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Abstract

Introduction To validate the usefulness of the packages
available for automated hippocampal volumetry, we mea-
sured hippocampal volumes using one manual and two
recently developed automated volumetric methods.
Methods The study included T1-weighted magnetic reso-
nance imaging (MRI) of 21 patients with chronic major
depressive disorder (MDD) and 20 normal controls. Using
coronal turbo field echo (TFE) MRI with a slice thickness
of 1.3 mm, the hippocampal volumes were measured using
three methods: manual volumetry, surface-based parcella-
tion using FreeSurfer, and individual atlas-based volumetry
using IBASPM. In addition, the intracranial cavity volume
(ICV) was measured manually.

Results The absolute left hippocampal volume of the
patients with MDD measured using all three methods was
significantly smaller than the left hippocampal volume of
the normal controls (manual P=0.029, FreeSurfer P=0.035,
IBASPM P=0.018). After controlling for the ICV, except
for the right hippocampal volume measured using Free
Surfer, both measured hippocampal volumes of the patients
with MDD were significantly smaller than the measured
hippocampal volumes of the normal controls (right manual
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P=0.019, IBASPM P=0.012; left manual P=0.003, Free
Surfer P=0.010, IBASPM P=0.002),. In the intrarater
reliability test, the intraclass correlation coefficients (ICCs)
were all excellent (manual right 0.947, left 0.934; Free
Surfer right 1.000, left 1.000; /BASPM right 1.000, left
1.000). In the test of agreement between the volumetric
methods, the ICCs were right 0.846 and left 0.848 (manual
and FreeSurfer), and right 0.654 and left 0.717 (manual and
IBASPM).

Conclusion The automated hippocampal volumetric methods
showed good agreement with manual hippocampal volume-
try, but the volume measured using FreeSurfer was 35% larger
and the agreement was questionable with IBASPM. Although
the automated methods could detect hippocampal atrophy in
the patients with MDD, the results indicate that manual
hippocampal volumetry is still the gold standard, while the
automated volumetric methods need to be improved.

Keywords Magnetic resonance imaging - Hippocampus -
Volumetry - Validation - Major depressive disorder

Introduction

MRI-based hippocampal volumetry has been widely used
in various neuropsychiatric disorders. In the past 20 years,
the number of clinical studies using hippocampal volumetric
assessment has increased rapidly because the hippocampus
plays an important role in forming memory and regulating
emotion, and is involved in various neuropsychiatric diseases,
such as depression, schizophrenia, epilepsy, dementia, and
sleep disorders [1]. To optimize the determination of
hippocampal volume, various manual [2] and automated
protocols have been described [3—11]. Taking advantage of
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advanced image-processing techniques, a precise manual
hippocampal volumetry method was introduced in the late
1980s, and its precision was validated with a phantom [12—
17]. The advent of thin-slice three-dimensional (3-D) MRI
with slice thicknesses of 1 to 2 mm and advanced mea-
surement techniques for brain volumetry has enabled the
detection of mild hippocampal atrophy and the prediction of
Alzheimer disease, mild cognitive impairment, and epilepsy
[18-20]. In addition, although 1.5-T MRI is not able to
resolve the details of the hippocampal cellular anatomy
reliably, the borders of the hippocampal formation can be
distinguished sufficiently for the entire hippocampus [21],
and 3-T MRI is the current standard, rather than very-high-
field MRL

