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PURPOSE: To determine whether measurements of the volume of the hippocampal formation
obtained from a three-dimensional acquisition not perpendicular to the hippocampus are statisti-
cally different from those obtained from a perpendicular acquisition.METHODS: Both hippocampi
were studied in 10 healthy volunteers with two three-dimensional acquisitions, allowing three
different volume-calculation protocols: (a) on sections from a coronal 3-D acquisition not perpen-
dicular to the axis of the hippocampal formation (NOPERP protocol), (b) on sections obtained with
the same acquisition but reformatted perpendicular to the axis of the hippocampal formation
(REFOR protocol), and (c) on sections from a coronal 3-D acquisition perpendicular to the axis of
the hippocampal formation (PERP protocol) obtained with the patient’s head tilted backward. To
obtain measurements of the volume of the hippocampal formations, an accurate 3-D processing
technique was used to segment the hippocampus. In all subjects, two hippocampal formation
right-left asymmetry indexes were calculated by using each of the three protocols. RESULTS: For
the right hippocampus, the mean volume was 3.42 cm3 (NOPERP protocol), 4.18 cm3 (REFOR
protocol), and 3.91 cm3 (PERP protocol). For the left hippocampus, the mean volume was 3.29
cm3 (NOPERP protocol), 4.02 cm3 (REFOR protocol), and 3.74 cm3 (PERP protocol). For both
hippocampi, the differences of the mean volumes were significant between each protocol. How-
ever, for both hippocampi, a high correlation was observed between volumes obtained with the
different protocols. For the two asymmetry indexes, there were no significant differences for the
means obtained with the three protocols. CONCLUSION: With the use of 3-D acquisitions in the
study of hippocampal formation biometry, different procedures lead to significant variations in the
absolute values of the volume of the hippocampal formation. However, there is a strong correlation
between the results obtained by each method.
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Magnetic resonance (MR) imaging has been
used in studies of the hippocampal formation
and in amygdala biometric studies for several
years. The biometric data are useful for evalu-
ating selective hippocampal atrophy in patients
with intractable partial seizures (1–6), Alzhei-
mer-type dementia (7), amnesic syndromes
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(8), or schizophrenia (9, 10). Obvious hip-
pocampal atrophy seen on MR images corre-
sponds to severe neuronal loss (11–13). Thus,
early diagnosis depends on the ability to detect
small variations in hippocampal volume. Differ-
ent MR sequences have been used to evaluate
the volume of the hippocampal formation, and
technical progress has allowed reduction of sec-
tion thickness. At present, a technique using
three-dimensional gradient-echo acquisition al-
lows very thin contiguous sections to be ob-
tained (4, 5, 9, 12, 14–17). In addition, the use
of an independent workstation with 3-D soft-
ware has improved data processing. However,
some problems concerning the use of 3-D ac-
quisition for measuring the volume of the hip-
pocampal formation still exist. Many authors (7,
91
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Fig 1. Image processing. The 3-D cursor guides the complex separation of the hippocampus from the amygdala in the coronal plane
(A), checking its location in the sagittal (B) and the axial (C) planes. The alveus, a thin structure of white matter separating the pes
hippocampus from the amygdala, is particularly well seen in the sagittal plane (arrows in B).
18, 19) state that, in measurements of hip-
pocampal volume, acquisitions in the plane
perpendicular to the axis of the hippocampus is
mandatory. This is easily accomplished with the
use of two-dimensional spin-echo or inversion-
recovery sequences; but, on most MR imaging
units, 3-D oblique acquisitions are impossible.
Although this can be overcome by modifying
the patient’s position, the angle at which the
head must be tilted to obtain an acquisition
perpendicular to the axis of the hippocampal
formation is very uncomfortable and cannot be
used routinely in clinical practice.
The purpose of this study was to ascertain

whether measurements of the volume of the
hippocampal formation obtained from a 3-D
acquisition not perpendicular to the axis of the
hippocampal formation were significantly dif-
ferent from those obtained from a perpendicular
acquisition and to evaluate whether, in 3-D non-
perpendicular acquisitions, there were discrep-
ancies in the volume measurements between
nonreformatted and reformatted sections.

Subjects and Methods
Ten healthy volunteers were studied. The subjects in-

cluded five men and five women who were 22 to 47 years
old (mean, 29 years; SD, 6.7). They were neurologically
intact and had no systemic disease.

