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A Quantitative MR Study of the Hippocampal
Formation, the Amygdala, and the Temporal
Horn of the Lateral Ventricle in Healthy
Subjects 40 to 90 Years of Age

Qiwen Mu, Jingxia Xie, Zongyao Wen, Yagin Weng, and Zhang Shuyun

BACKGROUND AND PURPOSE: Several investigators have defined normal age-specific val-
ues for the medial temporal lobe structures in neurologically normal elderly subjects, but, to
our knowledge, no one has reported those values for a large sample of healthy volunteers. The
purpose of our study was to define normal age-specific values for the hippocampal formation,
the amygdala, and the temporal horn of the lateral ventricle by age group, ranging from 40
to 90 years, in order to generate a guideline for the quantitative MR diagnosis and differential
diagnosis for early Alzheimer disease.

METHODS: MR-based volumetric measurements of the hippocampal formation, the amyg-
dala, and the temporal horn, standardized by total intracranial volume, were obtained from
oblique coronal and sagittal T1-weighted MR images in 619 healthy volunteers and two ca-
daveric specimens.

RESULTS: Differencesin standardized volumes of the hippocampal for mation, the amygdala,
and the temporal horn were significant among the 61- to 70-year-old, 71- to 80-year-old, and
81- to 90-year-old groups, and were not significant between the 40- to 50-year-old and 51- to
60-year-old groups. We found no significant differences in side or sex among the age groups
for any of the structures.

CONCLUSION: Differencesin the mean value and in the 95% normal range of standardized
volumes of the hippocampal formation, the amygdala, and the temporal horn correspond to
differences in age among healthy subjects; therefore, age should be considered a factor in
correlative research, especially in that involving patients in the early stages of Alzheimer

disease.

The diagnosis of Alzheimer disease (AD), or pri-
mary degenerative dementia, rests on neuropatho-
logic evidence of senile plaques, neurofibrillary
tangles, and cell loss, which predominate in the
hippocampal formation, the amygdala, and the en-
torhinal cortex (1-3). The clinical diagnosis is not
as accurate for the early stages of AD, in which
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cognitive and memory deficits may be difficult to
distinguish from age-related cognitive dysfunction
(4). The difficulty in diagnosing this disorder may
have some important implications for prognosis,
therapy, and research. Because of the limitations of
performing pathologic examination in vivo, MR
imaging may be useful in the diagnosis of AD. In
fact, MR-based volumetric measurements of the
hippocampal formation and the amygdala have
proved to be an important in vivo method for di-
agnosing AD (4-8).

Normal age-specific values of the medial tem-
poral lobe structures have been defined in neurol-
ogicaly normal elderly subjects (9), but, to our
knowledge, no study has defined those values for
the medial temporal lobe structures in a large sam-
ple of healthy volunteers. Recent MR-based volu-
metric studies have focused on whether significant
differences in volume exist between AD patients
and control subjects (4-8), but ascertaining wheth-
er the volume of those structures, as measured on
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MR images, is normal or abnormal for a specific
individual is difficult (4, 5). The aim of the present
study was to define the range of normal volume for
the hippocampal formation, the amygdala, the tem-
poral horn of the lateral ventricle in different age
groups in order to generate a guideline for the MR
diagnosis and differential diagnosis of early AD.

M ethods

Sudy Population

Two cadavers without known neurologic or psychological
disorders, both formerly heathy volunteers of the dementia
study project of the Mental Health Institute of Beijing Medical
University, and 619 healthy volunteers (63 men and 61 women
in the 40- to 50-year-old group, 77 men and 78 women in the
51- to 60-year-old group, 63 men and 55 women in the 61- to
70-year-old group, 55 men and 57 women in the 71- to 80-
year-old group, and 55 men and 55 women in the 81- to 90-
year-old) were entered in the study. Participants met the fol-
lowing criteriaz 1) no history of neurologic or psychological
illness; 2) no history of cardiovascular or cerebrovascular dis-
ease; 3) no abnormal findings on neurologic or neuropsycho-
logical examinations; 4) no cerebral ischemic score greater
than 4 (10); 5) no significant abnormal signal on spin-echo
transverse or sagittal T1- or T2-weighted MR images; 6) no
abnormal results of serum analysis, including thyroid hor-
mones, vitamin B;,, folates, and syphilis serology, and 7) a
Global Deterioration Scale Rating score of 1 (11). All volun-
teers gave informed consent.