Despite the usefulness of manual hippocampal volume-
try, it is time-consuming and dependent on rater experience,
and automated methods with high reproducibility and
accuracy may potentially be more efficient than manual
volumetry. Several automated volumetric methods have
been developed. The FreeSurfer [8] software package
(http://surfer.nmr.mgh.harvard.edu) provides completely
automated parcellation of the brain cortex and subcortical
structures. FreeSurfer calculates brain subvolumes by
assigning a neuroanatomical label to each voxel in a
MRI volume based on probabilistic information estimated
automatically from a manually labeled training set [22].
Individual Brain Atlases using Statistical Parametric
Mapping (IBASPM) [3] is a fully automated, easy volumetric
method (http://www.thomaskoenig.ch/Lester/ibaspm.htm)
based on the SPM software package (http://www.fil.ion.ucl.
ac.uk/spm). Volume measurement with IBASPM software is
based on an individual brain atlas masked using a predefined
Automated Anatomical Labeling (AAL) atlas [23]. Free
Surfer and IBASPM are freely available via the Internet, and
the processes for volumetric measurements are automated,
whereas other automated methods are not available publicly
or the processes are complicated [4—7, 9—11]. The automated
volumetric methods that we tested here are at the cutting
edge of medical imaging technology. These packages
implement hundreds of recent algorithms, such as linear
and nonlinear spatial normalization, surface base registration,
intensity nonuniformity correction, segmentation, and skull
stripping, although the users of FreeSurfer and IBASPM can
perform automated hippocampal volumetry without knowing
all of them.

If these automated methods provide brain subvolumes
with high correlation, investigation of brain morphology
would be very easy and simple. Although each develop-
ment group has validated the various automated volumetric
methods, users must revalidate the methods using their own
MRI images because image quality is affected by noise, the
acquisition parameters, or the specific MRI machine [24].
Therefore, in this study, we compared two recently
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developed automated volumetric methods using FreeSurfer
and IBASPM with a precisely defined manual method
regarded as the gold standard. In addition, we validated the
usefulness of these automated methods prior to their
application in other hippocampal volumetric studies.

Materials and methods
Subjects

A group of 21 female patients aged 18—60 years with major
depressive disorder (MDD) were recruited from the
Department of Psychiatry at our hospital. In addition, 20
female normal control subjects, matched to the patients in
terms of age, handedness, and parental socioeconomic
status, were recruited from the community. This study was
approved by the hospital institutional review board, and all
of the subjects provided written informed consent before
participating. After an initial psychiatric interview, the
subjects underwent a physical examination and screening
tests that included a complete blood count, plasma electro-
lytes, liver function tests, thyroid function tests, and routine
urine analysis.

The patients were included if they met the criteria for
MDD based on the structured clinical interview (SCID) for
DSM-IV. Depressive symptoms were assessed using the
Beck depression inventory [25] and the 17-item Hamilton
depression rating scale (HDRS) [26]. Both the SCID and
HDRS were administered by an experienced psychiatrist
(K.U.L.). Patients were excluded from the study if they had
a history of childhood trauma or other major axis I disorder,
including bipolar disorder, schizophrenia, schizoaffective
disorder, claustrophobia, and a current or past history of
alcohol or substance abuse or dependence. Patients with an
underlying dysthymic disorder, that is double depression, or
panic attacks in the context of MDD were included. All
patients were on antidepressant medication and none was
taking antipsychotics or mood stabilizers. The control
subjects had no history or family history of axis I disorders.
Neither the patients nor the control subjects had ever been
traumatized enough to cause posttraumatic stress disorder.
Subjects were also excluded if they had a major medical or
neurological illness, history of significant head trauma or
electroconvulsive therapy, or an 1Q of less than 80. Subjects
in whom MRI was contraindicated and those who had taken
oral or intravenous steroids were also excluded.

As a group, the patients with depression had a mean+SD
age of 41.7+11.00 years (range 21-57 years) versus 41.9+
10.26 years (range 24—58 years) for the controls. All but
one of the patients and all of the controls were strongly
right-handed as assessed by the Edinburgh handedness
inventory [27]. The mean age at the first depressive episode
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was 33.2+13.0 years; the mean number of life-time depres-
sive episodes was 3.9+3.3, and the mean illness duration
was 80.0+67.0 months. Five patients presented with a first
episode of depression, while 16 subjects had recurrent
MDD. None of the patients showed atypical, catatonic
features or had a postpartum onset. No patient reported
psychotic symptoms, such as delusions and hallucinations.
Four patients reported a family history of major depressive
disorder.

