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Hippocampal Volume in Normal Aging and Traumatic Brain Injury

Erin D. Bigler, Duane D. Blatter, Carol V. Anderson, Sterling C. Johnson, Shawn D. Gale, Ramona O. Hopkins, and
Bruce Burnett

PURPOSE: To present a normative database of hippocampal and temporal horn volume and to
clarify the relationship between these measures and cognitive outcome in patients with traumatic brain
injury. METHODS: Ninety-six healthy volunteers and 94 patients with traumatic brain injury were
examined with coronal intermediate and T2-weighted MR imaging. Multispectral segmentation and
volume analyses were performed. The volumetry of the hippocampus and temporal horn was char-
acterized in the control subjects. Volumetric measures in a group of patients with traumatic brain injury
who had received MR imaging 3months or less after injury were compared withmeasurements in other
patients in the chronic phase of recovery. The relationship between neuropsychological testing and
volumetric measures was analyzed with particular emphasis on the correlation between cognitive
outcome and hippocampal and temporal horn volumes. RESULTS: No significant age group differ-
ences were found in the normative group from age 16 to 65. Left and right hippocampal volumes were
interrelated and did not differ from each other. This was also true for the temporal horns. Hippocampal
and temporal horn volumes were not significantly related. Women had larger hippocampi relative to
cranial volume. Comparisons between patients with traumatic brain injury and control subjects showed
significant yet modest bilateral atrophic changes in hippocampal and temporal horn enlargement in the
patients with brain injury. Hippocampal and temporal horn volumes correlated significantly with each
other in the group with traumatic brain injury. Cognitive outcome wasmodestly related to hippocampal
and temporal horn volumes. However, in a specific subgroup whose images were acquired between 71
and 210 days after injury, strong correlations were noted in which temporal horn volume correlated
highly with IQ and hippocampal volume correlated with verbal memory function. CONCLUSION:
Hippocampal and temporal horn volumes appear to be independent variables in healthy control
subjects. Traumatic brain injury results in significant hippocampal atrophy and temporal horn enlarge-
ment. The hippocampus and temporal horn volumes were inversely correlated in the group with
traumatic brain injury, suggesting a differential relationship of these structures in patients with brain
injury as compared with control subjects. In the subacute phase, the volume of the temporal horn may
be indicative of intellectual outcome and that of the hippocampus appears to be indicative of verbal
memory function.
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The role of the hippocampal formation in nor-
mal and pathophysiologic states has intrigued
neuroscientists and clinicians for decades (1–

Received October 23, 1995; accepted after revision July 12, 1996.
Supported in part by a grant from the Deseret Foundation at LDS

Hospital and the College of Social Science, Brigham Young University.
From the LDS Hospital, Salt Lake City (all authors), and the Depart-

ment of Psychology, Brigham Young University, Provo (E.D.B., C.V.A.,
S.C.J.), Utah.

Address reprint requests to Erin D. Bigler, PhD, PO Box 25543, Depart-
ment of Psychology, Brigham Young University, Provo UT 84602.

AJNR 18:11–23, Jan 1997 0195-6108/97/1801–0011

© American Society of Neuroradiology

1

4). With the advent of magnetic resonance (MR)
imaging, in vivo visualization of the hippocam-
pus became possible, with an initial research
and clinical focus applied to qualitative descrip-
tions of hippocampal findings (5–7). A variety
of imaging quantification techniques became
available by the late 1980s, and a flurry of stud-
ies focusing on the quantitative analysis of the
hippocampal formation have now been pub-
lished (8–23). Much of this research has been
directed toward patients with temporal lobe ep-
ilepsy and dementia of the Alzheimer type, with
a scattering of studies looking at various neuro-
psychiatric disorders (13–17, 19, 21, 24–28).
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Because of the crucial role the hippocampus
plays in memory and cognition (29), the need
to study hippocampal changes associated with
a broad spectrum of disorders beyond dementia
and epilepsy is apparent (21, 29). A reference
normative comparison group may facilitate our
understanding of pathologic anatomic changes
(30). In this regard, we report our findings in a
large group of healthy volunteers, ages 16 to 65
years, with particular emphasis on the relation-
ship between the hippocampus and temporal
horn of the lateral ventricle. Hippocampal
changes in a group of patients who sustained
traumatic brain injury are then described. The
temporal horn focus is of particular relevance
because of the importance that has been placed
on this structure as an indirect index of hip-
pocampal integrity (31–33).
Hippocampal atrophy as a consequence of