MR Examination

The two cadaveric heads and al the volunteers were studied
on a 1.5-T MR unit. After a scout sequence was obtained to
ensure symmetric position of the subject’'s head, three series
of images were taken during each examination: 1) transverse
T1-weighted (500/15 [TR/TE]) and T2-weighted (3000/90) se-
quences with 5-mm-thick sections and no gap; 2) a sagittal T1-
weighted sequence (500/15) with 5-mm-thick sections and no
gap; and 3) an oblique coronal T1-weighted spin-echo se-
quence (500/15/2) with 2-mm-thick sections and no gap. The
third sequence was acquired perpendicular to the long axis of
the hippocampal formation. Volumes of the hippocampal for-
mation, the amygdala, and the temporal horn were measured
blinded five times by five radiologists. The mean volumetric
values were then obtained to ensure accuracy of the
measurements.

Volumetric Measurements and Volume Standardization

The margins of the hippocampal formation, the amygdala,
and the temporal horn were outlined manually on the oblique
corona MR sections for each side. The volumes for these
structures were then added together separately to arrive at a
whole volume for each structure per side (the right, the left,
and the average, which is half the volume of the right and the
left). The total intracranial volume was obtained on sagittal
sections, and the volumes of the hippocampal formation, the
amygdala, and the temporal horn were standardized according
to the method used by Lehericy and colleagues (4); that is, the
whole volume of each structure was divided by the total intra-
cranial volume times 1000, respectively, for each subject.

Comparison of Oblique Coronal MR Images and
Corresponding Anatomic and Histologic Sections

After MR examination, the two cadaveric brains were fixed

in paraformaldehyde for 3 months, hemisected, and cut into
0.5-cm dlabs. Blocks of tissues containing the hippocampal
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formation, the amygdala, and the temporal horn were frozen
and cut into serial oblique coronal sections (10 wm) on afreez-
ing microtome. The plane of the sections was perpendicular to
the long axis of the hippocampal formation so as to determine
accurate and reproducible boundaries. The oblique coronal MR
images of the three structures were compared with the anatom-
ic histologic sections obtained from the two cadavers.

Satistical Analysis

The data of the standardized volumes of the hippocampal
formation, the amygdala, and the temporal horn were pro-
cessed by SPSS (Chicago, IL) statistical software package, in-
cluding a normal distribution test (K-S Lilliefors); a homoge-
neity-of-variance test (one-way ANOVA, Levene test); an
analysis of variance (one-way ANOVA, least-significant dif-
ference); a definition of the mean and the 95% normal range
of values for the hippocampal formation, the amygdala, and
the temporal horn by age group (one-way ANOVA, least-sig-
nificant difference); and a correlation of volume with age
(Pearson two-tailed).

Results

Normal Distribution Test

The K-S Lilliefors test to plot standardized vol-
umes of the hippocampal formation, the amygdala,
and the tempora horn revealed normal distribu-
tions (P > .05) for each side and each sex in all

age groups.

Homogeneity-of-Variance Test

The Levene test for homogeneity of variance
among the standardized volumes of the hippocam-
pal formation, the amygdala, and the temporal horn
revealed homogeneity of variance (P > .05) for
three sides in each age group and for both sexesin
al age groups.

Analysis of Variance

One-way ANOVA reveded significant differ-
ences in the standardized volumes of the hippocam-
pal formation, the amygdala, and the temporal horn
among the 61- to 70-year-old, 71- to 80-year-old,
and 81- to 90-year-old groups, and no significant
differences between the 41- to 50-year old and 51-
to 60-year-old groups. There were no significant
differences in standardized volumes between sides
or sexes in any age group.

Definition of Mean Values and 95% Normal
Range by Age Group

The mean values and the 95% normal range for
the standardization volumes of the hippocampal
formation, the amygdala, and the temporal horn are
given in the Table. Histograms and linear graphs
depicting the standardization volumes of the hip-
pocampal formation, the amygdala, and the tem-
poral horn with respect to different age groups ap-
pear in Figs 1 and 2, respectively.
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Mean volume and 95% normal range for standardized volumes of the hippocampal formation (HF), amygdala (AM), and temporal horn
(TH) (in cm?3)

Right Side Left Side Average
Age Group 95% Normal 95% Normal 95% Normal
Structure y) Mean = SD Range Mean + SD Range Mean += SD Range