MRI acquisition

All of the subjects were scanned with a 1.5-T MRI scanner
(Gyroscan ACS-NT; Philips Medical Systems, Best, The
Netherlands). Coronal 3-D T1-weighted turbo field echo
(TFE) MRI was obtained with the following scanning
variables: 1.3 mm thickness; no gap; 160 slices; scanning
time 10 min 13 s; repetition time/echo time 10/4.3 ms;
number of signal averages 1; matrix 256x256; field of view
22x22 cm; and flip angle 8°. Coronal slices were obtained
perpendicular to the long axis of the anterior commissure
(AC) to the posterior commissure (PC) in the midsagittal
plane. The final voxel size was 0.86x0.86x1.30 mm
(xxyxz). The Philips data format PAR, REC, was converted
to 16-bit Analyze format using the software MRIcro (http://
www.sph.sc.edu/comd/rorden), and was not converted to
8 bits to preserve the original intensity scale.

Volume measurements
Intracranial cavity volume

The T1-W MRI and manual volume measurements of the
intracranial cavity volume (ICV) and hippocampus were
preprocessed using a Unix-based Sun Ultra 1 Creator work-
station (Sun Microsystems, San Diego, CA) and Analyze
7.5 (Biomedical Imaging Resource, Mayo Foundation,
Rochester, MN). The ICV was used to normalize the
regional brain volumes. Skull growth occurs along the
suture lines and is determined by brain expansion, which
takes place during normal growth of the brain [28], so the
ICV represents the size of the brain at maximal maturity
unaffected by age or disease-related atrophy. To measure
the ICV, the original TFE MRI data were reconstructed into
5-mm-thick sagittal images, which were then magnified
twofold. The cerebrum, cerebellum, and midbrain were
included in the ICV volume [29-31]. The lateral limits of
the ICV were defined as the right- and leftmost slices of the
brain parenchyma on the sagittal images, while the lower
tip of the cerebellum was the lower limit. We increased the
brightness of the image to improve the visual clarity of the
boundary of the dura mater for the outer boundary. Using
the established measurement criteria [31, 32], the dura

mater of the cerebrum, the cerebellum, and the midbrain,
except for the inferior boundary, were traced manually by a
skilled technical staff member (W.S.T.), who was blind to
all clinical information. A horizontal line was drawn across
the midbrain to include the lower tip of the cerebellum to
establish the inferior boundary on the head tilt-corrected
sagittal images [30, 31]. Details of the ICV measurement
are described in a previous paper [33].

To test the reproducibility of the ICV measurement, the
ICVs of ten subjects (five normal controls and five patients
with MDD) were remeasured.

Manual hippocampal volumetry

To reduce manual tracing errors, the coronal T1-W MR
images were magnified four times and trilinear interpolation
was performed. The entire hippocampus was measured
from the anterior-most head to the posterior tail, including
the cornu ammonis, gyrus dentatus, hippocampus, and
subiculum [34]. The anterior-most boundary was identified
with alveus and simultaneous 3D position markings in the
coronal and sagittal views (Fig. 1). The investigator
identified suspected boundary pixels from the coronal view,
while the orthogonal view displayed the pixel in the same
position in the sagittal view. On sagittal MR images, the
hippocampus was easily differentiated from the amygdala
[35]. The lateral border of the hippocampus was delineated
against the entorhinal cortex by the upper margin of the
white matter of the subiculum. The posterior-most hippo-
campus was measured to the end of the tail of the
hippocampus. Sectors CA-1 through CA-4 of the hippo-
campus proper, the dentate gyrus, and the subiculum were
included in the in-plane boundaries. The detailed in-plane
boundary criteria used were as described previously [12].
According to the defined hippocampus boundary criteria,
the rater outlined the hippocampus on the alveus manually
with a track-ball mouse, and the tracing line was included
as the hippocampal volume (Fig. 2). The ICV and
hippocampal volume were calculated by multiplying the
total voxel count by the volume of one voxel [36].

