/10.1073/pnas.89.5.1837

Sussman D, Leung RC, Mallar Chakravarty M, Lerch JP, Taylor MJ
(2016) The developing human brain: age-related changes in corti-
cal, subcortical, and cerebellar anatomy. Brain Behav 6:e00515.
https://doi.org/10.1002/brb3.515

Tae WS, Kim SS, Lee KU, Nam EC, Kim KW (2008) Validation of
hippocampal volumes measured using a manual method and two
automated methods (FreeSurfer and IBASPM) in chronic major
depressive disorder. Neuroradiology 50:569-581. https://doi.
org/10.1007/s00234-008-0383-9

Van Leemput K, Bakkour A, Benner T et al (2009) Automated seg-
mentation of hippocampal subfields from ultra-high resolution
in vivo MRI. Hippocampus 19:549-557. https://doi.org/10.1002/
hipo.20615

Van Rijsbergen CJ (1978) Information retrieval, 2nd edn. Butterworths,
London

Viviani R, Pracht ED, Brenner D, Beschoner P, Stingl JC, Stocker T
(2017) Multimodal MEMPRAGE, FLAIR, and R2* segmentation
to resolve dura and vessels from cortical gray matter. Front Neu-
rosci 11:258. https://doi.org/10.3389/fnins.2017.00258

Whelan CD, Hibar DP, Velzen LS et al (2016) Heritability and reli-
ability of automatically segmented human hippocampal formation

Affiliations

Andrea Chiappiniello’?

Pietro Tiraboschi® - Anna Nigri* - Claudia Ambrosi’ - Elena Chipi® - Stefania Ferraro® - Cristina Festari
- Ruben Gianeri* - Giovanni Giulietti®'? . Lorella Mascaro'® - Chiara Montanucci® -

Roberto Gasparotti”!

Valentina Nicolosi® - Cristina Rosazza® - Laura Serra’ - Giovanni B. Frisoni®'*'° . Daniela Perani

Fabrizio Tagliavini*'8 . Jorge Jovicich®

Department of Physics, University of Turin, Turin, Italy

Medical Physics Department, Ospedale Santa Maria della
Misericordia, Piazzale Giorgio Menghini 1, 06129 Perugia,
Italy

Division of Neurology V/Neuropathology, Fondazione
IRCCS Istituto Neurologico Carlo Besta, Milan, Italy

Unit of Neuroradiology, Fondazione IRCCS Istituto
Neurologico Carlo Besta, Milan, Italy

subregions. Neurolmage 128:125-137. https://doi.org/10.1016/j.
neuroimage.2015.12.039

Winston GP, Vos SB, Burdett J, Cardoso MJ, Ourselin S, Duncan
JS (2017) Automated T2 relaxometry of the hippocampus for
temporal lobe epilepsy. Epilepsia 58:1645-1652. https://doi.
org/10.1111/epi.13843

Wisse LEM, Daugherty AM, Olsen RK et al (2017) A harmonized
segmentation protocol for hippocampal and parahippocampal
subregions: why do we need one and what are the key goals?
Hippocampus 27:3-11. https://doi.org/10.1002/hipo.22671

Worker A, Dima D, Combes A et al (2018) Test-retest reliability and
longitudinal analysis of automated hippocampal subregion vol-
umes in healthy ageing and Alzheimer’s disease populations. Hum
Brain Mapp 39:1743—-1754. https://doi.org/10.1002/hbm.23948

Xie L, Shinohara RT, Ittyerah R et al (2018) Automated multi-atlas
segmentation of Hippocampal and Extrahippocampal subre-
gions in Alzheimer’s disease at 3T and 7T: what atlas compo-
sition works best? J Alzheimer’s Dis 63:217-225. https://doi.
org/10.3233/JAD-170932

Yushkevich PA, Amaral RSC, Augustinack JC et al (2015) Quantitative
comparison of 21 protocols for labeling hippocampal subfields
and parahippocampal subregions in in vivo MRI: towards a har-
monized segmentation protocol. Neurolmage 111:526-541. https
://doi.org/10.1016/j.neuroimage.2015.01.004

Yushkevich PA, Pluta J, Wang H et al (2015) Automated volumetry and
regional thickness analysis of hippocampal subfields and medial
temporal cortical structures in mild cognitive impairment. Hum
Brain Mapp 36:258-287. https://doi.org/10.1002/hbm.22627

Zammit AR, Ezzati A, Zimmerman ME, Lipton RB, Lipton ML, Katz
MIJ (2017) Roles of hippocampal subfields in verbal and visual
episodic memory. Behav Brain Res 317:157-162. https://doi.
org/10.1016/j.bbr.2016.09.038

