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Abstract

The hippocampus (Hc) is of great importance in various psychiatric diseases in adults, children and adolescents. Automated
Hc segmentation has been widely used in adults, implying sufficient overlap with manual segmentation. However, estimation
biases related to the Hc volume have been pointed out. This may particularly apply to children who show age-related Hc
volume changes, thus, questioning the accuracy of automated Hc segmentation in this age group. The aim of this study was
to compare manual segmentation with automated segmentation using the widely adopted FreeSurfer (FS) and MAGeT-Brain
software. In 70 children and adolescents (5—16 years, mean age 10.6 years), T1-weighted images were acquired on one of two
identical 3T scanners. Automated segmentation was performed using the FS subcortical segmentation, the FS hippocampal
subfields segmentation and the MAGeT-Brain software. In comparison with manual segmentation, volume differences,
Dice similarity coefficient (DSC), Bland—Altman plot, intraclass correlation coefficient (ICC) and left-right consistency of
automated segmentation were calculated. The average percentage of volume differences (PVD) with manual segmentation
was 56.8% for FS standard segmentation, 32.2% for FS subfield segmentation and — 15.6% for MAGeT-Brain. The FS Hc
subfields segmentation (left/right DSC=0.86/0.87) and MAGeT-Brain (both hemispheres DSC=0.91) resulted in a higher
volume overlap with manual segmentation compared with the FS subcortical segmentation (DSC=0.79/0.78). In children
aged 5-10.5 years, MAGeT-Brain yielded the highest overlap (DSC=0.92/0.93). Contrary volume estimation biases were
detected in FS and MAGeT-Brain: FS showed larger volume overestimation in smaller Hc volumes, while MAGeT-Brain
showed more pronounced volume underestimation in larger Hc volumes. While automated Hc segmentation using FS hip-
pocampal subfields or MAGeT-Brain resulted in adequate volume overlap with manual segmentation, estimation biases
compromised the reliability of automated procedures in children and adolescents.
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Introduction

The hippocampus (Hc) plays a central role in memory
and learning (Wenger et al. 2014; Squire et al. 2004;
Konrad et al. 2009; Moscovitch et al. 2005; Geuze et al.
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disorders in adults, including Alzheimer’s disease (Chupin
et al. 2009; Nestor et al. 2012; Shen et al. 2010), schizo-
phrenia (Heckers 2001; Csernansky et al. 2002; Okada et al.
2016), temporal lobe epilepsy (Hogan et al. 2006; Akhondi-
Asl et al. 2011), depression (Ahdidan et al. 2011; Sheline
et al. 1996) and obsessive—compulsive disorder (OCD)
(Boedhoe et al. 2017). In children and adolescents, the Hc
plays a very important role in cognitive development. For
example, changes in hippocampal activation during mem-
ory-based problem solving have been shown to be associated
with cognitive development (Qin et al. 2014). The Hc shows
a protracted maturation during childhood and adolescence. It
is also influenced by hormonal changes, particularly during
adolescence, resulting in a high variability in Hce size, shape
and myelination in children and adolescents (Wierenga et al.
2014; Goddings et al. 2014; Giedd et al. 2006). This high
variability in Hc size, shape and function during childhood
and adolescence may be a reason for the inconsistent find-
ings in many studies examining children and adolescents
with psychiatric disorders.

Methodological differences, particularly different brain
volume measurement techniques, might also account for
these inconsistent findings. To date, manual segmentation
has been considered the gold standard for analyzing hip-
pocampal volumes. However, manual segmentation requires
a significant amount of time to both master and perform
(approximately 30 min per hippocampus) and still shows
a degree of variability over time and between raters (Lee
et al. 2015; Nugent et al. 2007; Yushkevich et al. 2015). To
overcome the limitations of manual segmentation, several
semi- and fully automated methods have been developed
for hippocampal segmentation (Dill et al. 2015; Gonzalez-
Villa et al. 2016). These methods have been increasingly
used in adults (Morey et al. 2009b, 2012; Tae et al. 2008)
and to a lesser extent in children and adolescents (Wierenga
et al. 2014; Koolschijn et al. 2013; Hoogman et al. 2017),
particularly when analyzing large data sets.

Studies comparing automated and manual Hc segmenta-
tion exemplify the accuracy of automated measures in adults
(Morey et al. 2009a, 2012; Sdnchez-Benavides et al. 2010;
Gonzalez-Villa et al. 2016; Tannous et al. 2018). Among
the software used to perform automated hippocampus seg-
mentation, FreeSurfer (FS) has been both frequently used
and positively evaluated in healthy adults (Morey et al.
2009a; Cherbuin et al. 2009) as well as in different adult
clinical populations (Tae et al. 2008; Doring et al. 2011).
When compared to other widely used software packages in
regards to Hc segmentation accuracy, FS showed favorable
results (FS: Hc volume overlap with manual segmentation
82%; ICC =0.85) compared with FSL (Morey et al. 2009a)
and IBASPM (Tae et al. 2008).

The segmentation in automated approaches based on
multi-atlas approaches or multiple atlases combined in
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a single atlas such as in FS have been considered among
the most accurate of methods (Zandifar et al. 2017). The
atlases are drawn from young adults, resulting in the best
accuracy for this age group. Since the brain reaches approxi-
mately 95% of its total size at the age of 6 years (Giedd et al.
1999, 2015), it has been assumed that these segmentation
techniques can also be used in children and adolescents.
However, the reliability of Hc segmentation in age groups
other than middle-aged adults has been recently questioned
(Schmidt et al. 2018; Wenger et al. 2014). Both studies
reported an age-related bias in Hc volumes segmented with
FS (Vers. 5.3/ Version 6.0) in adults aged about 60-70 years
that resulted in higher overestimation of Hc volumes in
brains with a smaller Hc. The authors discuss a possible
impact of a less demarcated Hc in the older age group on
the segmentation accuracy of automated pipelines (Wenger
et al. 2014). In children, the demarcation of the Hc is more
pronounced with increasing age, thus a similar mechanism
may compromise the accuracy of automated segmentation in
pediatric populations (Schoemaker et al. 2016). Schoemaker
et al. compared manual Hc segmentation with automated
segmentation using FS (Vers. 4.4) and FSL in children aged
6-11 years. While FS segmentation resulted in more accu-
rate Hc volumes compared to FSL, it also showed a higher
overestimation of right Hc volumes in brains with a smaller
Hc. The authors questioned the accuracy of automated Hc
and amygdala segmentation in children. They also recom-
mended visual inspection and, if necessary, manual correc-
tion to ensure validity. However, manual correction requires
detailed neuroanatomical skills and can be labor intensive.
A second study by (Lyden et al. 2016) in 23 adolescents
(15.5-18.7 years) found large volume differences between
automated Hc segmentation using NeuroQuant (CorTech
Labs, La Jolla, CA), a pipeline that uses FS and age-matched
atlases, and manual segmentation (left Hc 82% and right He
89%). Additionally, both measures showed relatively low
associations using Pearson’s correlation (r=0.47, p<0.05
left; r=0.53, p<0.01 right He).