traumatic brain injury has been documented in
animal models (34). In humans, temporal horn
dilatation of the lateral ventricular system often
accompanies traumatic brain injury, especially
when the temporal lobe is the focus of injury
(32, 35–37). The temporal lobe is vulnerable to
injury because of its position in the middle cra-
nial fossa (31, 35). Previous studies have
looked at temporal horn dilatation in traumatic
brain injury as related to severity of injury and
degree of neuropsychological impairment (32,
37, 38). In an earlier study (32), we noted a
significant correlation between the size of the
left temporal horn as measured in the axial
plane and verbal intellectual function, and a
moderate correlation between size and verbal
memory. Temporal horn dilatation is often in-
terpreted as an indirect sign of hippocampal
atrophy, but the exact relationship between hip-
pocampal atrophy and temporal horn dilatation
in traumatic brain injury has not been system-
atically investigated, to our knowledge.
Two studies are presented here. In study 1,

MR-based quantitative normative standards are
established for both the temporal horns and the
hippocampus. In study 2, the effects of head
trauma on the hippocampus and temporal horn,
along with the interrelationship of these two
structures, are examined in the context of injury
chronicity. For comparative purposes, patients
in whom quantitative neuroimaging studies
were completed before and up to and including
100 days after traumatic brain injury formed the
early group, who were compared with those
scanned after 100 days (the late group). The
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reason for the two comparisons is that temporal
horn volume may change as a function of time
since injury (39). The global functions of mem-
ory and intelligence were assessed at particular
time points, and the relationship between these
functions and the hippocampus and temporal
horn is described.

Subjects and Methods

Study 1

Subjects.—Ninety-six healthy control subjects (37 male
and 59 female, 16 to 65 years old) were examined. These
volunteers were recruited primarily from hospital and uni-
versity staff and their friends and family. Exclusion criteria
included previous head injury causing loss of conscious-
ness; any disease affecting the nervous system, including
dementia or psychiatric illness; and a history of alcohol or
drug abuse. The imaging and subsequent analyses were
performed in compliance with a protocol approved by an
institutional review board, and all volunteers gave in-
formed consent.

Imaging.—MR images were acquired on a 1.5-T unit
with the use of a quadrature head coil and standard clinical
protocol. Sagittal T1-weighted (500/11/2 [repetition time/
echo time/excitations]) MR images were acquired and
used for localization. Using the midsagittal image as a
reference, we acquired coronal intermediate and T2-
weighted (3800/21,105/2) fast spin-echo images that ex-
tended from the genu to the splenium of the corpus callo-
sum. Interleaved sections were acquired with a section
thickness of 3 mm. A 512 3 256 matrix was selected with
a 22-cm field of view. Flow compensation, an inferior
saturation pulse, and variable bandwidth were used. Axial
intermediate and T2-weighted (3000/31,90/1) standard
spin-echo images were also acquired with a section thick-
ness of 5 mm and an intersection gap of 2 mm. A 22-cm
field of view was used with a 256 3 192 acquisition matrix.
This sequence was part of our standard clinical protocol.