Zandifar A, Fonov V, Coupé P, Pruessner J, Collins DL (2017) A com-
parison of accurate automatic hippocampal segmentation meth-
ods. Neuroimage 155:383-393. https://doi.org/10.1016/j.neuro
image.2017.04.018

Zarei M, Beckmann CF, Binnewijzend MAA et al (2013) Functional
segmentation of the hippocampus in the healthy human brain
and in Alzheimer’s disease. NeuroImage 66:28-35. https://doi.
org/10.1016/j.neuroimage.2012.10.071

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Roberto Tarducci? - Cristina Muscio® - Maria Grazia Bruzzone” - Marco Bozzali>® -

9,10

12,1617 ,

Neuroimaging Laboratory, Fondazione IRCCS Santa Lucia,
Rome, Italy

Department of Neuroscience, Brighton and Sussex Medical
School, University of Sussex, Brighton, UK

7 Neuroradiology Unit, ASST Spedali Civili Di Brescia,
Brescia, Italy

Laboratory of Clinical Neurochemistry, Neurology Clinic,
Center for Memory Disturbances, University of Perugia,
Perugia, Italy

@ Springer


https://doi.org/10.3233/JAD-2012-111931
https://doi.org/10.1016/j.cortex.2019.04.015
https://doi.org/10.1016/j.neuroimage.2011.02.076
https://doi.org/10.1016/j.neuroimage.2011.02.076
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1016/j.neuroimage.2012.02.084
https://doi.org/10.1016/j.neuroimage.2012.02.084
https://doi.org/10.1073/pnas.89.5.1837
https://doi.org/10.1002/brb3.515
https://doi.org/10.1007/s00234-008-0383-9
https://doi.org/10.1007/s00234-008-0383-9
https://doi.org/10.1002/hipo.20615
https://doi.org/10.1002/hipo.20615
https://doi.org/10.3389/fnins.2017.00258
https://doi.org/10.1016/j.neuroimage.2015.12.039
https://doi.org/10.1016/j.neuroimage.2015.12.039
https://doi.org/10.1111/epi.13843
https://doi.org/10.1111/epi.13843
https://doi.org/10.1002/hipo.22671
https://doi.org/10.1002/hbm.23948
https://doi.org/10.3233/JAD-170932
https://doi.org/10.3233/JAD-170932
https://doi.org/10.1016/j.neuroimage.2015.01.004
https://doi.org/10.1016/j.neuroimage.2015.01.004
https://doi.org/10.1002/hbm.22627
https://doi.org/10.1016/j.bbr.2016.09.038
https://doi.org/10.1016/j.bbr.2016.09.038
https://doi.org/10.1016/j.neuroimage.2017.04.018
https://doi.org/10.1016/j.neuroimage.2017.04.018
https://doi.org/10.1016/j.neuroimage.2012.10.071
https://doi.org/10.1016/j.neuroimage.2012.10.071
http://orcid.org/0000-0002-7135-985X

150

Brain Structure and Function (2021) 226:137-150

Laboratory of Neuroimaging and Alzheimer’s Epidemiology,
IRCCS Istituto Centro San Giovanni Di Dio Fatebenefratelli,
Brescia, Italy

Department of Molecular and Translational Medicine,
University of Brescia, Brescia, Italy

Department of Medical and Surgical Specialities,
Radiological Sciences and Public Health, University
of Brescia, Brescia, Italy

Nuclear Medicine Unit, IRCCS San Raffaele Hospital, Milan,
Italy

Department of Diagnostic Imaging, Medical Physics Unit,
ASST Spedali Civili Di Brescia, Brescia, Italy

@ Springer

Laboratory of Neuroimaging of Aging, LANVIE, University
of Geneva, Geneva, Switzerland

Memory Clinic, University Hospital, Geneva, Switzerland

Division of Neuroscience, IRCCS San Raffaele Scientific
Institute, Milan, Italy

Vita-Salute San Raffaele University, Milan, Italy

Scientific Direction, Fondazione IRCCS Istituto Neurologico
Carlo Besta, Milan, Italy

Center for Mind/Brain Sciences (CIMeC), University
of Trento, Rovereto, Italy



	Automatic multispectral MRI segmentation of human hippocampal subfields: an evaluation of multicentric test–retest reproducibility
	Abstract
	Introduction
	Materials and methods
	Participants
	MRI scanners and acquisition protocol
	Hippocampal segmentations
	Test–retest reproducibility analysis
	Statistical analysis

	Results
	Test–retest reproducibility of whole hippocampus and its subfields with long_T1s_FLAIR pipeline
	Segmentation reproducibility: comparison across pipelines

	Discussion
	Conclusions
	Acknowledgements 
	References