Automated hippocampal volumetry using FreeSurfer

The volume of the hippocampus was measured automati-
cally by FreeSurfer 3.04 installed on a Fedora core 3 (http:/
fedoraproject.org) Linux workstation. The coronal MRI
was reformatted to an axial image, and then Analyze format
was converted to FreeSurfer’s mgz format. The automated
procedures for hippocampal parcellation have been described
previously [8]. This procedure automatically assigns a
neuroanatomical label to each voxel in a MRI volume based
on probabilistic information estimated automatically from a
manually labeled training set. The optimal linear transform

@ Springer


http://www.sph.sc.edu/comd/rorden
http://www.sph.sc.edu/comd/rorden
http://fedoraproject.org
http://fedoraproject.org

Neuroradiology

Fig. 1 The boundary separating the hippocampal head from the
amygdala. The obscure boundary of the hippocampal head was
identified with the alveus and simultaneous 3-D position markings in
the coronal and sagittal views (a), and the tracing line was confirmed

was calculated, maximizing the likelihood of the input image
using an atlas constructed from manually labeled images of
14 young and middle-aged subjects, and then the nonlinear
transformation was computed. Bayesian segmentation was
performed, and then the maximum a posteriori estimate of
the labeling was determined [22].

Automated hippocampal volumetry using IBASPM

Using the IBASPM toolbox implemented in MATLAB 7.0
(MathWorks, Natick, MA), individual brain atlas-based
volumetry was performed. IBASPM uses the spatial nor-
malization and segmentation routines of SPM2 (Wellcome
Department of Cognitive Neurology, Institute of Neurology,
University College London, London, UK). This procedure
consisted of the following five processes.

1. Segmentation: The MR image is segmented into gray
matter, white matter, and cerebral spinal fluid in native
space.

2. Normalization: The MR image is normalized to the
ICBM 152 T1 template MNI space to obtain the spatial
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(b). The red crosshairs in the coronal and sagittal images of the same
row are at the same position. The tracing lines were redrawn manually
with a thick line for review purposes only

transformation matrix; using this transformation matrix,
the gray matter image is transformed to MNI space.

3. Automatic labeling: Each normalized individual gray
matter voxel is labeled based on an AAL atlas [23] of
predefined 116 segmented structures.

4. Atlasing: Individual atlases are created from each
subject’s MR image. The individual atlases are reversely
normalized, and the gray matter image in native space is
masked using its individual 116 brain structures.

5. Volume statistic: For all individual atlases, the volumes
of 116 predefined brain structures are calculated. When
the voxel values of the gray matter image exceed the
voxel values of the white matter and CSF images, the
voxel is included for volume calculation.

All MRI data from the normal controls and patients with
MDD were mixed in the same directory without clinical
information before the measurements. For the intrarater
reliability test, each volumetric method was performed
twice for five normal controls and five patients.

The ICV was expressed in cubic centimeters, and
hippocampal volume was expressed in cubic millimeters.
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Fig. 2 The region of interest
(ROI) definition of the hippo-
campus. The ROI of the entire
hippocampus was traced manu-
ally from the anterior-most head
(a) to the posterior-most tail (h)
of the hippocampus. The MR
images were magnified four
times, and the tracing line was
included in the total hippocam-
pal volume. The alveus was
used for the upper boundary,
and the gray and white matter
junction was used for the lower
boundary. The tracing lines were
redrawn manually with a thick
line for review purposes only

Statistical analysis

Statistical analysis was performed with SPSS 11.5 (SPSS,
Chicago, IL). The normality of the distribution was tested
using the Kolmogorov-Smirnov test and normal plot. The
significance of differences in the ICV and hippocampal
volumes between the controls and patients were tested
using the #-test. To compare the hippocampal volume,
analysis of covariance (ANCOVA) was performed with the
covariate ICV. To determine the degree of correlation
between measurements simple regression analysis was
used. The asymmetry between the right and left hippocam-
pus in the normal controls and patients with MDD
measured using the three volumetric methods was tested
using a paired f-test.