Volumetric Image Analysis of Hippocampal and Tem-
poral Horn Volumes.—The coronal intermediate and T2-
weighted spin-echo images were processed using Analyze
(Biomedical Imaging Resource, Mayo Foundation, Roch-
ester, Minn) running on Sparc 10 workstations. The origi-
nal 16-bit images were converted to eight-bit images in
Analyze file format and then archived permanently on
optical disk using a lossless compression algorithm. A
multistep volume analysis was then performed using sev-
eral image processing tools available in Analyze, including
multispectral tissue segmentation, region of interest (ROI)
pixel counting, and tracing (see Figs 1 and 2). The multi-
spectral tissue segmentation was performed in a manner
similar to that described previously (30) (see Fig 2) and
was used to classify gray matter, white matter, and cere-
brospinal fluid (CSF). On a coronal section, where the
hippocampus was clearly distinguishable, the three tissue
types were classified. CSF was user-defined by tracing a
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Fig 1. Hippocampal boundaries as defined in a patient with
traumatic brain injury. Five T2-weighted coronal MR sections
through the hippocampus, progressing from posterior to anterior,
are shown. The outline of the left hippocampus is traced. A illus-
trates the establishment of the posterior boundary of the hip-
pocampus. Three of the four criteria are seen: the superior col-
liculus, the medial pulvinar, and a clear separation of the temporal
horn. B is a view through the midsection of the hippocampus. C–E
are successive and progressively more anterior sections through
the head of the hippocampus. D shows the most anterior section
through the hippocampus that was included in the analysis. E
depicts the globular shape of the amygdala just anterior to the
head of the hippocampus.
representative area in the lateral ventricle. Gray matter
was defined by pixel intensities represented in the hip-
pocampus, and white matter was defined in the temporal
stem (40). Region samples were then plotted in a two-
dimensional feature space where the pixel signal intensity
on the T2-weighted sequences was the value on the x-axis
and the pixel signal intensity in the intermediate-weighted
image was the y-axis. A k-nearest neighbor multispectral
algorithm was applied to the pixels of the entire section
(41). When a feature space map was obtained that accu-
rately represented the three tissue types, with the use of
the original spin-echo images as a reference, it was ap-
plied to the remaining sections in the study. The classified
images were then stored and used for calculating ROI
volumes. Unavoidably, with this technique there is always
some inherent misclassification. For example, in Figure 2,
in which a segmented image is displayed from a subject
with traumatic brain injury, there are two separate areas of
misclassification consisting of two pixels each in the ven-
tral-medial aspect of the left hippocampus that were clas-
sified by the imaging algorithm as CSF rather than brain
parenchyma. Since this illustration is from a subject with
traumatic brain injury, it is entirely possible that the region
may represent an extremely small focus of necrosis, but it
is just as possible that this may represent a classification
error. Accordingly, some inherent variability is present
with this classification and segmentation process. The po-
tential advantage of the multispectral classification ap-
proach is less reliance on operator judgment than accom-
panies pure tracing methods. Although systematic
differences of even a single pixel width can alter the accu-
racy of a measurement (42), it is assumed for the pur-
poses of this study that classification errors were random
and that the data were not systematically biased by mis-
classification. As will be discussed below, interrater reli-
abilities for this work have been high.

Volumes of the hippocampus and the temporal horn of
the lateral ventricle were determined by using the ROI
feature of Analyze, which yields a count of gray matter,
white matter, and CSF pixels. Because of subject variabil-
ity, several rules were used to distinguish the anterior and
posterior boundaries of the hippocampus. The posterior
boundary of the hippocampus was identified when a com-
bination (at least two) of the following four criteria were
present when the most posterior section conforming to the
criteria was used (always assuming contiguity from sec-
tion to section from known segmented hippocampal tis-
sue, see Fig 1): presence of superior colliculi; presence of
the medial pulvinar nucleus of the thalamus; visibility of
the oblong position of the hippocampus at the level of the
crura of the fornices, after which contiguity disappears on
the next most posterior section; and presence of a distinct
separation of the temporal horn from the atria. All tracings
began posteriorly where, using the above rules, hippocam-
pal boundaries could be consistently identified. The ante-
rior boundary of the hippocampus is more ambiguous and
requires operator decisions. Frequently, the anterior as-
pect of the hippocampus can be seen to be separate from
the amygdala. Along with the boundaries of the temporal



Fig 2. Multispectral segmentation of the left temporal lobe shows the method used to identify gray matter pixels of the hippocampus
and CSF pixels of the temporal horn on magnified images.

A, Close-up of segmented image reduced to three tissue types depicting the loosely traced outline of the hippocampus defining the
ROI. Once the ROI is identified, the outer boundary of the hippocampus is traced, as depicted in Figure 1. A pixel count is then taken
based on gray matter pixels. A similar method is used to obtain temporal horn pixels based on their CSF classification within the ROI.

B, Original intermediate-weighted MR image.
C, T2-weighted MR image.
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horn, when clearly identified, the uncal recess separates
the pes hippocampus from the overlying amygdala. If nei-
ther the uncal recess nor the temporal horn distinctions
were present, then the section was not included. Use of this
procedure produces a conservative estimate, because the
anterior tip of the hippocampus may not have been in-
cluded in the measurements of some subjects. The tem-
poral horn was defined posteriorly as the most posterior
section in which the atria was visibly separate from the
temporal horn. The entire temporal horn was included
anteriorly.