Recently, Iglesias et al. presented a novel approach that
improves the Bayesian modeling used in FS to augment local
image appearance with prior anatomical knowledge (Iglesias
et al. 2013). Using Markov chain Monte Carlo techniques
to improve Bayesian modeling, this approach yielded bet-
ter accuracy as well as the possibility to perform Hc sub-
field segmentation based on a high-resolution atlas (Igle-
sias et al. 2015). An earlier hippocampus subfields module
(Van Leemput et al. 2009) was used in pediatric populations
(Teicher et al. 2012), until concerns were published regard-
ing its reliability (Wisse et al. 2014). To date, the accuracy
of the Hc subfields approach has not been investigated in
children and adolescents.

Multiple automatically generated templates
(MAGeT-Brain) is yet another approach used for Hc
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subfield segmentation (Pipitone et al. 2014). This multi-
atlas approach uses a small atlas library (typically 5 atlases)
and improves the segmentation by creating a large template
library (typically 21 subjects) built from a subset of the tar-
get images, reflecting the neuroanatomy or demographics
of the study population. The template library is then used to
perform multi-atlas segmentation. By generating a template
library from the subjects themselves, the authors report an
improved reliability and robustness for various age groups
and diseases (Pipitone et al. 2014). The algorithm was posi-
tively evaluated in a study investigating Hc segmentation
in neonates by creating subject-specific atlases (Guo et al.
2015). MAGeT-Brain has been used in a variety of popula-
tions, including children (Decker et al. 2017; Treadway et al.
2015; Sussman et al. 2015). However, the accuracy of this
algorithm in Hc segmentation has not yet been evaluated in
children and adolescents.

Thus, the aim of the current study was to explore the
accuracy of automated segmentation using FS (standard
pipeline and hippocampus subfields module) and MAGeT-
Brain in children and adolescents aged 5—16 years compared
to manual segmentation. Based on previous research, Hc
volumes estimated by the FS standard pipeline might show
a limited reliability, which might improve with the more
elaborate segmentation approaches used in FS subfields and
MAGeT-Brain. Given the variability of Hc size and shape
throughout development, Hc segmentation accuracy may be
associated with age.

Methods
Participants

The study included 68 children and adolescents (61 boys
and 7 girls; see also Table 1). Ages ranged from 5.0 to
16.4 years (mean age 10.6 years; SD 2.8 years). The data
of all subjects were included from two studies, one cross-
sectional and one longitudinal study. Subjects included

Table 1 Sample description

Children Adolescents

Total scans 35? 35

Age range 5.0-10.5 10.6-16.4
Mean age (SD) 8.2(L5) 13.0 (1.4)
Male gender 26 35

Healthy controls 22 19

Conduct disorder 4 16
Dyscalculia® 6 0

aThree boys (healthy controls) were scanned twice after 0.6 years
®All females

were either healthy controls (n=40) or had a history of
conduct disorder (study 1, n=20) or a history of dyscalcu-
lia (study 2, n=7, all girls) thus possibly adding variance
in hippocampal volumes and shapes. Three healthy boys
were scanned twice, on average after 0.6 years each. One
female participant with dyscalculia was excluded due to
failure of the segmentation of MAGeT-Brain, resulting in
a final sample size of 70 scans. All scans were analyzed
as a whole sample and within two subsamples following a
median split. The “children” group included 35 scans with
participant age from 5.0 to 10.5 years (mean age 8.2 years,
SD 1.5), and the “adolescents” group included 35 scans
with participant age from 10.6 to 16.4 years (mean age
13.0 years, SD 1.4). Average total intracranial volume
(eTIV), as estimated by FS segmentation, was 1,538,880
mm? (range 1,102,028-1,964,096 mm?; SD 145,420 mm?>).

Healthy control subjects did not have a history of neu-
rological or psychiatric conditions and had normal neu-
rodevelopmental and medical history. All subjects were
fluent in the German language and had a full scale IQ of 70
or higher, which was assessed using the WISC (Wechsler
Intelligence Scale for Children) (Wechsler 1991, 1999).
Exclusion criteria included a history of seizure, head
injury, current or past substance use and history or current
diagnosis of psychosis, trauma, bipolar disorder or perva-
sive developmental disorder, or the presence of any metal
implants (e.g., cochlear implants, vascular surgical clips,
cardiac pacemaker or ventricular peritoneal shunts). All
participants and their parents or legally appointed guard-
ians gave written informed consent for participation in the
MRI study protocols. The studies were approved by the
local ethics committee in accordance with the Declaration
of Helsinki.

