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Background: The amygdala and the hippocampus are two limbic structures that play a critical role in cognition and
behavior, however their manual segmentation and that of their smaller nuclei/subﬁelds in multicenter datasets is
time consuming and difﬁcult due to the low contrast of standard MRI. Here, we assessed the reliability of the
automated segmentation of amygdalar nuclei and hippocampal subﬁelds across sites and vendors using FreeSurfer
in two independent cohorts of older and younger healthy adults.
Methods: Sixty-ﬁve healthy older (cohort 1) and 68 younger subjects (cohort 2), from the PharmaCog and CoRR
consortia, underwent repeated 3D-T1 MRI (interval 1–90 days). Segmentation was performed using FreeSurfer
v6.0. Reliability was assessed using volume reproducibility error (ε) and spatial overlapping coefﬁcient (DICE)
between test and retest session.
Results: Signiﬁcant MRI site and vendor effects (p < .05) were found in a few subﬁelds/nuclei for the ε, while
extensive effects were found for the DICE score of most subﬁelds/nuclei. Reliability was strongly inﬂuenced by
volume, as ε correlated negatively and DICE correlated positively with volume size of structures (absolute value of
Spearman’s r correlations >0.43, p < 1.39E-36). In particular, volumes larger than 200 mm3 (for amygdalar
nuclei) and 300 mm3 (for hippocampal subﬁelds, except for molecular layer) had the best test-retest reproducibility (ε < 5% and DICE > 0.80).
Conclusion: Our results support the use of volumetric measures of larger amygdalar nuclei and hippocampal
subﬁelds in multisite MRI studies. These measures could be useful for disease tracking and assessment of efﬁcacy
in drug trials.

1. Introduction

complex, and sends inhibitory projections for the regulations of fear and
anxiety responses (Babaev et al., 2018; van den Burg and Stoop, 2019).
The hippocampal formation consists of distinct subﬁelds along the
transverse axis: the cornu ammonis (CA) 1, 3, 4, including pyramid
neurons; the dentate gyrus, showing a granular cell layer and a thick
molecular layer; the subicular complex, also mainly composed by pyramid neurons, and discernable in subiculum, prosubiculum, presubiculum, postsubiculum, and parasubiculum; and the hippocampusamygdala transition area, mainly formed by densely packed cells
(Ding, 2013; Ding and Van Hoesen, 2015). The intrinsic connectivity is
described by trisynaptic loop of the hippocampus: from the entorhinal
cortex (the major cortical input) to the dentate gyrus, then to the CA3,
and ﬁnally to the CA1 (output region) (Knierim, 2015). The other core
pathway includes the direct connection between the entorhinal cortex
and the subiculum (Knierim, 2015). Functional studies evidenced three
distinct subregions along the longitudinal axis, showing specialized
connectivity patterns: i) the head (anterior segment), which connects to
the prefrontal cortex; ii) the body (intermediate segment), linking to the
posterior cingulate cortex; and iii) the tail (posterior segment), related to
the thalamus (Zarei et al., 2013; Zhong et al., 2019). The different connectivity pattern of the anterior-posterior axis also reﬂect a functional
specialization: while the head seems to be associated to emotional,
motivation/reward, and memory encoding processes, the body and tail
are probably related to spatial navigation and memory retrieval (for reviews on human and animal studies, see Poppenk et al., 2013 and Strange
et al., 2014).
Within the limbic system, the amygdalar sub-circuit includes the
orbitofrontal cortex and the anterior cingulate cortex, and is mainly
related to emotional processes (particularly fear-related behavior, such as
fear conditioning and recognition of fearful stimuli) and reward-related
mechanisms (Benarroch, 2015; Janak and Tye, 2015; Murray et al.,
2014; Rolls, 2015). On the other hand, the hippocampal sub-circuit
participates to episodic memories formation, spatial learning and navigation, due to connections with the posterior cingulate cortex and the
fornix-mammillary body-anterior thalamus-posterior cingulate circuit
(Howard and Eichenbaum, 2015; Janak and Tye, 2015; Knierim, 2015;
Rolls, 2015). Moreover, human hippocampus is also thought to be
involved in the behavioral regulation according to the social context