While the width of the hippocampus is readily identified
by the contiguity of the segmentation process, the same is
not necessarily true of the temporal horn. The lateral
boundary is clear, as it extends to the ventricle wall against
the temporal lobe. Medially, the temporal horn extends
until it meets the ambient cistern/choroidal fissure. The
boundaries here are less distinct. Often, the anterior cho-
roidal artery separates the temporal horn from the cistern
and fissure. When present, the anterior choroidal artery
served as a medial landmark of the temporal horn. When
not present, the temporal horn was traced to the point at
which the boundaries of the ambient cistern/choroidal fis-
sure were most readily identified. If the segmented image
of the temporal horn CSF was accurate, the ROI applica-
tion was applied without tracing.

In most cases, because the segmentation step of the
process had already identified the interface between CSF
and brain, segmented boundaries were used for volume
calculation. However, wherever ambiguity over a bound-
ary was encountered, the original spin-echo images were
used as a reference, since the software allows the tracing
to appear simultaneously on equally registered images.
Once the value of each section was determined, total hip-
pocampal volume was calculated by summing the graymat-
ter pixels and then multiplying by the voxel dimension
(0.0005539 cm3). Temporal horn volume was obtained by
summing the CSF pixels andmultiplying by the voxel dimen-
sion. A ventricle-to-brain ratio and head size correction
were calculated in the axial plane as described previously (30).

Head size correction using total intracranial volume was
done so that hippocampal and temporal horn volumes
could be directly compared across subjects and gender.
This approach has been established previously for normal-
izing hippocampal volume (18, 42, 43). The normative
data presented by decade are given in both uncorrected
(Table 1) and corrected values (Table 2). Correlation sta-
tistics were performed with the variability shared by total
intracranial volume partialed out.

Because gender differences may be an issue, after
combining male and female hippocampal and temporal
volumes, these structures were examined separately by
gender. There were insufficient subjects to assess gender
differences by decade.

Reliability.—An initial rater was trained under the direc-
tion of a neuroradiologist, following previously described
methods (30). A randomly selected group of 17 MR im-
ages was used for intrarater and interrater reliabilities. This
group of images was analyzed at two separate times by the
initial rater to determine the intrarater reliability. The in-
trarater reliability coefficient for the hippocampus was
0.92 (combined left and right) and 0.99 (combined left
and right) for the temporal horns. An additional rater was
similarly trained, and this person analyzed the group of 17
images to determine the interrater reliability, which was
0.87 for the hippocampus and 0.99 for the temporal horns.

Imaging Plane. The irregular and tapering shape of the
hippocampus and its obliquity pose several technical dif-
ficulties in terms of accurate quantitative image analysis



TABLE 1: Hippocampal and temporal horn volumes by decade, uncorrected for head size

Decade n

Hippocampus Temporal Horn

L R Total L R Total

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

16 to 25 16 2.68 0.33 2.73 0.3 5.41 0.58 0.37 0.22 0.34 0.11 0.70 0.27
26 to 35 15 2.47 0.31 2.58 0.3 5.05 0.56 0.23* 0.09 0.30 0.15 0.53 0.19
36 to 45 18 2.51 0.19 2.56 0.3 5.07 0.43 0.26 0.11 0.31 0.14 0.57 0.23
46 to 55 23 2.38* 0.27 2.41* 0.2 4.80* 0.47 0.24 0.09 0.28 0.13 0.52 0.21
56 to 65 24 2.36* 0.30 2.45* 0.3 4.81* 0.56 0.30 0.14 0.36 0.19 0.66 0.30

F 3.84 4.19 4.26 2.82 1.02 2.02
P .006 .0037 .0033 .030 .400 .100

* A significant difference from the 16 to 25 decade using Tukey’s studentized range test, P , .05.