MRI acquisition

All subjects underwent 3T-MRI scanning (Siemens Trio
TIM, Erlangen, Germany) at one of two sites (Aachen, 61
participants; Jiilich, 10 participants) with identical scanners
that were maintained by the same physicist and employed
identical sequences. High-resolution T1 weighted images
were recorded using a rapid acquisition gradient echo
(MP-RAGE) pulse sequence (TE 2.520 ms, TR 1.900 ms,
FlipAngle 9°, FOV 256 mm, matrix size =256 X256, 176
slices, slice thickness =1 mm, voxel size=0.98 X0.98 x 1
mm?, duration 4:30 min). An initial visual assessment was
made by a physician to detect any relevant brain pathology
and to ensure the image quality necessary for both manual
and automated segmentation. Raw data were converted into
Nifti format for manual segmentation and for further auto-
mated processing with the FS and MAGeT-Brain software
packages.
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Manual tracing

Hippocampal volumes were segmented manually using
ITKSnap, Version 2.4 (Yushkevich et al. 2006), a freely
available software tool that allows simultaneous deline-
ation of borders in all three orthogonal view planes with
a 3D reconstruction (Jack et al. 2011; Yushkevich et al.
2009). Segmentation was performed by one trained expert
rater, who was blind to the identity, age, sex, and clinical
diagnosis of the subjects, as well as to the results of the
automated segmentation methods. The coronal view was
chosen as the main segmentation plane and was changed
to the sagittal or axial plane if necessary (Konrad et al.
2009). All slices were segmented from posterior to ante-
rior and from medial to lateral to avoid a laterality effect
(Maltbie et al. 2012). Boundaries of the hippocampus
segmentation were chosen based on both the results of a
meta-analytic review (Konrad et al. 2009) as well as the
intrinsic anatomic properties of the hippocampus (Duver-
noy 1988). Full details of our protocol are given in Online
Resource 1.

Automated segmentation using FreeSurfer

Automated segmentation of hippocampal volumes was
performed on T, images using FS, Version 6.0 (http://
surfer.nmr.mgh.harvard.edu/). HC volumes were esti-
mated using two different pipelines within the FS soft-
ware: (1) the recon-all pipeline and (2) a hippocampus
subfields module. In brief, the recon-all pipeline uses a
fully automated Markov random fields approach to iden-
tify cortical and subcortical structures based on proba-
bilistic information available from a library of manually
segmented images of adult brains (Fischl 2012; Fischl
et al. 2002). This procedure yields volumes of all subcor-
tical structures defined in the atlas within a table called
aseg.stats. HC volumes derived from this standard pro-
cedure are referred to as FS_STD in this study. Second, a
segmentation procedure to perform hippocampal subfield
segmentation has been developed (Iglesias et al. 2013).
The atlases used in this pipeline were built primarily
upon ultra-high resolution (~0.1 mm isotropic) ex vivo
MRI data. This procedure yields volumes of hippocam-
pal subfields and based on these subfields the volume
of the whole hippocampus is calculated and output by
FreeSurfer. This segmentation procedure is referred to as
FS_SUBF in this study. The volumes of said hippocampal
subfields are reported to agree well with those found in
histological studies. Full details of the procedure can be
found elsewhere (Iglesias et al. 2015). All reconstructed
data were visually checked for segmentation accuracy.
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Automated segmentation using MAGeT-Brain

Segmentation of the bilateral hippocampus was performed
using the publicly available MAGeT-Brain algorithm
(Pipitone et al. 2014; Chakravarty et al. 2013; https://githu
b.com/CobralLab/MAGeT-Brain). MAGeT-Brain was used
with five high-resolution anatomical atlases from adults
(Winterburn et al. 2013) that have been validated for use
with MAGeT-Brain (Pipitone et al. 2014). A bootstrapping
method was used to generate a large set of candidate labels
(votes) based on the input atlases for each voxel in the target-
segmented image. Then, these candidate labels were fused
using a voxel-wise majority vote (Collins and Pruessner
2010). The input atlases were registered to a subset of 21
subjects, an optimal number shown in previous research
(Pipitone et al. 2014), to generate a template library. Tem-
plate library images were chosen based on a representative
sampling of subject age, sex and diagnostic group to model
neuroanatomical variability within the cohort. All images
were converted to the MINC format, and MAGeT-Brain was
implemented using tools included in the MINC (https://bic-
mni.github.io/), particularly a version of ANTs adapted for
MINC tools.

All processing was performed on a homogeneous GNU/
Linux-based cluster, comprised of 14,400 cores and a total
memory size of 75 TB. All reconstructed data were visually
checked for segmentation accuracy.

Statistical analysis

All statistical analyses were conducted using SPSS 24 (IBM
Corp., Armonk, NY), with an alpha level set to p <0.05 for
all analyses.

The percentage volume difference (PVD) was calculated
using the following formula: PVD=[(V, -V, )/V,,]1x 100%.
In the event that the automated method (V,) and the manual
segmentation (Vm) yielded identical volumes, the result-
ing PVD was zero, indicating equal volumes within the two
segmentations. Increasing PVD indicates a greater volume
difference between automated and manual segmentation.
Positive values indicate an overestimation, and negative
values indicate an underestimation of automated segmented
volumes relative to manually segmented volumes.

Spatial overlap of segmentations with the manual proto-
col was assessed using Dice similarity coefficients (DSC;
(Dice 1945)). Namely, DSC=(2xIA n Bl)/(IA + Bl), where
A and B are the number of voxels in each individual segmen-
tation and |IA N Bl is the number of voxels included in both
segmentations. DSCs range from 0, indicating no agreement
(i.e., no overlap), to 1, indicating perfect agreement (i.e.,
perfect overlap).

To investigate potential differences among age groups,
hemisphere and segmentation methods, we conducted two
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three-way repeated measures analysis of variance (ANOVA)
on (i) PVD and (ii) DSC with segmentation methods (FS_
STD, FS_SUBF and MAGeT-Brain) and hemispheres (left,
right) as within-subjects factors, and age group (children/
adolescents) as between-subjects factor. When the assump-
tion of sphericity was violated, degrees of freedom were cor-
rected using Greenhouse-Geisser procedures. In an attempt
to analyze a mediating effect of manually segmented Hc
volume on age group effects, we then calculated a repeated
measure ANCOVA on DSC with different methods (FS_
STD, FS_SUBF and MAGeT-Brain) and hemispheres
(left, right) using within-subjects factors, and differences
in age and manually segmented hippocampal volume using
covariates.