The amygdala and the hippocampus are two limbic structures that
play a critical role in cognitive functions and behavior, such as memory,
learning, and emotional processes (Catani et al., 2013; Rolls, 2015). Both
structures encompass several subregions (i.e., nuclei and subﬁelds, for
the amygdala and the hippocampus, respectively), deﬁned by the speciﬁc
cytoarchitectonics and connections. Several amygdalar parcellation
strategies have been proposed based on histological and/or animal data
(Amunts et al., 2005; Heimer et al., 1999; Sah et al., 2003) and a recent
study delineated amygdala subregions based on in vivo MRI (Tyszka and
Pauli, 2016). One common strategy groups the amygdalar nuclei into the
basolateral complex (lateral, basal, and accessory basal nuclei), the
cortical-like group (cortical nucleus, nucleus of the lateral olfactory tract,
bed nucleus of the accessory olfactory tract, and peri-amygdaloid cortex),
the centromedial complex (central and medial nuclei, and amygdaloid
part of the bed nucleus of the stria terminalis), the anterior amygdaloid
area, the intercalated nuclei, and the amygdalohippocampal area (Sah
et al., 2003). The basolateral complex is considered as the input region of
the amygdala, receiving sensory information from cortex and thalamus,
and is related to fear conditioning, adaptive and goal-directed behaviors
(for a review on human and animal studies, see Wassum and Izquierdo,
2015). The basolateral complex is mainly composed by excitatory glutamatergic neurons, showing a pyramidal morphology, and by a lower
number of gamma-aminobutyric acidergic (GABAergic) inhibitors,
deﬁning an intrinsic circuitry for the antagonistic control of emotional
behaviors and memories (Braak and Braak, 1983; Kim et al., 2016;
Krabbe et al., 2018). Nuclei of the cortical-like group, which mainly show
a layered structure, receive stimuli from the olfactory bulb and are supposed to be involved in stimuli reinforce processes (due to projections to
the striatum) and in memory processing (due to connections with the
hippocampal and parahippocampal areas) (Feher, 2017; Kemppainen
et al., 2002; Sah et al., 2003; Ubeda-Ba~
non et al., 2007). Finally, the
centromedial complex, the striatum-like output region of the amygdala,
mainly projects to the brainstem and the hypothalamus for the regulation
of fear- and stress-related reactions (Krabbe et al., 2018; Yang and Wang,
2017). In particular, the centromedial complex, which includes
GABAergic neurons, receives sensory information from the basolateral
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2.1. Participants

(Montagrin et al., 2018).
The amygdala and the hippocampus are of great interest in the psychiatric and aging research ﬁelds, due to their involvement in several
mental/cognitive disorders (Benson et al., 2014; Ganzola et al., 2014;
Rossi et al., 2012) and neurodegenerative diseases (Bang et al., 2015;
Bouchard et al., 2008; Frisoni et al., 2008; Prestia et al., 2011; Cavedo
et al., 2011).
Structural neuroimaging techniques can be used to measure amygdala and hippocampal structures in vivo. Although manual segmentation
is still considered as the gold standard for volumetric measurement, it is
inherently subjective and suffers from high inter-rater variability.
Moreover, the resolution of standard MRI acquisition protocols (0.75–1
mm3 voxel size) does not allow to clearly visualize the boundaries of
small structures such as nuclei of the amygdala and hippocampal subﬁelds as enabled by histology or high ﬁeld (7T) MRI (Saygin et al., 2017).
Finally, manual segmentation is time-consuming and thus not suitable for
studies involving a large number of subjects. This is particularly relevant
for multicenter studies, which are increasingly being carried out worldwide and typically include hundreds or thousands of scans. To overcome
the shortcomings of manual segmentation, several automated and
semi-automated algorithms have been developed (for a review, see
Despotovic et al., 2015; Helms, 2016). Importantly, multicenter reliability studies using morphometric measures must consider differences in
MRI hardware and acquisition protocols across sites in order to control
for site variability, which could affect the interpretation of results (Han
et al., 2006; Jovicich et al., 2009; Wonderlick et al., 2009).
Among the available automated tools, FreeSurfer (Fischl, 2012; https:
//surfer.nmr.mgh.harvard.edu/) is one of the most widely used. Previous
studies showed a general consistency between the automated and the
manual segmentation of the hippocampus and the amygdala using the
FreeSurfer software suite, both in healthy and clinical populations (Tae
et al., 2008; Morey et al., 2009, 2010; Dewey et al., 2010; Mulder et al.,
2014; Iscan et al., 2015; Grimm et al., 2015). Recently, a new atlas for the
segmentation of the amygdalar nuclei and the hippocampal subﬁelds
(Iglesias et al., 2015; Saygin et al., 2017) has been released as part of
FreeSurfer v6.0. This feature allows the simultaneous segmentation of
both structures, thereby avoiding structural overlap between them,
which represents a major problem in neuroimaging studies involving
these regions (Amunts et al., 2005; Saygin et al., 2017). The atlas was
built using an ex vivo, high-resolution (100–150 μm isotropic) imaging
protocol acquired at 7T magnetic ﬁeld strength, which allows for a higher
resolution and signal-to-noise ratio than in vivo procedures, making
boundaries clearly visible (Iglesias et al., 2015; Saygin et al., 2017).
Finally, compared to approaches that estimate probability maps in a
reference space after warping of the T1 image to a standard template
(Amunts et al., 2005; Tyszka and Pauli, 2016) the tool extracts individual
segmentation in subject space, providing a better spatial sensitivity as
compared to standard template space (Iglesias et al., 2015; Saygin et al.,
2017). To the best of our knowledge, only two studies(Brown et al., 2020;
Worker et al., 2018) has assessed the test-retest reliability of this new
FreeSurfer tool so far. However, these reproducibility analyses did not
consider the amygdala and did not test the effect of averaging two
within-session T1 images, which has been shown to improve both volume and spatial reproducibility of hippocampal subﬁelds segmentation
in the previous FreeSurfer version (Marizzoni et al., 2015).
The aim of the present study is to assess the test-retest reproducibility
across different MRI scanners of both the cross-sectional and longitudinal
pipelines of amygdalar nuclei and hippocampal subﬁelds in two independent cohorts, old and young healthy subjects.