Since the degree of simple correlation depends on the
number of samples, a high correlation does not mean high
agreement between the two methods, and the use of
correlation could be misleading. Therefore, the reliability
of the intraclass correlation coefficients (ICCs) for the
intrarater reliability and the agreement between volumetric
methods was tested using Cronbach’s alpha [37]. A Bland-
Altman plot was also used to examine the agreement
between volumetric methods. A Bland-Altman plot is a
method of data plotting used in comparing two different
measurement methods that was popularized in medical
statistics. One common application of the Bland-Altman
plot is to compare a new measurement technique with a

gold standard based on graphical techniques and simple
calculations [38].

The differences in the mean volumes of the hippocam-
pus measured using the three volumetric methods were
tested using one-way repeated ANOVA, and the differences
in the variances of the hippocampal volume measured
using the three volumetric methods were tested manually
using Pitman’s t-test (http://core.ecu.edu/psyc/wuenschk/
StatHelp/Pitman.doc) [39]. The details of Pitman’s ¢
calculation are as follows:

1. Compute F as the ratio of the larger variance to the
smaller variance.

2. Compute ! = %, where 7 is the number of pairs of

scores and r is the correlation between the scores in
sample 1 and the scores in sample 2.
3. Evaluate this ¢ on n—2 degrees of freedom.

All tests were two-tailed, and the level of significance
was P<0.05.

Results

The age distribution of the controls and patients did not
differ (P=0.956), and the ICV was similar between the two
groups (P=0.942). The absolute left hippocampal volumes
as determined with all three volumetric methods were
smaller in the patients with MDD than in the normal
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Table 1 Volumes (meanstSD) measured with one manual and two automated volumetric methods (intracranial cavity volumes are in cubic

centimeters; hippocampal volumes are in cubic millimeters).

Method Normal controls MDD patients P values
t-test Ancova®
Intracranial cavity volume 1397.0+£123.52 1393.6+170.84 0.942
Manual Right hippocampus 2871.9+278.21 2658.5+412.31 0.061 0.019
Left hippocampus 2811.1+226.51 2589.3+377.24 0.029 0.003
FreeSurfer Right hippocampus 4017.7+414.56 3797.7+459.75 0.116 0.055
Left hippocampus 3802.9+327.23 3558.2+386.82 0.035 0.010
IBASPM Right hippocampus 2981.0+363.12 2714.4+475.89 0.051 0.012
Left hippocampus 3456.3+388.75 3115.4+485.62 0.018 0.002

* Ancova statistical test covariate with intracranial cavity volume.

controls (Table 1), whereas the right hippocampal volumes
were at the borderline of significance. After correcting for
ICV, both hippocampal volumes as determined with the
manual and IBASPM volumetric methods were smaller in
the patients with MDD than in the normal controls.
Although the left hippocampal volumes measured using
FreeSurfer were smaller than those in the normal controls,
the right hippocampal volumes measured using FreeSurfer
did not differ significantly.

The asymmetry between the right and left hippocampal
volumes in the normal controls and patients was not
significant, However, FreeSurfer showed the right hippo-
campal volume to be significantly larger than the left, and
IBASPM showed the left hippocampal volume to be larger
than the right (Table 2).

In the analysis of reliability between raters, the ICCs
(Cronbach’s alpha) for manual volumetry were 0.947
(right) and 0.934 (left), for FreeSurfer were 1.000 (right)
and 1.000 (left), and for IBASPM were 1.000 (right) and
1.000 (left) (Fig. 3); and the ICC of the ICV was 0.998.