MR imaging was performed on a 1.5-T unit. We per-
formed two volumetric acquisitions for each subject, one in
a coronal plane (not perpendicular to the hippocampal
formation) and the other in a plane perpendicular to the
axis of the hippocampal formation. During the latter ac-
quisition, the subject was placed supine within the magnet,
and the head was tilted backward so that an imaginary line
joining the lips and the external auditory canal was per-
pendicular to the examination table. A 600/11/1 (repeti-
tion time/echo time/excitations) sagittal spin-echo se-
quence was obtained to verify that the hippocampus was
perpendicular to the coronal plane. If necessary, the head
orientation was adjusted to position the hippocampus
properly. The volumetric acquisitions were obtained with
the spoiled gradient recalled acquisition in a steady state
(GRASS) sequence. Parameters of the sequence were 23/
5/1; flip angle was 358; field of view was 22 cm, and matrix
size was 256 3 192. One hundred twenty-four contiguous
sections were obtained of the entire head. Section thick-
ness was 1.5 mm.

Each acquisition was transferred to a workstation. Volu-
metric measurements were performed using the 3-D op-
tion software. A 3-D model of the head was obtained from
the 124 sections by using a low threshold of 25 and a high
threshold of 400 (arbitrary units). These values limited the
range of voxel intensity used in generating the 3-D model.
The model was seen in four synchronized windows: 3-D,
coronal, axial, and sagittal. The width of the gray scale and
the level of the four windows were adjusted visually, and
images were magnified by a factor of 3.4. Processing was
performed with a 3-D mouse-driven cursor, which ap-
peared simultaneously at the same location in all the ac-
tive visualized planes. This device permits the operator to
know the exact anatomic location of the cursor and, in
particular, to differentiate the most anterior part of the
hippocampus from the amygdala (Fig 1). Three segmen-
tations of the hippocampal formation allowing three differ-
ent volumetric calculations were performed in all subjects
as follows: (a) volume was measured on sections of the
coronal 3-D acquisition that was not perpendicular to the
axis of the hippocampal formation (NOPERP protocol)
(Fig 2); (b) using the same acquisition, segmentation was
performed on sections reformatted (REFOR protocol) in
the plane perpendicular to the axis of the hippocampal
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Fig 2. Image processing, right hippo-
campus in healthy volunteer: hippocampal
segmentation on sections obtained from
the acquisition not perpendicular to the
hippocampus (NOPERP protocol).

Fig 3. Image processing, right hip-
pocampus in healthy volunteer: hip-
pocampal segmentation on reformatted
coronal sections (perpendicular to the hip-
pocampus) obtained from the nonperpen-
dicular acquisition (REFOR protocol).

Fig 4. Image processing, right hip-
pocampus in healthy volunteer: hip-
pocampal segmentation on sections ob-
tained from the acquisition perpendicular
to the hippocampus (PERP protocol).

Fig 5. A, Spoiled GRASS image refor-
matted in the sagittal plane shows the an-
terior limit of the hippocampal segmenta-
tion just rostral to the uncus (arrow).

B, Anatomic drawing at the same level
shows the major anatomic structures re-
lated to the hippocampus. Am indicates
amygdala; LGB, lateral geniculate body;
Pa, pallidum; Pu, putamen; Su, subiculum;
T, thalamus; TH, temporal horn; and US,
uncal sulcus.
formation (Fig 3); the plane perpendicular to the hip-
pocampus was determined from the sagittal reformatted
view centered on the right hippocampus; and (c) segmen-
tation was performed on the coronal 3-D acquisition ob-
tained with the patient’s head positioned in such a way that
the acquisition plane was perpendicular (PERP protocol)
to the axis of the hippocampal formation (Fig 4). The
segmentations were performed by two different operators.
Total time for the segmentation of one hippocampus with
one protocol was approximately 40 minutes.

The measurements included the entire rostrocaudal ex-
tent of the hippocampus (eg, CA-1 through CA-4 sectors
of the hippocampus proper, the dentate gyrus, the alveus,
the fimbria, and a part of the subiculum). The hippocam-
pus was progressively segmented rostrocaudally. The
boundaries were outlined in the coronal plane. The incre-
ment between two segmentation planes was 2 mm. This
increment was slightly greater than the section thickness,
but it could be obtained with the 3-D software (with sec-
tions parallel to the acquisition or with reformatted sec-
tions) and it was chosen to shorten the total time needed
for segmentation. The first section, checked in the sagittal
window (Fig 5), was located just 2 mm caudal to the plane
intersecting the most anterior extension of the alveus, just
rostral to the uncus. The most accurate anterior limit was
searched with the 3-D cursor interactively in the coronal,
sagittal, and axial planes. Anatomic landmarks of the hip-
pocampal formation were defined at the level of the head,
body, and tail of the hippocampus, as described below.