2.1.1. Cohort 1- older volunteers
This study follows procedures similar to those described in previous
reliability studies from the PharmaCog project (https://www.alzheimereurope.org/Research/PharmaCog) on morphometric measures (Jovicich
et al., 2013; Marizzoni et al., 2015). Brieﬂy, 65 healthy old subjects from
13 clinical MRI sites across Europe were included: Italy (Chieti, Genoa,
Naples, Perugia, and Verona), France (Lille, Marseille, and Toulouse),
Germany (Essen and Leipzig), Spain (Barcelona), Netherlands (Amsterdam), and Greece (Thessaloniki). Inclusion and exclusion criteria have
been described previously (Jovicich et al., 2014). Each site contributed
10 3D T1-weighted MRI scans obtained from local volunteers within an
age range of 50–80 years (Table 1). All images were acquired at ﬁeld
strength of 3T. Each subject was scanned twice within a period ranging
from 7 to 60 days, to minimize biological changes that could affect the
reliability of the measures (Table 1). The study received the authorization from the local ethics committees or institutional review boards of the
participating institutions, and all subjects provided written informed
consent in accordance with the Declaration of Helsinki.
2.1.2. Cohort 2- younger volunteers
The cohort of younger volunteers consisted of 68 healthy subjects (age
range 18–50 years) with a test-retest period ranging from 1 to 90 days
(Table 1). MRI data, derived from American (Roanoke, New York, and
Madison) and Chinese (Beijing) imaging groups, were publicly available
and downloaded from the Consortium for Reliability and Reproducibility
(CoRR; http://fcon_1000.projects.nitrc.org/indi/CoRR/html/; Zuo et al.,
2014). Data collection and sharing were conducted with the approval of
their respective local ethical committee or institutional review board (Zuo
et al., 2014).
2.2. MRI acquisition
2.2.1. Cohort 1- older volunteers
The general harmonized acquisition protocol was previously
described (Jovicich et al., 2013), and parameters are reported in Table 1.
MRI scanners from different manufacturers were used by participating
sites: Siemens (Allegra, TrioTim, Verio, Skyra and Biograph mMR), GE
(HDxt and Discovery MR750), and Philips (Achieva). For each test and
retest session, two anatomical 3D T1-weighted MPRAGE sequences were
acquired, one at the beginning and one at the end of the MRI session.
Only vendor-provided sequences were used.
2.2.2. Cohort 2- younger volunteers
MRI acquisition protocols for each MRI site are summarized in
Table 1. MRI systems from two manufacturers were used (Siemens and
GE), with three different models (TrioTim and Allegra from Siemens,
Discovery from GE). For each subject, two separate 3D T1-weighted scans
were obtained at 3T, one for the test session and one for the retest session
respectively.
2.3. MRI processing
All MRI scans included in this study underwent a visual quality check
before processing, according to a previously published rating system
(Backhausen et al., 2016), and were processed on the same operating
system and workstation using both the cross-sectional (Fischl et al.,
2002) and the longitudinal (Reuter et al., 2012) standard pipelines
implemented in FreeSurfer v6.0. FreeSurfer (Fischl et al., 1999; Dale
et al., 1999) is a software suite designed to analyze structural and functional neuroimaging data.

2. Materials and methods
The data that support the ﬁndings of this study are openly available in
at https://neugrid4you.eu/datasets and http://fcon_1000.projects.nitrc.
org/indi/CoRR/html/.