HF 40-60 2.76 = 0.08 2.60-2.92 2.76 = 0.08 2.60-2.92 2.76 = 0.08 2.60-2.92
HF 61-70 241 = 0.07 2.27-2.54 240 = 0.08 2.25-2.55 2.40 = 0.08 2.26-2.54
HF 71-80 2.25 = 0.08 2.10-2.39 2.24 = 0.08 2.10-2.37 2.24 = 0.08 2.10-2.38
HF 81-90 2.10 = 0.08 1.94-2.26 2.08 = 0.08 1.91-2.25 2.09 = 0.08 1.93-2.25
AM 40-60 1.92 = 0.07 1.78-2.06 1.92 = 0.07 1.78-2.06 1.92 = 0.07 1.78-2.06
AM 61-70 1.59 = 0.06 1.46-1.72 1.58 = 0.07 1.45-1.72 1.59 = 0.07 1.45-1.73
AM 71-80 144 = 0.07 1.31-1.58 1.43 = 0.07 1.31-1.56 144 = 0.07 1.30-1.58
AM 81-90 1.31 = 0.07 1.17-1.46 1.29 = 0.08 1.14-1.45 1.30 = 0.07 1.16-1.45
TH 40-60 0.11 = 0.04 0.03-0.19 0.10 = 0.04 0.02-0.18 0.10 = 0.04 0.02-0.18
TH 61-70 0.20 = 0.04 0.12-0.27 0.20 = 0.04 0.12-0.27 0.20 = 0.04 0.12-0.28
TH 71-80 0.30 = 0.04 0.23-0.38 0.31 + 0.04 0.23-0.39 0.31 + 0.04 0.22-0.38
TH 81-90 0.41 = 0.04 0.33-0.49 0.40 = 0.04 0.32-0.48 0.41 = 0.04 0.32-0.48

Note—Significant differences in standardized volumes were found among the 40- to 60-year-old, 61- to 70-year-old, 71- to 80-year-old, and 81-

to 90-year-old age groups (P < .05). Standardized volumes were not significantly different for side or sex in any age group (P > .05).
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Fic 1. Histograms of standardized volumes of the hippocampal
formation, the amygdala, and the temporal horn by age group.
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Fic 2. Graphs showing standardized volumes of the hippocam-
pal formation, the amygdala, and the temporal horn by age
group.

Correlation Test

An inverse correlation was found between the
standardized volume of the hippocampal formation
and age (Pearson correlation coefficient, —0.93; P
= .001) and between the standardized volume of
the amygdala and age (Pearson correlation coeffi-
cient, —0.92; P = .001). A positive correlation was
found between the standardized volume of the tem-

poral horn and age (Pearson correlation coefficient,
0.89; P = .001).

Discussion

Necessity of MR-Based Volumetric Measurements

Previous studies have investigated the utility of
volumetric measurements of the medial temporal
lobe system in distinguishing patients with AD
from control subjects (4-8, 12-14). Findings in
quantitative volumetric studies designed to separate
patients in the early stages of AD from control sub-
jects have suggested that significant atrophy occurs
in the medial temporal memory system (4). The
neuropathologic process may begin in the hippo-
campal formation, the amygdala, and the entorhinal
cortex, and then extend toward other cortical or
subcortical areas (15). Although some studies have
established normal age-specific values for the me-
dial temporal lobe structures in neurologically nor-
mal elderly subjects, no such values have been re-
ported for a large sample of healthy volunteers.
Moreover, the criteria used were obtained by means
of cadaveric research and did not reflect the volume
of the hippocampal formation, the amygdala, and
the temporal horn in vivo, since many factors affect
the results of volumetric measurements in cadavers,
and it is difficult to ensure that the cadaveric struc-
tures were normal in life. In addition, the age factor
was not considered. In recent years, the volume of
the hippocampal formation, the amygdala, and the
temporal horn has typically been measured on MR
images, with comparisons made between patients
with AD and control subjects. The results of these
studies revealed significant volumetric differences
in these structures between AD and control groups;
however, it has been difficult to judge whether
these differences were due to pathologic processes
or to physiological atrophy. Thus, it isimportant to
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define a range of normal values for the hippocam-
pa formation, the amygdala, and the temporal horn
in healthy subjects in different age groups.

MR Anatomic Boundaries

Anatomic boundaries of the hippocampal for-
mation, the amygdala, and the temporal horn can
be easily defined on MR images, owing to the high-
resolution, multiview, and multiparameter capabil-
ity of this imaging technique (4, 15-19).