In the analysis of the agreement between the volumetric
methods, the ICCs between manual volumetry and Free
Surfer were 0.846 (right) and 0.848 (left), and between
manual volumetry and IBASPM were 0.654 (right) and
0.717 (left). The correlations for the right hippocampus
between manual volumetry and FreeSurfer were »=0.749
and P<0.000001, and between manual volumetry and
IBASPM were r=0.494 and P=0.001. For the left hippo-

campus, the correlations were »=0.743 and P<0.000001
(manual vs. FreeSurfer), and »=0.594 and P=0.000043
(manual vs. IBASPM) (Fig. 4).

In the Bland-Altman plot, the mean differences (d,,) and
limits of agreement (d,,#2SD) for the volumetric methods
were as follows: manual minus FreeSurfer measure-
ments —1142+588 mm? (right) and ~980+507 mm® (left);
and manual minus IBASPM measurements —82+811 mm?’
(right) and —584+751 mm® ( left) (Fig. 5).

The mean hippocampal volumes measured using the
three volumetric methods (manual, FreeSurfer, and IBASPM)
differed significantly (right hippocampus P<0.000001, left
hippocampus P<0.000001; repeated ANOVA). In the post
hoc analysis with Bonferroni’s correction, the right hippo-
campal volumes differed significantly between the manual
and FreeSurfer methods (P<0.000001) and between the
FreeSurfer and IBASPM methods (P<0.000001), while the
right hippocampal volumes did not differ significantly
between the manual and IBASPM methods (P=0.627). The
left hippocampal volumes differed significantly between the
manual and FreeSurfer methods (P<0.000001), between
the FreeSurfer and IBASPM methods (P<0.000001) and
between the manual and IBASPM methods (P<0.000001).

The variance of each hippocampal volumetric method
differed significantly for the right hippocampus (manual vs.
FreeSurfer, P=0.0008; manual vs. IBASPM, P=0.00520),
and for the left hippocampus (manual vs. FreeSurfer, P=
0.007; manual vs. IBASPM, P=0.0002; FreeSurfer vs.

Table 2 Right-left hippocampal

asymmetry (values are Manual FreeSurfer IBASPM
volumes in cubic millimeters).
Controls MDD Controls MDD Controls MDD
Mean difference® 60.9 69.1 214.8 2394 —475.3 —401
SD 161.7 209.4 243.7 209.9 272.3 228.8
#Right—left hippocampal SE 36.2 45.7 54.5 45.8 60.8 49.9
volume. P value® 0.109 0.146 0.001 <0.0001 <0.0001 <0.0001

® Paired t-test.
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Fig. 3 Plots of repeated measurements from the three volumetric
methods. The ICCs were calculated for the manual (a), FreeSurfer (b),
and IBASPM (¢) volumetric methods. The ICCs for manual volumetry
were 0.947 (right) and 0.934 (left), for FreeSurfer were 1.000 (right)
and 1.000 (left), and for IBASPM were 1.000 (right) and 1.000 (left).

IBASPM, P=0.0008), while the variance of the FreeSurfer
and IBASPM methods did not differ significantly (P=0.54).

Discussion

Reducing the laboriousness of the work is an important
merit of automated volumetric methods, and perfect
reproducibility is a major benefit because it guarantees
consistent findings regardless of rater. However, accuracy is
more important for volumetry studies.

In this study, we obtained excellent intrarater reliability
with manual hippocampal volumetry, and the two automated
methods showed perfect repeatability (Fig. 3). The hippo-
campal volumes measured using FreeSurfer showed good

4600

4400 1 B: Freesurfer
4200 1
4000 1
3800 1
3600 A
3400 1
3200 1

3000 -

2800 T T T T T T v T
2800 3000 3200 3400 3600 3800 4000 4200 4400 4600

The closed symbols and solid regression lines represent the right
hippocampus measurements, and the open symbols and dotted
regression lines represent the left hippocampus measurements. The
volumes are in cubic millimeters

agreement with the manual volumetric method, but both
mean hippocampal volumes measured using FreeSurfer were
significantly larger than the volumes determined using the
manual volumetric method by about 1,000 mm® (Fig. 5).
IBASPM showed questionable agreement with the manual
volumetric method (Fig. 4).