2.3.1. Cross-sectional and longitudinal pipelines
The cross-sectional pipeline involves the following steps: i) motion
correction and averaging (in case of multiple T1 weighted images); ii)
3
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2.3.2. Nuclei of the amygdala and hippocampal subﬁelds segmentation
The module for nuclei of the amygdala and hippocampal subﬁelds,
available with the developmental version freesurfer-x86_64-unknownlinux-gnu-dev-20170915 (https://surfer.nmr.mgh.harvard.edu/fswiki/
HippocampalSubfieldsAndNucleiOfAmygdala), was applied to images
processed with both the cross-sectional and the longitudinal pipelines.
The algorithm uses a Bayesian inference, where each voxel is labeled
combing the probabilistic atlas and image intensities (Iglesias et al.,
2015; Saygin et al., 2017). For both amygdalar nuclei and hippocampal
subﬁelds, the probabilistic atlas was built combining ex vivo manually
labeled (nuclei of the amygdala/hippocampal subﬁelds) and in vivo
manually segmented (outer contours and surrounding structures) data
(Iglesias et al., 2015; Saygin et al., 2017). The atlases are mapped to the
subject image using an afﬁne, robust registration (Reuter et al., 2010). All
voxels not covered by the mapped atlas are not considered for the segmentation. For the cross-sectional processing, the skull-stripped and intensity corrected volume produced as output from the standard pipeline
is used to initialize the nuclei and subﬁelds segmentation (Iglesias et al.,
2015; Saygin et al., 2017).
Similarly to the whole brain segmentation, the longitudinal pipeline
for the amygdalar nuclei and hippocampal subﬁelds (Iglesias et al., 2016)
uses as input the normalized, intensity corrected, skull-stripped images
from the longitudinal standard processing. The binary masks of the
amygdala and the hippocampus, extracted from the subject template
using a soft segmentation, are used as reference for the deformation to
the atlas.
All the cortical and subcortical segmentations (both from the crosssectional and the longitudinal pipeline) were visually inspected, but no
manual edit was carried out to avoid the introduction of any external
bias. Two subjects, one from the older cohort and one from the younger
cohort, were excluded from further analysis due to a segmentation failure. Moreover, 4 subjects were excluded from the T1-averaged sample
(longitudinal pipeline) due to the failure to segment the nuclei of the
amygdala and the hippocampal subﬁelds in the right hemisphere. Within
each cohort, and for each structure and time-point, the presence of
extreme outliers (deﬁned as values 1.5 fold above the interquartile range)
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matter boundary tessellation, topology correction, surface deformation
following intensity gradients to derive white and pial surfaces; vi) surfaces inﬂation and registration to a spherical atlas based on individual
patterns of cortical folding; vii) cortex parcellation according to gyri and
sulci. Both the cortical and subcortical parcellations are provided by
FreeSurfer in subject’s native space. The cross-sectional pipeline was
applied to both time-points for each subject.
The longitudinal stream is applied after the cross-sectional standard
processing of T1 scans at the two time-points. This pipeline creates a
template for each subject, using information from both time-points, to
estimate the average subject anatomy and to reduce the variability
(Reuter et al., 2012). Individual time-points are then automatically
resampled to the template space using a robust, inverse consistent
registration. The above processing steps (skull stripping, computation of
Talairach transformations,non-linear registration to the atlas, spherical
surface mapping and parcellation) are then initialized using common
information from the within-subject template.
For the older cohort, the within-session MRI images were automatically averaged prior to the processing and analyzed using the longitudinal pipeline. While the co-registration between the test and the retest
time-points was automatically performed as part of the longitudinal
pipeline, the FMRIB Software Library as implemented in FSL
(http://www.fmrib.ox.ac.uk/fsl/) was used in the cross-sectional pipeline. The deformation matrix, which was automatically calculated within
the longitudinal stream, was applied to both the test and the retest maps.
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Table 1
Summary of the demographic and MRI features of the study cohorts by MRI sites.
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Statistics for Windows, version 23. One-way Kruskal–Wallis tests
(nonparametric version of ANOVA) were used to: i) compare the demographic features between sites, and ii) to test for potential effects of
MRI site and vendor on reproducibility measures. Wilcoxon signed rank
tests were performed to: i) compare the reliability of the cross-sectional
vs. the longitudinal pipelines, and ii) test the effect of averaging two
T1-weighted images (older cohort) compared to the use of a single scan
(scan 1 and scan 2) on reproducibility metrics. The Mann-Whitney U test
was used when comparisons involved only two groups. Finally, the
Spearman’s rank correlation was computed to test the association between volumes and reproducibility metrics.
The reliability analysis was performed considering each nucleus and
subﬁeld as a single structure (anatomical parcellation, Supplementary
Table 1), as well as grouping them into their relevant subregions (nuclei
and subﬁelds’ groups, Supplementary Table 1). In particular, as regards
for the amygdalar nuclei, to overcome the variability across grouping
schemes, we included the basal, the lateral, and accessory basal nuclei
within the basolateral complex, and the central and the medial nuclei in
the centromedial complex, as these were the regions with the greatest
agreement across studies. Moreover, we tested whether the test-retest
reproducibility was affected by averaging two structural T1 scans from
the same session.
Finally, we provided estimates of the sample size required for a hypothetical longitudinal study on hippocampal atrophy in Alzheimer’s
disease (AD) patients, assuming a 1:1 enrollment ratio between patients
and controls, a 0.85 power to reject the null hypothesis that the mean
volumes of the AD and controls are equal, and a 0.05 Type I error
probability (α).The sample size was calculated using PS Power and
Sample Size Calculations tool, v 3.0 (Dupont and Plummer Jr, 1990;
Dupont and Plummer Jr, 1998; http://biostat.mc.vanderbilt.edu/PowerS
ampleSize).

was assessed (IBM SPSS Statistics for Windows, version 23), and the
related measures were excluded from the statistical analysis. In the older
cohort, the ﬁnal sample size was N ¼ 64 for the sample with the MRI
acquisition at the beginning of the session (“scan 1” sample), N ¼ 60 for
the sample with the MRI acquisition at the end of the session (“scan 2”
sample), and N ¼ 56 for the T1-averaged sample. Sixty-seven subjects
were included in the younger cohort.
2.4. Reliability analysis
The reliability analysis was performed by computing the percent
absolute reproducibility error (ε, in percent) and the spatial reproducibility coefﬁcient (DICE) across the test-retest session (Jovicich et al.,
2013; Marizzoni et al., 2015), which were calculated as follows:

ε ¼ 100 x

jVretest  Vtest j
;
ðVretest þ Vtest Þ=2

DICE ¼ 2

jMretest j jMtest j
jMretest j þ jMtest j

where Vretest and Vtest are the volumes of nuclei/subﬁelds and Mretest and
Mtest are the binary 3D masks of nuclei/subﬁelds from the two different
MRI sessions. While ε provides information about the variability of
volumetric measures (percentage difference of volumes estimation), the
DICE is an overlap index evaluating the spatial reproducibility of 3D
volumes (i.e., the spatial accuracy) (Taha and Hanbury, 2015).
The Interclass Correlation Coefﬁcient (ICC) (Shrout and Fleiss, 1979)
was included as further index of absolute agreement between the
test–retest measures (ICC2,1) (Rajaratnam, 1960). The ICC calculated
(IBM SPSS Statistics for Windows, version 23) for all volumes of both the
cohorts.
All analyses used raw volumes instead of volumes corrected for total
intracranial volume.