We further investigated the agreement between manual
and automated segmentation by means of Bland—Altman
plot. This graphical method is used to illustrate differences
between two techniques or raters (Shrout and Fleiss 1979).
As the manual segmentation is accepted and viewed as the
gold standard technique for hippocampal volume estima-
tion, we plotted the difference between automated and manu-
ally segmented volumes, as has been suggested previously
(Krouwer 2008; Giavarina 2015).

To obtain a measure of consistency between segmenta-
tion approaches, we calculated intraclass correlation coef-
ficients (ICCs) using two-way mixed models (Koch 2006).
While official guidelines for the interpretation of ICCs are
lacking, an ICC of 0.70 is considered the minimum stand-
ard for adequate reliability (Terwee et al. 2007). Finally,
to assess within-method consistency, Pearson correlations
were calculated between volumes of bilateral Hc within the
same segmentation technique. Weak left versus right hemi-
sphere correlations would indirectly suggest inconsistency
within the assessed segmentation method. Furthermore, if
a given automated technique is consistent with manual seg-
mentation, similar correlations between left and right hemi-
sphere volumes are expected. Therefore, the differences in

Table 2 Comparison of volumes between segmentation methods

magnitude between within-method correlations were calcu-
lated based on the Fisher r-to-Z transformation (Raghuna-
than et al. 1996), and the Bonferroni—-Holm correction was
applied for multiple comparisons.

Results
Analysis of manual segmentation consistency

The ICC for intrarater reliability was 0.93 (Shrout and Fleiss
1979), mean Dice similarity coefficient (DSC, Dice 1945)
was 0.977.

Analysis of volume differences among segmentation
technique and age group

Percentages of volume differences (PVD) were calculated
separately for the left and right hippocampus and are dis-
played in Table 2. The mean percentage of volume dif-
ferences between FS-derived volumes (both hemispheres
combined) and manual segmentation was 56.8% (SD 21.2)
when using the FS_STD routine and 32.2% (SD 17.7) when
using the FS_SUBF module. When computing the differ-
ence between MAGeT-Brain-derived volumes and manual
segmentation, the mean volume difference was — 15.2% (SD
11.3). For subsequent analyses, absolute values of volumes
differences were used.

The repeated measures ANOVA revealed a significant
effect of technique F(1.09)=278.2, p<0.001, a signifi-
cant interaction of age group X technique (F(1.09)=29.6,
p<0.001) and a main effect of age group (F(1)=22.4,
p=0.001). The interaction between technique and hemi-
sphere was not significant (F(1.48)=0.5, p=0.50). Post hoc
tests (paired ¢ tests) revealed significant PVD between FS_
STD, FS_SUBF and MAGeT-Brain among the children age
group (all p<0.001) indicating larger volume differences

Manual FreeSurfer (standard) FreeSurfer (subfields) MAGeT-Brain
Volume SD Volume SD PVD SD Volume SD PVD SD Volume SD PVD SD
All (n=70)
L-hippocampus  2773.5 421.2 42332 3620 552 208 35744 3245 310 17.1 2321.1 2288 —-150 114
R-hippocampus 27954  438.3 4350.7 3705 584 21.6 36634 3275 334 184 23300 2282 -—-153 112
Age 5-10.5 (n=35)
L-hippocampus 2607.8 4149 4181.7 366.2 633 22,6 35149 2988 37.2 18.0 22929 2330 -10.6 124
R-hippocampus  2606.7  413.0 4284.6 319.6 67.5 23.6 3613.1 266.7 41.1 18.7 23114  220.7 -99 118
Age 10.6-16 (n=35)
L-hippocampus  2939.1  362.5 42847 3554 47.1 154 36339 3421 248 13.8 23493 2243 -194 8.3
R-hippocampus  2984.1  382.1 4416.7 409.2 493 149 37137 376.0 256 145 23487 2373 -20.7 7.5

PVD percentage of volume difference with manual tracing
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in FS_STD > FS_SUBF > MAGeT-Brain. Among sub-
jects in the adolescent age group, differences were noted
between FS_STD and FS_SUBF (p <0.001) (larger PVD
FS_STD >FS_SUBF) and between FS_STD and MAGeT-
Brain (p <0.001) (larger PVD FS_SUBF > MAGeT-Brain),
but not between FS_SUBF and MAGeT-Brain (T=2.0;
p=0.05). This indicates that in both age groups, FS_SUBF

Table 3 Dice coefficients

FreeSurfer FreeSurfer MAGeT-Brain
(STD) (SUBF)
Dice (SD) Dice (SD) Dice (SD)
All (n=170)
L-hippocam-  0.79 (0.062) 0.87 (0.063) 0.91 (0.052)
pus
R-hippocam-  0.78 (0.062) 0.86 (0.065) 0.91 (0.054)
pus
Age 5-10.5 (n=35)
L-hippocam-  0.76 (0.065) 0.85 (0.064) 0.92 (0.049)
pus
R-hippocam-  0.75 (0.065) 0.83 (0.063) 0.93 (0.052)
pus
Age 10.6-16 (n=35)
L-hippocam-  0.81 (0.050) 0.89 (0.054) 0.89 (0.051)
pus
R-hippocam-  0.81 (0.046) 0.89 (0.054) 0.88 (0.042)
pus

FreeSurfer (STD) FreeSurfer—Standard segmentation; FreeSurfer
(SUBF) FreeSurfer—hippocampus subfields segmentation

Dice Score

,70 ¢

and MAGeT-Brain yielded lower PVD than FS_STD.
MAGeT-Brain segmentation resulted in smaller volume
differences in the younger age group than FS_SUBF and
FS_STD, while no differences occurred in the adolescent
age group.

Analysis of overlap (DSC) and associations with age

The dice coefficients of overlap (DSC) of the manual and
automated segmentation are shown in Table 3. Average
values for FS_STD, FS_SUBF and MAGeT-Brain are
0.785, 0.865 and 0.91. The repeated measures ANOVA
revealed a significant effect of technique (F(1.06)=162.8,
p<0.001), an interaction between age group and technique
(F(1.05)=29.7, p<0.001), as well as a main effect of age
group (F(1)=16.6; p=0.001). Post hoc tests (paired ¢ tests)
revealed significant differences in DSC between FS_STD,
FS_SUBF and MAGeT-Brain among the children age
group (all p <0.001). Among subjects in the adolescent age
group, differences were noted between FS_STD and FS_
SUBF (p <0.001) and between FS_STD and MAGeT-Brain
(»<0.001), but not between FS_SUBF and MAGeT-Brain
(T=0.5, p=0.6). Figure 1 illustrates the differences in Dice
coefficients between FS_SUBF and MAGeT-Brain relative
to subject age.