Clinical considerations

The ICV in the normal controls was similar to that in the
patients with MDD. As measured by manual hippocampal
volumetry, the left hippocampal volume of the patients was
significantly smaller than that of the controls, and, although
the statistical significance was borderline, the right hippo-
campal volume of the patients was smaller than that of the
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Fig. 6 Hippocampal parcellation with FreeSurfer. a The hippocampal
tracing line (yellow line) included the anterior head of the hippocam-
pus, entorhinal cortices (yellow arrows), and inferior cornu of the

normal controls. After controlling for the ICV, both
hippocampal volumes of the patients with MDD were
significantly smaller than the hippocampal volumes of the
normal controls using manual hippocampal volumetry
(Table 1).

A reduction in hippocampal volume in depression has
been reported repeatedly [40—44]. A reduction in the total
and posterior hippocampal volumes without a reduction in
the anterior hippocampal volume has been reported in
unmedicated patients with MDD and those in remission
[42]. The right hippocampus of older patients with
depression showed a progressive volume reduction in a
longitudinal study of hippocampal volume, and the hippo-

Fig. 7 The hippocampus sur-
face rendering of manual and
automated segmentation. The
3-D surface of a normal right
hippocampus was visualized
using manual (a) and automated
segmentation with FreeSurfer
(b) and IBASPM (c¢). The 3-D
surface of the manually seg-
mented hippocampus shows a
realistic hippocampal shape. The
anterior head of the hippocam-
pus segmented using FreeSurfer
is not included (b). A large hole
is seen, indicating the loss of
hippocampal tissue in the pos-
terior half of the hippocampus
segmented using IBASPM (c¢)

lateral ventricle (white arrow). b The hippocampal ROI expanded to
the adjacent white matter area of the inferior hippocampus (blue
arrows)

campal volume reduction was correlated with memory
deficits at 6 months [43]. Another study showed that the
lower hippocampal volumes of patients with MDD were
correlated with poorer performance in the Wisconsin card
sorting test [40]. A recent meta-analysis of MRI studies
concluded that the hippocampal volume is reduced in
patients with MDD, but not in patients with bipolar
depressive disorder [44]. When we consider previous
studies, our results regarding hippocampal volumes support
their findings.

Right—left hippocampal asymmetry was first reported in
52 normal young Caucasian adults [16] and in 34 Asian
adults [45]. In our study, the manual volumetric method did

@ Springer
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not reveal significant hippocampal asymmetry (P=0.109),
but this could have been attributable to the relatively small
sample size of 20 subjects (Table 2); we therefore need to
investigate a larger normal group. As measured using
FreeSurfer the right hippocampal volume was significantly
larger than the left, supporting the findings of previous
studies. Conversely, as measured by the IBASPM method,
the left hippocampal volume was larger than the right. This
unacceptable finding might have arisen from methodolog-
ical problems with IBASPM.

Fig. 8 Inaccurate registration between a normal MR image and the
IBASPM atlas. The MR image of a normal subject (a), the left
hippocampus segmented using IBASPM (b), and the IBASPM atlas
(c) are shown. The blue crosshairs indicate the same location, and the
red arrows indicate the left hippocampus in the IBASPM atlas. Since

@ Springer

Manual hippocampal volumetry

The factors affecting the accuracy of hippocampal volumetry
are slice thickness, MRI noise level, MRI orientation, tracing
line inclusion, anatomic boundary criteria, separation be-
tween the amygdala and hippocampus, the software used for
volume measurement, and the experience of the rater [1, 12—
15, 17]. The manual hippocampal volumetric method used
here was defined precisely and has been validated with high
accuracy before [14]. The measured volume of a 2.70-cm?,

inaccurate registration occurred between the subject’s MR image and
atlas (a and c), the upper and lateral parts of the hippocampal tissue
are lost (b). The crosshairs were redrawn with a thick line for review
purposes only