3. Results
Fig. 1 shows the automatic segmentation derived from a representative older (A) and younger (B) volunteer, respectively. In the older cohort
(age range: 50–78 years), subjects from Site 2 were older compared to
those acquired at Sites 5, 6, 8 (for all, Mann-Whitney test: U ¼ 0, p ¼ .01),
9 (U ¼ 2, p ¼ .03), and 12 (U ¼ 3, p ¼ .05), and Site 5 volunteers were
younger compared to those from Sites 2, 7 (for all, U ¼ 0, p ¼ .01), and 11

2.5. Statistical analysis
Non-parametric statistic tests were used since they are more appropriate for small samples, for which normality of data distributions cannot
be assumed. Statistical analyses were conducted using IBM SPSS

Fig. 1. Nuclei of the amygdala and hippocampal subﬁelds segmentations output from FreeSurfer v6.0 (left hemisphere) from one representative older (A) and younger
(B) subject.
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Table 2
Mean values of volume reproducibility error (ε), DICE, and ICC coefﬁcients for the nuclei of the amygdala and hippocampal subﬁelds in the older and the younger
cohorts. Values are averaged across hemispheres, structures and subjects.
Amygdala

M(SD)

εa
Min–max (MRI scanner)

DICEb

ICCb

M(SD)

Min–max (MRI scanner)

M(SD)

Min–max (MRI scanner)

Anatomical parcellation - all nuclei
Older (scan
4.48%
3.15% (Philips Achieva) 5.66%
1)
(0.63)
(Siemens Allegra)
Younger
4.61%
4.23% (Siemens TrioTim) 5.26%
(0.48)
(GE Discovery)

0.76
(0.03)
0.77
(0.01)

0.72 (GE Discovery) 0.82 (Philips Achieva)

0.92
(0.05)
0.96
(0.02)

0.82 (Siemens TrioTim) –
0.98 (Siemens Skyra)
0.93 (GE Discovery) –
0.97 (Siemens Allegra and
TrioTim)

Hippocampus
Anatomical parcellation – all subﬁelds
Older (scan
3.46%
2.58% (Philips Achieva) 4.74%
1)
(0.74)
(Siemens Allegra)
Younger
3.21%
2.79% (Siemens TrioTim) 3.52%
(0.34)
(Siemens Allegra)

0.82
(0.03)
0.83
(0.02)

0.78 (Siemens Allegra) 0.86 (Philips Achieva)

0.96
(0.03)
0.97
(0.01)

0.90 (GE HDxt) –
0.98 (Philips Achieva)
0.96 (Siemens TrioTim) –
0.98 (Siemens TrioTim, GE
Discovery)

0.77 (Siemens TrioTim and Allegra, GE Discovery)
0.78 (Siemens TrioTim)

0.81 (Siemens Allegra) 0.85 (GE Discovery)

Abbreviations: M, mean; SD, standard deviation; min, minimum value; max, maximum value.
a
Range 0–100, with 0 as the best score.
b
Range 0–1, with 1 as the best score.

Fig. 2. Across session volume reproducibility error (ε) (A) and DICE coefﬁcient (B) of whole and nuclei of amygdala in the older volunteers. Error bars denote the
standard deviation of the mean, computed averaging the test-retest ε and DICE across subjects and hemispheres. The black column denotes the averaged values across
MRI site. H and p in the Table denote the chi-square and p value for the Kruskal-Wallis test, respectively.
Abbreviations: df, degrees of freedom.
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Fig. 3. Across sessions volume reproducibility error (ε) (A) and DICE coefﬁcient (B) of whole and nuclei of amygdala in the younger volunteers. Error bars denote the
standard deviation of the mean, computed averaging the test-retest ε and DICE across subjects and hemispheres. The black column denotes the averaged values across
MRI sites. H and p in the Table denote the chi-square and p value for the Kruskal-Wallis test, respectively. Abbreviations: df, degrees of freedom.

(U ¼ 2, p ¼ .03) (Table 1). In the younger cohort (age range: 18–43
years), subjects from Site 16 were younger than those from Site 14 (U ¼
81, p ¼ .000003), 15 (U ¼ 29, p ¼ .02) and 17 (U ¼ 49.5, p ¼ .002)
(Table 1). No differences in sex distribution were observed in either
cohort. The test-retest interval was of 17  12 days (range 7–56) in the
older group and 31  26 days (range 1–89) in the younger group.