Exploratory analyses with Pearson’s correlations of age
and manually segmented Hc volumes indicated larger Hc
volumes in older subjects (r=0.49; p <0.001). Analyz-
ing the correlations of age and automatically segmented

¢ FreeSurfer Subfields
° ® MAGeT-Brain

5,00 7,50 10,00

Age

12,50 15,00 17,50

Fig. 1 Dice coefficients of automated segmentation with FreeSurfer subfields and MAGeT-Brain relative to age
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Hc volumes (left/right in one model) yields the following
numbers: FS_STD: »=0.189; p=0.025; FS_SUBF r=0.22;
p=0.009; MAGeT-Brain »=0.172; p=0.043. Thus, while
the correlation of hc volume and age holds up, it is signifi-
cantly smaller than the correlation with manual hc volumes
(Fisher r-to-Z transformation: all p <0.01).

To assess the respective influence of age and manually
segmented Hc volume on segmentation accuracy as meas-
ured with DSC, an ANCOVA with DSC of FS_SUBF (both
hemispheres) as dependent variable and age and manually
segmented hippocampal volume as covariates was calcu-
lated and indicated a main effect of hippocampal volume
(F(1)=158.3, p<0.001), but not age (F(1)=0.40, p=0.53).
This finding was replicated when using the DSC of FS_STD
and MAGeT-Brain, respectively, as dependent variables with
similar covariates.

To control for effects of scanner, sex and clinical diag-
noses, explorative repeated ANOVAs were conducted with
regard to PVD and DSC controlling for age and eTIV. No
effects of scanner and diagnoses of conduct disorder were
noted (all p>0.15). The six girls with dyscalculia (mean age
8.0 years, SD 0.9 years) showed smaller intracranial volumes
(1,309,193 mm?, SD 123,122 mm®) and smaller manual He
volumes (left Hc 2135 mm? ,right Hc 2,164 mm3). Thus, our
assumption of added variance with the inclusion of these
subjects was confirmed. Excluding (i) the female partici-
pants and (ii) the subjects (n=10) from site “Jiilich” from
all analyses, respectively, did not change the results.

Analysis of estimation biases

Bland—Altman graphs, which plotted raw volume differences
between manual and automated segmentation, confirmed
that FS (both STD and SUBF) yielded larger volumes than
manual segmentation, while MAGeT-Brain segmentation
resulted in smaller overall Hc volumes (Figs. 2, 3).

In all plots, the incorporated regression line highlights a
trend between volume difference and manual segmentation
volume. Note however, that the volume differences are posi-
tive in FreeSurfer and negative in MAGeT-Brain. Therefore,
the plots suggest that FS shows a larger overestimation of
subjects with smaller Hc volumes. In contrast, MAGeT-
Brain shows larger underestimation of subjects with larger
Hc volumes.

Exploratory correlation analyses between volume dif-
ferences and manually segmented Hc volume (see Table 4)
indicate negative associations in FS and in MAGeT-Brain;
however, the negative values in MAGeT-Brain must be inter-
preted in the context of overall undersegmentation (i.e., neg-
ative volume differences with manual segmentation). Thus,
neuroanatomical features may systematically influence auto-
matically segmented Hc volumes in FS and MAGeT-Brain
in opposite directions.

Moreover, estimation biases were more pronounced in the
children group than in the adolescent group in the FreeSurfer
segmentation. In the children group but not in the adoles-
cent group, age was associated with volume differences with
medium effect sizes. Calculating a linear regression model
to assess the volume differences over age in the whole group
revealed decreasing volume differences per year of —49.2
mm?> per year (95% CI: —70 to —28; p<0.001) in FS_STD,
of —48.4 mm? per year (95% CI: —68 to —28; p<0.001)
in FS_SUBF and increasing (more negative) volume dif-
ferences of -60.1 mm? per year (95% CI: —78 to —42;
p<0.001) in MAGeT-Brain.

Intraclass correlation coefficients

Intraclass correlation coefficients (ICC, agreement type) are
shown in Table 5. Average values for FS_STD, FS_SUBF
and MAGeT-Brain are 0.72, 0.71 and 0.66. ICC values of
segmentations performed in FS yielded a slightly larger
agreement with the manual comparison than those per-
formed in MAGeT-Brain. However, confidence intervals in
all segmentation methods were widely overlapping.

Within-method correlation analysis

Pearson correlations between volumes in the left and right
hemispheres obtained from each segmentation technique are
summarized in Table 6. Hc volumes within a given segmen-
tation technique were all highly correlated (all p <0.001;
r=0.709-0.874). A significant difference in magnitude
between the computed correlations was observed only
between within-method correlations of Hc volumes esti-
mated with manual segmentation and the FS_STD proce-
dure (ZPF=2.6; p <0.01). This result suggests a stronger
association between bi-hemispheric volumes when estimated
with manual segmentation rather than with FS_STD. No
significant differences were found between the strength of
within-method correlation of Hc volumes when comparing
manual segmentation and FS_SUBF (ZPF=1.95; p=0.051),
or manual segmentation and MAGeT-Brain (ZPF=-0.05;
p=0.96).