Hippocampal Head

Dorsally and laterally, the alveus provides a landmark
for the hippocampal head. It allows the examiner to differ-
entiate the hippocampus from the overlying amygdala
with the 3-D cursor. At this level, the hippocampus has a
characteristic triangular shape (Fig 6). The location of the
cursor in the coronal plane was always simultaneously
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Fig 6. A, Spoiled GRASS coronal im-
age (PERP protocol) shows the landmarks
of the rostral part of the hippocampal
head.

B, Anatomic drawing at the same level
shows the close amygdalohippocampal
relations. Am indicates amygdala; CA,
cornu Ammonis; EA, entorhinal area; GA,
gyrus ambiens; OT, optical tract; SL, semi-
lunar gyrus; TH, temporal horn; and US,
uncal sulcus.

Fig 7. A, Spoiled GRASS coronal im-
age (PERP protocol) shows the landmarks
of the hippocampal head at the level of the
digitations.

B, Anatomic drawing at the same level
shows the reduction of the amygdalohip-
pocampal relations. AHT indicates amyg-
dalohippocampal transition area; Al,
alveus; Am, amygdala; OT, optical tract;
PHG, parahippocampal gyrus; and TH,
temporal horn.
checked in the sagittal plane. More caudally, at the level of
the digitations of the pes hippocampus, the temporal horn
appears and enhances this dorsal limit. At this level, the
medial part of the hippocampal head merges with the
amygdala at the level of the amygdalohippocampal tran-
sition area (Fig 7). We traced a horizontal line along the
extent of the alveus to cut this amygdalohippocampal
area. The ventral limit was clearly defined by the gray–
white matter junction between the white matter of the
entorhinal cortex and the subiculum. Medially, the bound-
ary of the hippocampal head was limited by the uncal
sulcus and ambient fissure. The intralimbic gyrus was out-
lined in the most caudal planes of the pes hippocampus.

Hippocampal Body

The hippocampal body was easier to outline (Fig 8):
dorsally and laterally we included the alveus overlying the
cornu Ammonis. This boundary is well defined in the floor
of the temporal horn. The fimbria was included in the
measurements. Medially, we chose an arbitrary landmark
located in the middle of the subiculum. The dentate gyrus
located between the fimbria and the hippocampal fissure
was included. Ventrally and laterally, the white matter was
well distinguished from the subiculum and from CA-1.

Hippocampal Tail

Dorsally and laterally, the alveus was outlined up to the
origin of the crus fornices medially, which was cut along
the extent of the alveus (Fig 9). The medial landmark was
an arbitrary vertical line traced at the level of the medial
limit of the hippocampal sulcus. The section showing the
entire length of the crus fornices was considered the pos-
terior limit of the hippocampal tail and it was not included
in the segmentation process.

After the segmentation process, the hippocampus was
portrayed on a 3-D–rendered image (Fig 10) and the nu-
meric values of the volume obtained by the 3-D software
were also displayed. Both hippocampi were studied in all
subjects. Using each protocol, we calculated two hip-
pocampal asymmetry indexes for each subject. The first
index (R1), was computed as follows:

R1(%) 5
100 3 (R 2 L)

Max (R, L)
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Fig 8. A, Spoiled GRASS coronal im-
age (PERP protocol) shows the landmarks
of the hippocampal body.

B, Anatomic drawing at the same level.
Al indicates alveus; CA, cornu Ammonis;
CN, caudate nucleus; F, fimbria; GD, gyrus
dentatus; LGB, lateral geniculate body;
PHG, parahippocampal gyrus; Su, subicu-
lum; and TH, temporal horn.

Fig 9. A, Spoiled GRASS coronal image (PERP protocol) shows the landmarks of the
hippocampal tail.

B, Anatomic drawing at the same level. CA indicates cornu Ammonis; CF, crus
fornices; GD, gyrus dentatus; HS, hippocampal sulcus; Su, subiculum; TF, transverse
fissure; and TH, temporal horn.