parcellation) and in the Supplementary Table 2 (nuclei and subﬁelds’
groups). Focusing on the nuclei of the amygdala, the larger nuclei (i.e.
from the lateral nucleus to the CAT) showed a mean ε lower than 5% as
well as a mean DICE higher than 0.80 (Fig. 2, Fig. 3). The effect of MRI
sites and vendors were reported mainly for the DICE of the older cohort
(Figs. 2 and 3). Focusing on hippocampal subﬁelds, the larger subﬁelds
(i.e. from the CA1 to the presubiculum, except for the molecular layer)
showed a mean ε lower than 5% as well as a mean DICE higher than 0.80
(Fig. 4, Fig. 5). The effect of MRI sites and vendors were extensively
observed for the DICE in both cohorts, and to a limited extent for the ε
(Figs. 4 and 5). The effect of different MRI sites/vendors on DICE was
limited by the nuclei and subﬁelds’ grouping only in the younger cohort
(Supplementary Fig. 2). Along the same line, larger volumes of the nuclei
of the amygdala and of the hippocampal subﬁelds were associated with
lower ε as well as higher DICE as revealed by Spearman’s correlation
(Fig. 6). Similar results were found when nuclei and subﬁelds were
grouped in the respective relevant components (Supplementary Fig. 3).

3.1. Cross-sectional vs longitudinal pipeline reproducibility
The longitudinal pipeline showed lower ε and higher DICE and ICC
values compared to the cross-sectional pipeline in the older cohort,
regardless of the within-session scan used, and, in absolute terms, in the
younger cohort (Supplementary Fig. 1). All the results reported below
refer to the segmentations derived from the longitudinal pipeline and, for
the older cohort, to the scan acquired at the beginning of the MRI session
(scan 1) (scan 1 vs scan 2, longitudinal pipeline: Wilcoxon test: ε, Z ¼
0.31, p ¼ .75; DICE, Z ¼ 0.80, p ¼ .42; ICC, Z ¼ 0.25, p ¼ .81).

3.3. Effect of the within-session T1 averaging

3.2. Reproducibility of the longitudinal pipeline: effect of site, vendors and
nuclei/subﬁelds grouping

Within-session T1 averaging signiﬁcantly improved the volumetric
reliability of hippocampal subﬁelds segmentations and, to a limited extent,

Reproducibility metrics are reported in Table 2 (anatomical
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Fig. 4. Across sessions volume reproducibility error (ε) (A) and DICE coefﬁcient (B) of whole hippocampus and hippocampal subﬁelds in the older volunteer. Error
bars denote the standard deviation of the mean, computed averaging the test-retest ε and DICE across subjects and hemispheres. The black column denotes the
averaged values across MRI sites. H and p in the Table denote the chi-square and p value for the Kruskal-Wallis test, respectively.
Abbreviations: df, degrees of freedom.

3.4. Sample size estimation

of the amygdalar nuclei. The effect emerged also for the spatial reproducibility of both nuclei of the amygdala and hippocampal subﬁelds segmentations, except for the DICE of the hippocampal head in the subﬁelds
grouping, where decreased reliability after the T1 averaging was found
(Supplementary Table 2, Supplementary Fig. 4; Supplementary Fig. 5;
Supplementary Fig. 7). Similar to ε, the ICC was affected in a limited
manner by the within-session T1-averaging (Supplementary Fig. 6).
Despite the increase of the reproducibility indices, the MRI site effect was
still evident for the DICE, while the MRI vendor effect was still detected for
both the ε and the DICE (Supplementary Fig. 4; Supplementary Fig. 5), but
impacting a lower number of structures. Similar results emerged when the
reliability analysis was performed on the nuclei and subﬁelds’ groups
(Supplementary Fig. 6; Supplementary Fig. 7).

We focused on AD patients as hippocampal atrophy is one of the
hallmarks of the disease and longitudinal rates of atrophy are well
documented. Here, we hypothesised an annual (i.e., over 12 months)
atrophy rate of 4.51%  3.06 for the whole hippocampus (Barnes et al.,
2009). Moreover, we considered the CA1 that is the most affected subﬁeld in AD (Frank
o et al., 2013). Annual atrophy rates are not available
for the CA1, thus we hypothesised a range of values assuming that CA1
atrophy rates would be more pronounced than the whole hippocampus
atrophy rates. In particular, we considered the following atrophy rates:
4.51% þ 0.5 standard deviation (SD) (i.e., 6.04%), 4.51% þ 1 SD
(7.60%), 4.51% þ 1.5 SD (9.10%), 4.51% þ 2 SD (10.60%). In the older
cohort, the mean volumes were 3353  244 mm3 and 648  54 mm3 for
8
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Fig. 5. Across sessions volume reproducibility error (ε) (A) and DICE coefﬁcient (B) of whole hippocampus and hippocampal subﬁelds in the younger volunteers. Error
bars denote the standard deviation of the mean, computed averaging the test-retest reproducibility error and DICE across subjects and hemispheres. The black column
denote the averaged values across MRI sites. H and p in the Table denote the chi-square and p value for the Kruskal-Wallis test, respectively.
Abbreviations: df, degrees of freedom.