Discussion

Although previous research in adults has shown sufficient
overlap of FS and MAGeT-Brain Hc volume estimates with
manual segmentation Hc volumes, the accuracy of these
automated segmentation procedures in children and ado-
lescents remains scarcely investigated, particularly given
potential differences in brain size and shape over time.
Additionally, subcortical structures may develop ahead of
cortical structures (Casey et al. 2008). Thus, it is imperative
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Fig.2 Bland-Altman plots of volume difference estimations between
manual segmentation and a FreeSurfer STD, b FreeSurfer SUBF
and ¢ MAGeT-Brain, presented separately for left and right hip-
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A

Manual Seg. FS - Subfields FS - Standard MAGeT-Brain

Fig.3 a Comparison of segmentation inaccuracies in two subjects
selected based on low DSC-Scores in FreeSurfer (Subj. A) and
MAGeT-Brain (Subj. B). Arrows point to examples of oversegmen-
tation in FreeSurfer (Subj A) and underestimation in MAGeT-Brain
(Subj. B)—sagittal view. b Comparison of segmentation inaccura-

Manual Seg. FS - Subfields FS - Standard MAGeT-Brain

cies in two subjects selected based on low DSC-Scores in FreeSurfer
(Subj. A) and MAGeT-Brain (Subj. B). Arrows point to examples
of oversegmentation in FreeSurfer (Subj A) and underestimation in
MAGeT-Brain (Subj. B)—coronal view

Table 4 Correlation of volume

° ; FreeSurfer (STD) FreeSurfer (SUBF) MAGeT-Brain
differences with manual volume
estimates and age ol T'age Tvol T'age T'vol T'age
All (n=170) -0.58 -0.37 —-0.69 -0.38 -0.85 -0.49
Age 5-10.5 -0.62* —0.29* —-0.73% —0.28* -0.84 —0.32%
Age 10.6-16 —0.40° ns —-0.50° ns —-0.79 ns

Bilateral He included (n =140 hc); all p <0.001 if not indicated otherwise

Note: due to overall negative volume differences with manual segmentation in MAGeT-Brain negative
numbers indicate opposite direction compared with FS

*p<0.05, ns not significant, FreeSurfer (STD) FreeSurfer—standard segmentation; FreeSurfer (SUBF)
FreeSurfer—hippocampus subfields, Vol manual volume estimate

+bComparing r with Fisher r-to-Z: p <0.01
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Table 5 Intraclass correlation

. MAGeT-Brain
coefficients

FreeSurfer (STD) FreeSurfer (SUBF)

ICC (C1)

ICC (CD)

ICC (CD)

All (n="70)
L-hippocampus
R-hippocampus

Age 5-10.5 (n=35)

L-hippocampus
R-hippocampus

Age 10.6-16 (n=35)

L-hippocampus
R-hippocampus

0.70 (0.52-0.82)
0.74 (0.58-0.84)

0.69 (0.39-0.84)
0.65 (0.30-0.82)

0.71 (0.43-0.85)
0.81 (0.62-0.90)

0.71 (0.53-0.82)
0.71 (0.53-0.82)

0.72 (0.45-0.86)
0.70 (0.40-0.85)

0.67 (0.35-0.84)
0.72 (0.45-0.86)

0.65 (0.44-0.78)
0.67 (0.47-0.80)

0.65 (0.30-0.82)
0.64 (0.28-0.82)

0.70 (0.40-0.85)
0.79 (0.59-0.89)

ICC intraclass correlation coefficient, agreement type; CI confidence intervals, STD FreeSurfer—Standard
segmenation, SUBF FreeSurfer: hippocampus subfields segmentation

to validate these automated methods in children and adoles-
cents. The main finding of this study is an acceptable agree-
ment of both automated and manual segmentation within
the FS_SUBF pipeline and the MAGeT-Brain algorithm, as
indicated by DSC between 0.86 and 0.91, but less so for the
FS_STD pipeline (DSC 0.76-0.81). Notably, Hc segmen-
tation with FS resulted in overestimation of Hc volumes,
which was more pronounced in the FS_STD pipeline and in
younger subjects, respectively, those with a smaller Hc, as
estimated by manual segmentation. Contrary, Hc segmenta-
tion within the MAGeT-Brain framework tended to under-
estimate Hc volumes, particularly in those with larger Hc
volumes. The findings on estimation biases thus question
the reliability and validity of automated Hc segmentation in
children and adolescents.

The manually segmented volumes in this study agree with
those reported in previous studies (Schoemaker et al. 2016;
Schumann et al. 2004). Schoemaker et al. employed a similar
Hc segmentation protocol in children aged 6-11 years, which
yielded similar average Hc volumes (left Hc 2746.3 mm?,
right Hc 2786.9 mm?) (Schoemaker et al. 2016). Thus, in

Table 6 Comparison of inter-hemispheric volume correlation

Left—right

hippocam-

pus
Manual segmentation 0.872
FreeSurfer (standard) 0.709*
FreeSurfer (subfields) 0.761
MAGeT-Brain 0.874

Pearson correlations of left and right hemispheric volumes obtained
within a same segmentation method; all p <0.001

*p<0.01; indicates a significant difference in the magnitude of the
correlation, as compared with the correlation coefficient obtained
with manual segmentation, as defined with the Fisher r-to-Z trans-
form (ZPF) test

@ Springer

both studies, Hc volumes were smaller than those reported
in manual Hc segmentation studies of adults, which showed
average Hc volumes of approximately 3200-3500 mm? (left
Hc) and 3300-3600 mm? (right Hc) (Nugent et al. 2013;
Wenger et al. 2014; Schmidt et al. 2018).

Hc volumes from the FS_STD pipeline, however, were
substantially higher than manual segmented volumes and do
not appear to vary considerably among age groups on study:
In adults, Hc volumes in the Wenger study were largely
similar (left He 4275 mm?; right He 4244 mm?®) to volumes
reported in this study as well as those reported in children
(left He 4378 mm?; right He 4195 mm?®) (Wenger et al. 2014;
Schoemaker et al. 2016). The relative constancy of the hc
volumes using the FS_STD over different age groups with
known age-dependent differences in hc volumes is therefore
concerning and may be due to the fact, that for all analyses
the same atlas is being used for the FreeSurfer segmenta-
tions. In one study in adolescents by (Lyden et al. 2016),
age-matched templates instead of the FreeSurfer atlas were
used. However, the use of these templates did not seem to
largely affect the hc volumes segmented by FreeSurfer, that
were comparable (4546 / 4745 mm?®) with those reported
in adolescent or adult samples using the same FreeSurfer
pipeline but the standard atlas.