TABLE 2: Hippocampal and temporal horn volumes by decade, corrected for head size

Decade n

Hippocampus Temporal Horn

L R Total L R Total

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

16 to 25 16 2.63 0.28 2.68 0.25 5.30 0.51 0.36 0.21 0.33 0.11 0.69 0.26
26 to 35 15 2.61 0.32 2.72 0.27 5.33 0.56 0.24 0.10 0.32 0.16 0.56 0.21
36 to 45 18 2.55 0.28 2.58 0.24 5.14 0.48 0.26 0.11 0.32 0.14 0.57 0.22
46 to 55 23 2.54 0.34 2.57 0.33 5.11 0.65 0.26 0.10 0.30 0.13 0.56 0.22
56 to 65 24 2.42 0.22 2.51 0.19 4.93 0.40 0.31 0.14 0.36 0.18 0.67 0.28

F 1.60 1.97 1.84 2.13 0.68 1.37
P .18 .11 .13 .08 .60 .25
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(8, 44). Accordingly, several researchers have used
oblique coronal images for making hippocampal volume
estimates (21, 42, 43, 45–47), whereas other investigators
have used coronal images (48–50). Preliminary to this
normative study, we compared 10 subjects to determine
any possible differences between the use of coronal versus
oblique coronal MR images for obtaining hippocampal and
temporal horn volumes when interleaved identical sections
of 3 mm thickness were acquired.

Ten subjects (eight men and two women) who were 27
to 65 years old (mean, 41 years) were examined. Eight
were healthy volunteers who were recruited primarily from
the hospital staff as part of a normative study at LDS
hospital (30) and two were clinical patients seen for car-
bon monoxide poisoning.

Results were highly comparable between coronal and
oblique coronal images for both hippocampus and tempo-
ral horn, with all intraclass correlations exceeding 0.90
(see Table 3). Paired t tests, which assess the mean dif-
ference from zero, showed no significant differences be-
tween coronal and oblique coronal images for hippocam-
pal and temporal horn volumes (see Table 3). Pairing each
score and finding no difference indicate that not only is
there no significant difference in mean hippocampal vol-
ume between coronal and oblique coronal images but
there was no systematic individual differences between
these two techniques. Accordingly, for both studies we
used images obtained in the coronal plane.
Statistical Analyses.—Age decades within gender were
compared by using analysis of variance (ANOVA). Inter-
correlations for volume structures were computed when
variance shared with total intracranial volume was par-
tialed. Gender comparisons using t tests were also per-
formed.

Study 2

Subjects.—The total sample of persons with traumatic
brain injury consisted of 94 subjects (59 male and 35
female). As indicated, these patients were divided into two
groups. The early group (n 5 45) consisted of patients
admitted to the hospital’s trauma unit and subsequently
transferred to the in-patient rehabilitation unit. All such
patients received MR neuroimaging and neuropsycholog-
ical testing before and up to and including 100 days after
injury. The late group (n 5 55) included patients in whom
neuroimaging and neuropsychological studies were per-
formed more than 100 days after injury. Six of the patients
in the late group received MR imaging both before and
after 100 days following injury and thus appear in both
groups. For consistency with previous research (39), we
also analyzed the relationship between neuropsychologi-
cal function and volumetry during the period of 71 to 210
days after injury. This is an intermediate interval in the
recovery process, previously shown to relate possibly
more to cognitive outcome (39).



TABLE 3: Hippocampus and temporal horn volumes (in cm3) as quantified from coronal and oblique coronal MR images

Mean SD P Value, t test Correlation

R hippocampus, coronal 2.794 0.222 .792 (NS) .928*
R hippocampus, oblique coronal 2.787 0.206
L hippocampus, coronal 2.699 0.202 .536 (NS) .903*
L hippocampus, oblique coronal 2.719 0.231
Total hippocampus, coronal 5.493 0.409 .773 (NS) .994*
Total hippocampus, oblique coronal 5.506 0.424
R temporal horn, coronal 0.55 0.621 .155 (NS) .984*
R temporal horn, oblique coronal 0.603 0.618
L temporal horn, coronal 0.416 0.338 .365 (NS) .975*
L temporal horn, oblique coronal 0.439 0.342
Total temporal horn, coronal 0.965 0.947 .212 (NS) .982*
Total temporal horn, oblique coronal 1.042 0.949

Note.—NS indicates not significant.
* P , .001.
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Injury Severity.—The mean initial Glasgow Coma
Score (GCS) for the early group was 7.97 (range, 3 to 15);
the mean GCS for the late group was 7.12 (range, 3 to 15),
a nonsignificant difference. Because severity of injury may
play a role in the degree of trauma-induced atrophy of the
hippocampus, four arbitrary groups differing in injury se-
verity were compared: very severe (GCS 5 3 to 5), severe
(GCS 5 6 to 8), moderate (GCS 5 9 to 12), and mild
(GCS 5 13 to 15).