vendors had a limited effect on volume reproducibility; ii) differences in
MRI sites/vendors had non-negligible effect on spatial reproducibility;
iii) the reliability was strongly inﬂuenced by the absolute volume size;
and iv) the within-session T1-averaging improved both the volume and
the spatial reproducibility, also partially limiting the effect of different
MRI sites/vendors, as it affected a lower number of structures.
In the older cohort, we found a signiﬁcantly lower ε, higher DICE, and
higher ICC for the longitudinal as compared to the cross-sectional pipeline, while the difference was not statistically signiﬁcant for the younger
cohort. Results from the older cohort are in line with previous reports on
the same topic (Marizzoni et al., 2015; Worker et al., 2018). For the
younger cohort, results are similar to those from the recent work from
Brown and colleagues (Brown et al., 2020), which reported reliable

the whole hippocampus and the CA1, respectively. As expected, the
sample size decreased with longer follow-up periods, and the advantage
of using the CA1 emerged for atrophy rates as high as 9.10% (4.51% þ
1.5 SD) (Supplementary Fig. 8).
4. Discussion
In the present study, we evaluated the test-retest reliability of the
FreeSurfer-based automated segmentation of hippocampal subﬁelds and,
for the ﬁrst time, of amygdalar nuclei in two independent cohorts of
healthy volunteers. The reliability was assessed considering the single
nuclei/subﬁelds (anatomical parcellation) and grouping them by relevant components. Our results showed that: i) differences in MRI sites/
9
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Fig. 6. Relationship between the volumes of the nuclei of the amygdala and hippocampal subﬁelds and the reproducibility error and the DICE coefﬁcient in the older
and younger cohorts. Each dot denotes a subject. Within subjects’ volumes were averaged across hemisphere and sessions.
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superiority of T1 averaging was mainly detected for the DICE of almost
all structures. The MRI site/vendor effect was detected also for
T1-averaged images, but involved a lower number of structures. Thus,
the within-session T1 averaging could be a valuable strategy to partially
limit the MRI sites/vendors effect in multicentric studies. In this context,
however, an important issue should be considered, i.e. the quality of both
images needs to be good otherwise the averaging would not improve the
segmentation reliability.
The amygdala and the hippocampus are known to play a key role in
neurodegenerative disease (e.g., AD) and several psychiatric conditions,
such as schizophrenia (Ganzola et al., 2014; Prestia et al., 2015; Rich
et al., 2016; Bartsch et al., 2019), bipolar disorder (Janiri et al., 2017;
Wijeratne et al., 2013), major depressive disorder (Cullen et al., 2014;
Leal et al., 2017), as well as borderline personality disorder (Driessen
et al., 2000; Schmahl et al., 2009; Weniger et al., 2009), and several
studies supported the involvement of speciﬁc nuclei and subﬁelds (Asami
et al., 2018; Cao et al., 2017; Gryglewski et al., 2019). Within this
framework, our results would be useful for future multicentric neuroimaging studies in the ﬁeld of psychiatry and dementia. In particular, the
possibility to obtain reliable segmentation of nuclei/subﬁelds with the
advantage in terms of processing time compared to manual segmentation
could facilitate the study of structural abnormalities and treatment responses in large multicentric dataset. Indeed, these nuclei/subﬁelds
could be used as diagnostic markers or as outcome markers in future
clinical trials of potentially disease-modifying therapies. This work has
several limitations. The major limitation was that, in the older cohort, the
number of enrolled volunteers was only 5 per site, as already discussed in
other articles on the PharmaCog project (Jovicich et al., 2013, 2014;
Marizzoni et al., 2015). Comparisons across MRI sites allowed us to
assess the effect of the individual variability, which is a relevant issue in
multicentric studies. To overcome the limited sample size per site and to
obtain results which were generalizable to manufacturers, we also tested
the segmentations’ reliability grouping subjects by MRI vendors. The
second limitation was that the set of volunteers scanned at each MRI site
was different. However, this homogeneity should not affect our results as
each subject acted as his/her own control in the test-retest session, and
the aim of this study was to evaluate the reliability of the segmentation
and not structural differences between groups. Finally, the MRI protocol
was designed for the clinical setting and it did not include a
high-resolution T1 acquisition neither a 3D T2 sequence. The T2
sequence has become very popular in neuroimaging studies, as T2 acquisitions in the coronal plane, perpendicular to the main axis of the
hippocampus, facilitate the identiﬁcation of the molecular layer and of its
boundary with the CA1, which are usually not clearly visible on standard
T1 data (Iglesias et al., 2015; Wisse et al., 2014). Moreover, the multimodal MRI approach, such as combining 3D T1 and 3D FLAIR sequences,
was reported to improve segmentation of the hippocampus (Viviani et al.,
2017).
Notwithstanding the advantages of T2 sequences, our results could
still be useful for clinical and research centers using a standard MRI
protocol, while future studies are needed to assess the reliability of these
measures using more advanced protocols. A recent study (Mueller et al.,
2018) compared the hippocampal subﬁelds segmentation of four automated protocols (both T1-based and T2-based) and the manual technique. The study showed that high-resolution T2 approaches performed
better than T1 approaches in the hippocampal subﬁelds segmentation.
Further studies should assess whether this difference also applies to the
nuclei of the amygdala. A limitation of the younger cohort was the lack of
within-session T1 acquisitions, which precluded the possibility to assess
the effect of averaging on reproducibility within this group. Though, the
assessment of the effect of within-session T1 averaging on reliability
measures was not a primary aim of this study. Albeit preliminary, our
result of a potential beneﬁt of within-session T1 averaging on
FreeSurfer-based segmentation warrants further investigation. Finally,
the MRI acquisition protocols were not harmonized for the younger
cohort. In particular, a possible question is whether different voxel-sizes