Hence, the analysis of volume differences with manual
segmentation among the FS_STD pipeline resulted in large
volume differences (average 56.8%) in the whole sample.
This is in line with results of the Schoemaker at al. study,
which reported average volume differences of 56.0% using
the same pipeline in an earlier version of FS (Vers. 4.4).
Lyden et al. reported even higher volume differences in ado-
lescents (on average 86%) with NeuroQuant, using the same
FS pipeline and age-matched templates. However, in this
study the manual hc volumes were smaller (1913/1844 mm?)
than reported in this or other studies (Schoemaker et al.
2016). Studying volume differences in young adults, how-
ever, has resulted in smaller volume differences between
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FS_STD and manual segmentation of about 25% (Cher-
buin et al. 2009) or 22% (Wenger et al. 2014). One possible
explanation for the higher volume differences found in chil-
dren may be that manual segmentation in children resulted
in smaller Hc volumes than those found in adults, but Hc
volumes using the FS_STD pipeline were similar between
children and adults. This discrepancy may partially explain
the larger volume differences observed using FS_STD in
children and adolescents compared to those reported in adult
studies.

Hc volume estimates from FS_SUBF in this study are
in close agreement with volumes reported in a group of
young and older adults (mean Hc volumes 3363—3565 mm?)
(Whelan et al. 2016; Schmidt et al. 2018). Concerning hc
volume differences with manual segmentation, we found that
the FS_SUBF module resulted in much smaller volume dif-
ferences than the FS_STD module, particularly in the ado-
lescent group (left He 24.7%; right Hc 26.8%). This is in
line with findings in adults (mean age 62 years) by (Schmidt
et al. 2018) who also indicated much smaller volume differ-
ences using the FS_SUBF module over the FS_STD module.

Hc volumes obtained with MAGeT-Brain in other studies
are similar to those observed in this study. For example, one
study found left Hc volumes of 2418 mm? in healthy chil-
dren and adolescents (Sussman et al. 2015). Another study
observed volumes of 2476 mm? (left He) and 2535 mm?
(right Hc) in young adults (Patel et al. 2017). Therefore,
previous studies of Hc segmentation with MAGeT-Brain
resulted in underestimation of Hc volumes (Pipitone et al.
2014) relative to manual segmentation. However, in children
and adolescents, this is the first study to report volume dif-
ferences between both methods.

Moreover, we analyzed the overlap of automated and
manually segmented He volumes by means of the Dice simi-
larity coefficient (DSC), a widely adopted procedure to com-
pare automated and manual segmentation. Using the FS_
STD pipeline, volume overlap in children aged 5-10.5 years
in this study was similar to those reported in a study in chil-
dren aged 2—4 years, with DSC between 0.74 and 0.76 (Lee
et al. 2015). Furthermore, we found that volume overlap in
adolescents (10.6-16 years) was similar to results reported
in adults, such as a DSC of 0.82 in a study by Morey et al.
(Morey et al. 2009a). Moreover, we found that applying the
FS_SUBF procedure resulted in a significantly improved
overlap with manual segmentation, though still relatively
large volume differences with manual segmentation have to
be considered. An improved overlap with manual segmenta-
tion using the FS-SUBF module has recently been reported
by (Schmidt et al. 2018) in a large adult sample.

Our results on volume overlap using MAGeT-Brain,
particularly in children (DSC of 0.93), were higher than
those previously published in adult studies (DSC of 0.82)
(Pipitone et al. 2014). This higher volume overlap in our

study compared to the adult study may be due to a smaller
discrepancy of manually segmented Hc volumes and
Hc volumes segmented with MAGeT-Brain in children
and adolescents than in adults: In the study of Pipitone,
automated Hc volumes in adults were 2476-2535 mm?
(thus close to those in this study), however manual Hc
volumes—though not reported—were likely higher based
on other adult literature (Pipitone et al. 2014).

The results of the analyses of volume differences in
the Bland—Altman plots confirmed the Hc volume over-
estimation in FS segmentation opposed to the Hc volume
underestimation in MAGeT-Brain segmentation. The
negative regression line within the Bland—Altman plots
pointed toward an estimation bias in all automated seg-
mentation methods. In FS (both pipelines), a volume over-
estimation of HC volumes is present in all subjects among
both modules. This overestimation is larger in subjects
with smaller volumes. This is consistent with previous
studies in children (Schoemaker et al. 2016), older adults
(60-70 years) (Wenger et al. 2014; Schmidt et al. 2018),
and one study including 289 participants aged from 16 to
60 years (Akudjedu et al. 2018) that all report a (negative)
bias related to the manually segmented Hc volume. Studies
including middle-aged adults, however, have not shown an
estimation bias dependent on hippocampal size (Morey
et al. 2009a; Wenger et al. 2014). Both FS pipelines are
highly dependent on prior information in the adult atlases.
Given the higher frequency of smaller Hc size, especially
in younger children as shown in our study and previous
work, the larger Hc size differences in our sample com-
pared to those in the FS Atlases (Fischl et al. 2002; Igle-
sias et al. 2015) may partially explain the larger volume
differences in subjects with smaller Hc volumes.

An aspect for the larger Hc volumes segmented in Free-
Surfer is related to the difference in the segmentation pro-
tocols: In our protocol, we included a relatively small sec-
tion of the subiculum (and pre/ parasubiculum), whereas
FreeSurfer includes larger sections of this region in its seg-
mentation protocol. Both segmentation strategies are valid
and explain a relatively small, though systematic part of the
oversegmentation in FreeSurfer. Contrary to the FS segmen-
tation, the Bland—Altman plot of the MAGeT-Brain segmen-
tation indicated a more pronounced underestimation of Hc
volumes in subjects with larger Hc volumes, indicating low
volume differences in subjects with small Hc size. Previous
research in adults using the same pipeline and atlas did not
show an estimation bias (Pipitone et al. 2014).