Fig 10. Anterosuperior view (458) of
the 3-D right and left hippocampi obtained
after the segmentation process and the ex-
traction from the brain (PERP protocol).
where R and L are, respectively, the values of the right and
left hippocampus volumes and Max(R, L) is the highest
value among the right and the left volumes (1). The sec-
ond index (R2) was computed as follows:

R2 ~% ! 5
100 3 (R 2 L)

SR 1 L
2 D

(20). The statistical analysis included the calculation of the
Pearson product-moment correlation between each proto-
col and a t test for dependent samples to test the difference
of means between each protocol.

Interobserver reproducibility was studied on both hip-
pocampi for the 10 subjects with the REFOR protocol and
was very elevated. Variance analysis showed that, for the
right hippocampi, 95.3% of the variance was due to the
true variance of the hippocampi; for the left, it was 92.7%.
Thus, only 4.7% of the variance for the right hippocampi
and 7.3% for the left hippocampi was due to interobserver
variability.

Results

Values of hippocampal volumes and asym-
metry indexes obtained with the three measure-
ment protocols in the 10 subjects are described
successively in the following sections.

Right Hippocampus

The mean volumes of the right hippocampus
were 3.42 cm3 (NOPERP protocol), 4.18 cm3

(REFOR protocol), and 3.91 cm3 (PERP proto-
col) (Table). The difference of the mean volume
of the right hippocampus was significant (P ,
.001) between NOPERP and PERP protocols,
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Mean values of right and left hippocampal volumes, R1 and R2 ratios obtained with the three different protocols

Protocol R Hippocampus, mean 6 SD L Hippocampus, mean 6 SD R1 (%), mean 6 SD R2 (%), mean 6 SD

NOPERP 3.42 cm3 6 0.49 3.29 cm3 6 0.63 4.3 6 6.0 4.57 6 6.5
REFOR 4.18 cm3 6 0.53 4.02 cm3 6 0.74 4.4 6 6.5 4.65 6 6.8
PERP 3.91 cm3 6 0.53 3.74 cm3 6 0.64 4.6 6 6.0 4.91 6 6.4

Note.—NOPERP indicates acquisition not perpendicular to axis of hippocampal formation; REFOR, same acquisition, sections reformatted
perpendicular to axis; and PERP, coronal 3-D acquisition perpendicular to axis. See “Hippocampal Tail” section for formulations of asymmetry
indexes R1 (%) and R2 (%).
between REFOR and PERP protocols, and be-
tween NOPERP and REFOR protocols. The dif-
ference between mean volumes of the right hip-
pocampus computerized with PERP and
NOPERP protocols (0.49 cm3) was higher than
the difference of mean volumes calculated with
REFOR and PERP protocols (0.27 cm3), but
this latter result was not statistically significant
(P 5 .06). The volumes of the right hippocam-
pus were significantly correlated (P , .001) be-
tween NOPERP and PERP protocols (r 5 .91),
REFOR and PERP protocols (r 5 .95), and
NOPERP and REFOR protocols (r 5 .91).

Left Hippocampus

The mean volumes of the left hippocampus
were 3.29 cm3 (NOPERP protocol), 4.02 cm3

(REFOR protocol), and 3.74 cm3 (PERP proto-
col) (Table). The difference of the mean volume
of the left hippocampus was significant (P ,
.001) between NOPERP and PERP protocols,
between REFOR and PERP protocols, and be-
tween NOPERP and REFOR protocols. The dif-
ference between left hippocampus mean vol-
umes computerized with PERP and NOPERP
protocols (0.45 cm3) was higher than the differ-
ence of mean volumes calculated with REFOR
and PERP protocols (0.28 cm3), but again this
latter result was not statistically significant (P 5
.18). The volumes of the left hippocampus were
significantly correlated (P , .001) between
NOPERP and PERP protocols (r 5 .91), REFOR
and PERP protocols (r 5 .98), and NOPERP and
REFOR protocols (r 5 .95).

Asymmetry Indexes

The mean R1s were 4.3% (NOPERP proto-
col), 4.4% (REFOR protocol), and 4.6% (PERP
protocol) (Table). The difference of the mean
ratio R1 was not significant between NOPERP
and PERP protocols (P 5 .86), between REFOR
and PERP (P 5 .80), and between NOPERP and

.