hippocampal subﬁelds estimates over 3 time-points; however, we note
we lack the terms for comparison for the amygdala, since no study
investigated the effect of the pipeline on the reliability of these structures
in this population. The effect of the longitudinal pipeline is probably
related to the co-registration of all subject’s images to a common space
(Reuter et al., 2012).
In line with previous reports on hippocampal subﬁelds (Marizzoni
et al., 2015; Yushkevich et al., 2015), we found a good volume reliability
(i.e., mean ε lower than 5%) and spatial reproducibility (i.e., mean DICE
 0.76, where a DICE > 0.70 is an index of good spatial overlap; Zijdenbos et al., 1994; Zou et al., 2004). The ICC >0.92 denotes an excellent
consistency between segmentations, where an ICC 0.75 is considered
an index of strong agreement (Cicchetti, 1994). Our results are also
consistent with previous works investigating hippocampal subﬁelds
segmentation using tools different from FreeSurfer. For example, a recent
work by Amaral and colleagues (Amaral et al., 2018) performed an
extensive validation of a fully automated pipeline (MAGeT Brain tool;
Pipitone et al., 2014) for the segmentation of whole hippocampus and
subﬁelds (CA1, CA2/CA3, dentate gyrus/CA4, subiculum) and related
white matter projections (i.e., alveus, ﬁmbria, and fornix), including ICC
and DICE as reliability measures. Considering only the hippocampal
subﬁelds that have been investigated by both our and Amaral’s studies,
we generally reported greater or equal values of DICE and mean ICC.
Similar to the main analysis, a good volume and spatial reproducibility and across measures agreement emerged when considering the
reliability of the nuclei and subﬁelds’ groups, except for the ε of the
amygdala, probably due to the inclusion of the smaller nuclei (central
and medial nuclei, for the centromedial complex). However, this is
consistent with the assumption of an inverse relationship between volume size and ε, which was also conﬁrmed in this study. In general,
considering a ε lower than 5% and a DICE 0.80 as indicative of good
reproducibility, these data suggest that nuclei larger than 200 mm3 and
subﬁelds larger than 300 mm3 were the most reliable, both in terms of
volume and spatial measures.
Our results revealed that differences in MRI sites and vendors had a
limited impact on volumetric reproducibility measure ε, while they
strongly inﬂuenced the spatial reliability (DICE). In the younger cohort,
the effect of different MRI sites/vendors on DICE was milder when
considering the nuclei and subﬁelds’ groups. One possible explanation of
the different impact of the MRI sites/vendors on the volume and the
spatial reliability could be related to the anatomical complexity of these
structures. In particular, the anatomical borders between the amygdala
and the hippocampus do not reliably correspond to macroscopically
visible landmarks, which constitute the basis for MRI-based deﬁnition of
these structures (Amunts et al., 2005; Konrad et al., 2009). Taken
together, these results support the usage of volumetric measures in
multicentric MRI studies, while those spatial should be used more carefully, particularly in the old population. As reported in previous studies
(Marizzoni et al., 2015; Morey et al., 2010; Van Leemput et al., 2009;
Worker et al., 2018), the segmentation reliability was strongly inﬂuenced
by the absolute volumes of the respective structures. Indeed, we observed
a strong negative correlation between volume and ε and a strong positive
association between volume and DICE, irrespective of cohort and region.
Similar results were reported when considering the nuclei and subﬁelds’
groups, suggesting that data derived from smaller nuclei/subﬁelds
should be interpreted very cautiously.
Finally, in the older cohort we evaluated the effect of the withinsession T1 averaging on the test-retest reproducibility of the amygdalar
nuclei and the hippocampal subﬁelds. The effect of the within-session T1
averaging had previously been assessed in samples of healthy old volunteers from the PharmaCog Consortium (Jovicich et al., 2013; Marizzoni et al., 2015), and the advantage of T1 averaging was evident for
the reliability of hippocampal subﬁelds (Marizzoni et al., 2015). Our
results conﬁrm the higher reproducibility of measures obtained on
averaged T1 images for hippocampal subﬁelds, and expand this observation to amygdalar nuclei and to nuclei/subﬁelds’ groups. The
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(1.3x1x1.3 mm vs 1.3x1x1mm vs 1.3x1x1mm vs 1 mm isotropic) could
affect the reliability of segmentations. However, an MRI site effect was
also found in the older cohort, where the MRI protocols have been previously harmonized (Jovicich et al., 2013) and voxel-size was the same
between MRI centers.
Conclusions
Our results support the use of the FreeSurfer v6.0 for amygdalar
nuclei and hippocampal subﬁelds segmentations from MRI brain images
in the context of multicenter studies. Speciﬁcally, our study suggests that
larger nuclei of the amygdala and hippocampus are reliable and could be
used to assess disease progression and treatment response in future
research trials. In particular, these measures could be valuable in volumetric analysis due to the limited effect of site on volume reproducibility,
as assessed by the analysis of the reproducibility error. On the other
hand, the usage of these measures should be carefully considered in the
context of spatial-based analyses, due to the higher sensibility of the
spatial reproducibility to which the DICE is referred) to MRI scan features. To limit this effect, possible alternatives are grouping the amygdalar nuclei and the hippocampal subﬁelds, and using the within-session
T1-averaged images.
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