Performing correlational analysis on volume differences
and manually segmented Hc volumes confirmed the nega-
tive estimation biases, which are partially explained by age.
Wenger et al. found a similar estimation bias range in older
adults aged 60-70 years (left Hc r=—0.55, p <0.001, right
Hc, r=-0.42, p=0.003).
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Furthermore, our data indicate an increase in Hc volume
until adolescence (Wierenga et al. 2014), which explains
approximately 24% of the variance in manually segmented
Hc volume. While subject age and segmentation accuracy
were associated, subsequent analysis shows that this associa-
tion can be mostly explained (or mediated) by manually seg-
mented Hc size, which is consistent with previous research
(Schoemaker et al. 2016).

Analyses of the reliability by means of ICC showed a gen-
eral low to acceptable reliability. All automated segmenta-
tion ICC values were approximately 0.7, which is considered
acceptable (Terwee et al. 2007), though this also indicates a
limited power to detect relationships of interest. This find-
ing is consistent with the results of Schoemaker et al., who
reported ICC values for FS Hc segmentation of 0.68-0.74
in children. In comparison, adult literature indicates much
higher reliability, with ICC values of approximately 0.9
(Morey et al. 2009a; Pardoe et al. 2009). While ICC values
are penalized by the (partially consistent) volume differences
between automated and manual segmentation, the smaller
ICC in the children samples compared to adult samples may
reflect the larger volume differences (between manual and
automated hc volumes) and age/volume-related segmenta-
tion biases in the automated segmentation methods.

Moreover, a within-method correlational analysis of left/
right Hc volumes resulted in strong agreement between left
and right He volumes, but this association was significantly
weaker in FS_STD (r=0.709) compared to manual seg-
mentation (r=0.872). This finding suggests that in children
and adolescents, the FS_STD segmentation may be prone to
inconsistencies within the same subject. Previous research
has been inconsistent in this regard (Schoemaker et al. 2016;
Wenger et al. 2014).

Comparing the automated segmentation methods, we
found volume overestimation in both FreeSurfer modules
and volume underestimation in MAGeT-Brain, thought by
a comparatively smaller margin than FreeSurfer. Moreo-
ver, higher volume overlap with manual segmentation was
noted when using FS_SUBF or MAGeT-Brain, compared to
the FS_STD pipeline, in the whole sample as well as both
age groups. While the FS_SUBF module and the MAGeT-
Brain algorithm yielded comparable overlap in adoles-
cents (10.6—-16 years, both DSC 0.89), the Hc segmenta-
tion in children was significantly more accurate when using
MAGeT-Brain.

Estimation biases affected all automatic segmentation
with large effect sizes, most pronounced in MAGeT-Brain.
Age-dependent volume differences in FreeSurfer were larger
than those published in an adult study of Schmidt et al.
(2018) on subjects from 38 to 84 years (FS Vers 6.0.0, hc
subfields module: 12 mm?® decrease per year). The difference
to the adult study is remarkable and, as discussed earlier,
may be due to the more pronounced brain development in
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this age period and thus more differences with the (adult)
atlases used in FreeSurfer and MAGeT-Brain. Also, a dif-
ferent hc segmentation protocol was used in the study by
Schmidt et al.. Moreover, age-dependent estimation biases
were detected particularly in the children group and they
were more pronounced than in the adolescent group using
FreeSurfer. Thus, the data in this study—future replication
pending—suggest using MAGeT-Brain in children given the
overall higher accuracy with regard to volume difference in
this age group also compared to the results of Schoemaker
et al. (2016) in this age group (using FreeSurfer Vers 4.4).
However, using MAGeT-Brain in a study comparing groups
may be limited due to its pronounced estimation bias, also
occurring in the children group. In the adolescent age group,
the FreeSurfer subfields module may result in better accu-
racy given the lower volume differences than FS_STD and
lower estimation biases than MAGeT-Brain.

Limitations of this study apply to the uneven sex ratio.
Female whole brain volumes and subcortical structures
including the Hc are smaller than male Hec volumes (Jancke
et al. 2015), therefore, the absolute Hc volumes have to be
interpreted with reservations. When controlling for intrac-
ranial volume, however, the sex differences in Hc volumes
disappear (Jancke et al. 2015). Since this study primarily
compared volume differences between manual and auto-
mated segmentation (within the same subject), these find-
ings should therefore not be compromised by the uneven
sex ratio. A limitation of the automated methods is, that the
atlases used by FreeSurfer and MAGeT-brain were based
on adult templates. To improve the accuracy of automated
segmentation in children and adolescents, the use of age-
matched templates may be investigated in future research.
Third, acquiring higher resolution T2-weighted MR images
helps to improve accuracy of the FS_SUBF and MAGeT-
Brain pipelines, particularly concerning Hc subfields seg-
mentation (Iglesias et al. 2015). In this study, we were not
able to also assess T2-weightes images, thus reflecting
the majority of studies published to date that also used
T1-weighted MRI only. Therefore, the results of this study
may be better applicable to (previous) studies with similar
methodology.

Conclusion

While we demonstrate adequate agreement of automated Hc
volume estimates with manual segmentation in children and
adolescents using the FS_SUBF module and the MAGeT-
Brain algorithm, the reliability of automated segmentation
must be questioned in this age group. Both FS and MAGeT-
Brain showed a considerable estimation bias, resulting in
overestimation of small Hc volumes (FS) and underestima-
tion of large Hc volumes (MAGeT-Brain). This estimation
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bias was evident in the whole sample and explained associa-
tions among segmentation accuracy and age.

Based on the present findings, using manual segmenta-
tion might be preferred over automated segmentation when
sample size allows. Exploring large databases, however,
may require automated segmentation. In this case, it is rec-
ommended to analyze both T1- and T2-weighted images if
available. Moreover, our data indicate the use of MAGeT-
Brain in children and FreeSurfer subfields module in ado-
lescents over the use of the FS standard pipeline. Given the
relatively pronounced estimation bias demonstrated in this
study, also related to age, we further suggest investigating
samples with narrow age ranges. If our findings are repli-
cated in larger samples, the possibility to statistically correct
for age-related bias (maybe even in specific hc subfields)
may be a subject of future research to improve the applica-
bility of automated Hc volume estimates among a large age
range including children and adolescents.
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