REFOR (P 5 .97). The difference between
PERP-NOPERP (0.29%) and between PERP-
REFOR (0.24%) was not significant (P 5 .80).
The correlations of the R1 asymmetry indexes
between each protocol were all significant (P ,
.05).
The mean R2s were 4.57% (NOPERP proto-

col), 4.65% (REFOR protocol), and 4.91%
(PERP protocol). The difference of the mean
ratio R2 was not significant between NOPERP
and PERP (P 5 .84), between REFOR and PERP
(P 5 .79), and between NOPERP and REFOR (P
5 .96). The difference PERP-NOPERP (0.34%)
and between PERP-REFOR (0.26%) was not
significant (P 5 .80). The correlations of the R2
asymmetry indexes between each protocol
were all significant (P , .05).

Discussion

The in vivo biometry of the hippocampus has
been applied to the study of temporal lobe epi-
lepsy (1–6, 21, 22), Alzheimer disease (7), am-
nesia (8, 23), and schizophrenia (9, 10).
Progress regarding biometry techniques in the
hippocampus has involved image acquisition
and data processing (5, 7–9, 17, 23, 24–38).
At present, many researchers are using 3-D

acquisition sequences (5, 9, 17, 31), which can
be successively transferred on a workstation to
permit segmentation and volume calculation.
All authors (4, 5, 9, 17) report segmentation of
the hippocampal formation in the coronal plane
without the use of any 3-D control. However,
these 2-D segmentations have important limi-
tations, principally concerning the anatomic
identification of complex structures. For exam-
ple, to separate the pes hippocampus (which is
one of the most voluminous parts of the hip-
pocampal formation) from the overlying amyg-
dala is very difficult and sometimes impossible
with the use of 2-D processing software. Some
authors (8, 17, 23, 37) have preferred to ex-
clude this region despite its significant volume.
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Our study shows that these anatomic problems
can be solved by means of 3-D processing of
the data. The major benefit of 3-D processing is
the 3-D cursor, which enables simultaneous
identification of an anatomic structure in three
orthogonal reformatted planes. With the use of
3-D processing, the major problem related to
the complex anatomy of the pes hippocampus
is easily solved. This is useful for the small an-
atomic structures (such as the alveus and the
fimbria), because each point of the structure,
located in the coronal plane, can be checked
and simultaneously displayed in the sagittal and
axial planes. Thus, the rostrocaudal and medio-
lateral extents of the hippocampal formation are
respectively displayed in the sagittal and axial
planes. The major benefit of 3-D processing is
in resolving anatomic ambiguities; for example,
when a boundary is not clear in the coronal
plane, it can be examined by looking at it simul-
taneously in the other planes.
Using this method of hippocampal segmen-

tation, we made three measurements of the vol-
ume of the hippocampal formation in each sub-
ject in order to evaluate and compare the
different results. It is commonly accepted that
all volume measurements of the hippocampal
formation should be performed in a plane per-
pendicular to its axis because of problems re-
lated to partial volume effects (8). However,
with most MR units, 3-D oblique acquisitions
are not available. Some authors have used one
of the three protocols of measuring the volume
of the hippocampal formation that we used (5,
9, 14–17, 38). However, a study comparing the
results of the different protocols is not available.
The aim of our study was to compare the results
of these three protocols. In our series, acquisi-
tion and measurements performed directly per-
pendicular to the hippocampal formation (PERP
protocol) were considered as the reference be-
cause it avoided the possibility of introducing
errors caused by partial volume effects (as with
the NOPERP protocol) or by interpolated voxel
values (as with the REFOR protocol). Our study
shows that, even with a small group of 10 sub-
jects, there was a significant difference between
the results obtained with each protocol. The
smallest values of the volume of the hippocam-
pal formation were obtained with the NOPERP
protocol; the highest values with the REFOR
protocol. In all subjects, volumes obtained with
the reference protocol (PERP protocol) were al-
ways between those obtained with the NOPERP
and REFOR protocols. Our results show that the
mean error obtained with the NOPERP protocol
was higher than the mean error obtained with
the REFOR protocol (in reference to the values
obtained with the PERP protocol). However,
probably because of the small size of our sam-
ple, this difference was not significant. Despite
the different values obtained with the three pro-
tocols, there was a strong correlation between
the volumes obtained by each method. This
correlation between the three protocols explains
the fact that the asymmetry indexes are not
significantly modified by the protocol used.
In conclusion, the use of different protocols

for measuring the volume of the hippocampal
formation led to important variations in the ab-
solute values of the calculated volumes. How-
ever, there was a strong correlation between the
results obtained by each method. Conse-
quently, any of the methods may be used to
study a group of patients, but it is important to
apply the same protocol throughout a given
patient population. Moreover, if a preliminary
study of control subjects is performed, it must
also be done with the same protocol.
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