All patients met the minimum criteria for brain injury in
terms of the traumatic brain injury model systems data-
base definition (51) and generally were in the moderate to
severe range of brain injury (GCS # 9). The mean age of
the entire sample of patients with traumatic brain injury
was 27 years (SD 5 9), whereas the mean age of the
control group, consisting of all cases described for study 1,
was 31 years (SD 5 8). The difference in age was statis-
tically significant. Because of the direction of the difference
(ie, control group older by an average of 4 years), it can be
inferred that any differences in brain morphology between
the two samples were not age related if the traumatic brain
injury values indicate atrophy as compared with the
slightly older control subjects. For hippocampal and tem-
poral horn measurements, MR images were obtained and
analyzed as previously described for study 1. All other
brain structures were analyzed on axial images, as speci-
fied in our previous study (30).

Neuropsychological Tests.—The Wechsler Memory
Scale–Revised (WMS-R) (52) was administered to a sub-
set of the patients with traumatic brain injury (n 5 44)
along with the Wechsler Adult Intelligence Scale–
Revised (WAIS-R) (n 5 56) (53). Both measures were
administered as a routine clinical follow-up procedure as
standard practice for patients with traumatic brain injury
seen at LDS hospital. Imaging for this investigation began
before implementation of routine neuropsychological tests
for all brain injury subjects. Thus, although there was no
selection bias as to which patients received the neuropsy-
chological tests, some patients were scanned before the
implementation of the standard neuropsychological proto-
col and some patients had missing data (ie, all subtests
were not administered). Hence, memory and intelligence
testing were not available for all subjects who underwent
scanning. The WMS-R Verbal Memory Index (VerMI) and
Visual Memory Index (VisMI) were used as estimates of
general memory functioning. The verbal IQ (VIQ) and
performance IQ (PIQ) scores were calculated from the
WAIS-R as estimates of general cognitive ability. Average
time to neuropsychological testing was 503 days (SD 5
708). These neuropsychological measures were com-
pared with hippocampal and temporal horn volumes.

Statistical Analyses.—The findings in the early and late
groups were compared with those of control subjects by
using ANOVA. Partial correlations, when variance shared
with total intracranial volume was removed, were com-
puted within volume measures and between volume mea-
sures and cognitive function. For correlations with cogni-
tive function, hippocampal and temporal horn volumes
were converted to z scores by using the distributions of the
normative data by gender group.

Results

Study 1

Tables 1 and 2 summarize the volumetric
findings for hippocampal and temporal horn
measures over the five decades investigated in
this study. Table 4 provides a matrix of partial
correlations between the various morphologic
measures combined across decades. Although
hippocampal volume is modestly negatively
correlated with age (r 5 2.33, P 5 .001), sta-
tistical analysis (ANOVA) across decades did
not yield a significant age effect for either left,
right, or total hippocampal volume (see Table
2). This lack of age effect in hippocampal vol-
ume is depicted in Figure 3. As presented in
Table 4, hippocampal volume did not correlate
with temporal horn volume or any other mea-



TABLE 4: Pearson partial correlation matrix combined across decades comparing hippocampus with other morphologic measures and age
(n 5 96)

L Horn R Horn Total Horn
L

Hippocampus
R

Hippocampus
Total

Hippocampus
Ventricle-to-
Brain Ratio

L horn 1 . . . . . . . . . . . . . . . . . .
0

R horn 0.489 1 . . . . . . . . . . . . . . .
0.0001 0

Total horn 0.855 0.871 1 . . . . . . . . . . . .
0.0001 0.0001 0

L hippocampus 0.078 0.083 0.093 1 . . . . . . . . .
0.4552 0.4212 0.3681 0

R hippocampus 0.187 0.217 0.235 0.823 1 . . . . . .
0.0692 0.0344 0.022 0.0001 0

Total hippocampus 0.135 0.154 0.168 0.960 0.949 1 . . .
0.1906 0.1373 0.1043 0.0001 0.0001 0