Neuroradiology

2.8-cm-long cylindrical phantom filled with CuSO, was
2.74 cm® (difference 1.48%) using essentially the same
method as our manual volumetric protocol (software, MRI
acquisition, in-plane anatomic boundary criteria, ROI
tracing method). For precise volumetry, this protocol
originally scans or reformats a coronal TI-W MR image
to oblique coronal to the perpendicular long axis of the
hippocampus, and magnifies it four times to provide high
anatomical resolution [12]. The tracing line was included in
the volume because the tracing line contributes over 26% to
the total hippocampal volume [15]. However, the MRI
reformatting to oblique coronal by the software could
produce a partial volume artifact, which could make it
difficult to determine the hippocampus boundary. There-
fore, MRI scanning perpendicular to the long axis of the
hippocampus or the AC-PC line without software recon-
struction is preferable. The delineation between the amyg-
dala and the head of the hippocampus is very important
[15], and inaccurate delineation of the hippocampal head
from the amygdala seriously affects the volume of the
entire hippocampus, which could give a misleading result
[46]. The inclusion of the posterior tail of the hippocampus
is important because tail-specific atrophy in patients with
MDD has been reported [42, 47].

Automated hippocampal volumetry

Various automated methods for hippocampal volumetry
have been developed and validated in the past 10 years [3,
4, 6-11]. However, only two packages (FreeSurfer and
IBASPM) are publicly available to researchers, and a third
is commercial [11].

The hippocampal ROI criteria of FreeSurfer were not
clearly presented in the program’s technical manual [8, 22].
The anterior-most head and posterior tail of the hippocam-
pus are included in the in-plane boundaries, and sectors
CA-1 through CA-4, the dentate gyrus, and subiculum
appear to be included. Although the automated hippocam-
pal volumetry using FreeSurfer has been validated [8], the
hippocampal volumes measured using FreeSurfer were
larger than the volumes measured with the manual method
in this study (Table 1).

The major cause of the increased hippocampal volume
with the FreeSurfer volumetric method arose from the
expansion of the hippocampal ROI to the adjacent white
matter area at the bottom of the hippocampus. Moreover,
the inclusion of part of the entorhinal cortex and inferior
cornu of the lateral ventricle also increased the hippocampal
volume (Fig. 6). Although the developers of FreeSurfer
have reported that this problem has been corrected [24], all
of our subjects showed a hippocampal ROI that was
expanded to include the adjacent white matter. In addition,
the inaccurate differentiation of the anterior-most hippo-

campus from the amygdala could affect the measured total
hippocampal volume (Fig. 7b).

The hippocampal volumes measured using IBASPM
showed questionable agreement with the manual volumetric
method. The errors in hippocampal volume with the IBASPM
volumetric method arose from inaccurate spatial normalization
of the mesial temporal area (Fig. 8) and the use of the MNI
single-subject MRI for the manually predefined ROI of the
hippocampus [23]. We reviewed the accuracy of spatial
normalization in the mesial temporal area, and found frequent
inaccurate registrations in the IBASPM process. This
problem resulted in inaccurate labeling of the hippocampus,
and we confirmed the inclusion or exclusion of adjacent brain
structures in the hippocampal labels defined by IBASPM
visually. The inclusion of the voxel of the gray matter image
in the volume calculation when the voxel values of the gray
matter image are higher than the voxel values of the white
matter and CSF images could have been a source of error.

Conclusions

We successfully showed hippocampal atrophy in patients
with chronic MDD using a manual volumetric method. The
accuracy of the automated methods, however, did not
match that of the manual method. Compared to manual
hippocampal volumetry, automated hippocampal volumetry
using FreeSurfer showed good agreement, although the
measured volume was 35% larger, while the IBASPM volu-
metric method showed questionable agreement. Although the
automated methods were successful in detecting hippocampal
atrophy in the patients with MDD, our results indicate that
manual hippocampal volumetry is still the gold standard,
while automated volumetric methods need to be improved.
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