The hippocampal formation is divided into three
parts: the head, the body, and the tail. There are no
definite boundaries between these parts, but this has
nothing to do with the results of volumetric mea-
surements. Rostrally, the head of the hippocampal
formation within the posterior part of the uncus was
delineated from the amygdala and the parahippo-
campal gyrus by visualizing either the characteris-
tic shape of hippocampal digitations and the uncal
recess of the temporal horn or the band of high
signal intensity generated by the alveus, which de-
marcates the hippocampal head from the overlying
the amygdala. In the body of the hippocampal for-
mation, the measurements included Ammon'’s horn,
the subiculum, the dentate gyrus, and the white
matter tracts of the alveus and the fimbria (4). The
boundary between the subiculum and the parahip-
pocampal gyrus was arbitrarily defined by alinein
continuation with the inferior border of the subi-
culum. At the tail level of the hippocampal for-
mation, caudally, the posterior boundary was cho-
sen as the last section containing Ammon’s horn,
which corresponded to the section in which the crus
of the fornix was visible. Measurement at this level
included the subiculum, the hippocampus, the den-
tate gyrus, the alveus, and the fimbria, and exclud-
ed the parahippocampal gyrus and the isthmus of
the cingulate gyrus (4, 16-19).

The volumetric measurements of the amygdala
included the corticomedial, central, and basolateral
subgroups and the gyrus semilunaris, which covers
the cortical nucleus (18), and the medial border of
the amygdala that is partly covered by the entor-
hinal cortex, which forms the surface of the gyrus
ambiens. The entorhinal cortex corresponds to area
28 of Brodmann and constitutes a mgjor part of the
anterior parahippocampal gyrus (19). The gyrus
ambiens was separated from the parahippocampal
gyrus by the uncal notch. Measurements included
the cortex of the gyrus ambiens, which could not
be accurately separated from the amygdala, and ex-
cluded the entorhinal cortex inferior to the uncal
notch. When the uncal notch was poorly or not at
al visible in the anterior amygdala area, the de-
marcation between the amygdala and the entorhinal
cortex was defined by a line in continuation with
the inferior border of the amygdala, thus probably
including a small part of the entorhinal cortex. The
inferior and lateral borders of the amygdala were
formed by the lateral ventricle or the white matter
of the temporal lobe and were easily demarcated.

AJNR: 20, February 1999

The superior border of the amygdala was not clear-
cut. At its posterior end, the optic tract delineated
the medial and the superior borders of the amyg-
dala. At this level, the superior border was defined
by a horizontal line at the superolateral aspect of
the optic tract.

The borders of the temporal horn were easily de-
termined because of the specific low signal inten-
sity on T1-weighted images.

Satistical Results of Sandardized Volumes

AD may be divided into two types according to
the criteria established by Goate et al (1) and Scott
(2): the later-attack type, when symptoms first ap-
pear at age 60 or older, and the earlier-attack type,
when symptoms appear before the age of 60, usu-
aly at the age of 40. In the study undertaken by
the National Institute of Neurological and Com-
municative Disorders and Stroke and the Alzheimer
Disease and Related Disorders Association (20),
the youngest age was defined as 40 years and the
oldest as 90 years. The results of our study revealed
that standardized volumes of the hippocampal for-
mation, the amygdala, and the temporal horn were
significantly different among the 61- to 70-year-old
age group, the 71- to 80-year-old group, and the
81- to 90-year-old group, and were not significant
between the 41- to 50-year-old and the 51- to 60-
year-old groups. Because we aso found no signif-
icant differences in side or sex among the age
groups, we considered the 40- to 50-year-olds and
51- to 60-year-olds as one age group, the 61- to 70-
year-olds as one age group, the 71- to 80-year-olds
as one age group, and the 81- to 90-year-olds as
one age group. The volume of the hippocampal for-
mation and the amygdala reduced gradually with
increasing age, owing to physiological atrophy, but
the volume of the temporal horn increased gradu-
aly. Significant differences in the standardized vol-
umes of the hippocampal formation, the amygdala,
and the tempora horn were found among the age
groups over 61 years, suggesting that the degree of
atrophy is not the same for different age groups.
The volume of the hippocampal formation and the
amygdala correlated inversely with age for each
side, and the volume of the temporal horn corre-
lated positively with age for each side.

Conclusion

Significant differences in standardized volumes
for the hippocampal formation, the amygdala, and
the temporal horn were found among healthy sub-
jects in the 40- to 60-year-old, 61- to 70-year-old,
71- to 80-year-old, and 81- to 90-year-old age
groups, but no significant differences in side or sex
were found among these groups, indicating that age
rather than sex or side should be considered in cor-
relative MR-based volumetric research and in clin-
ical practice, especially in relation to patientsin the
early stages of AD.
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