Ventricle-to-brain ratio 0.295 0.204 0.287 20.188 20.176 20.191 1
0.0038 0.0477 0.0048 0.0674 0.0888 0.0637 0

Age 20.025 0.094 0.042 20.303 20.320 20.326 0.368
0.8075 0.3635 0.6879 0.0029 0.0015 0.0013 0.0002

Note.—For each cell the top number represents the Pearson partial correlation and the bottom number the P value.
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sure of the ventricular system. Left and right
hippocampal volumes did not differ signifi-
cantly, and were highly interrelated (r 5 .85,
P # .001). Temporal horn volume did not sig-
nificantly change with age (see Table 2 and Fig
3). Left and right temporal horn volumes were
significantly interrelated (r 5 0.52, P # .001).
Gender differences are presented in Table 5.

Although males had a larger absolute hip-
pocampal volume than females, when hip-
pocampal volume was corrected for head size,
females had a larger hippocampal formation
relative to cranial volume. When corrected for

Fig 3. Bar graph compares hippocampal and temporal horn
volumes by decade. Although there is a slight trend toward a
decrease in hippocampal size with age, it is not significant. Bars
represent standard deviation.
head size, temporal horn volume did not show a
difference by gender.

Study 2

Hippocampal Volume.—Although there was
only a modest decrease (9%), the reduced hip-
pocampal volume in the late group was signifi-
cantly different from that of control subjects
(see Table 6). Reduction in hippocampal size
was bilaterally similar as shown by no difference
between left and right hippocampi (see Table
6). Hippocampal size was positively correlated
with GCS (r 5 .51, P # .0001). As expected,
reduction in hippocampal volume appeared to
be time dependent following injury, as hip-
pocampal size in the early group did not differ
significantly from that of control subjects; how-
ever, hippocampal volume was significantly
smaller in the late group (see Table 6).
Temporal Horn Volume.—Temporal horn vol-

ume increased significantly as a consequence
of trauma (see Table 6) in both the early and
late groups. The increase was bilateral with no
significant difference between left and right.
Temporal horn volume was inversely correlated
with GCS (r 5 .34, P , .09) and the greatest
increase in temporal horn size occurred in the
severe and very severe groups (GCS # 8, see
Fig. 4). The temporal horn was slightly larger in
the early group than the late group.
Relationship of Hippocampal and Temporal

Horn Volume to Chronicity of Injury.—The rela-
tionship between temporal horn size and hip-



TABLE 5: Comparison of hippocampal and temporal horn volumes by sex

Uncorrected
for head size

n

Hippocampus Temporal Horn

L† R† Total* L§ R‡ Total‡

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Female 59 2.39 0.26 2.45 0.24 4.85 0.48 0.26 0.13 0.29 0.14 0.55 0.23
Male 37 2.58 0.32 2.65 0.29 5.23 0.59 0.31 0.15 0.36 0.16 0.67 0.28

Corrected
for head size

n
L† R† Total* L§ R§ Total§

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Female 59 2.6 0.28 2.66 0.25 5.27 0.51 0.28 0.14 0.31 0.14 0.6 0.24
Male 37 2.43 0.28 2.5 0.24 4.92 0.51 0.29 0.13 0.34 0.15 0.63 0.25

* P # .001.
† P # .01.
‡ P # .05.
§ Not significant.

TABLE 6: Mean corrected hippocampal and temporal horn volumes by TBI status

Control Subjects Early Group Late Group
F P

Mean SD Mean SD Mean SD

Total hippocampus 5.14 0.54 4.91 0.54 4.82* 0.65 6.10 0.0027
L hippocampus 2.54 0.29 2.43 0.27 2.35* 0.35 6.96 0.0012
R hippocampus 2.6 0.26 2.48 0.32 2.47* 0.32 4.35 0.014
Total temporal horn 0.61 0.25 1.36* 1.57 1.08* 0.97 11.38 0.0001
L temporal horn 0.28 0.14 0.58* 0.54 0.56* 0.66 9.98 0.0001
R temporal horn 0.33 0.15 0.78* 1.12 0.53 0.47 7.87 0.0005
n 96 46 57

Note.—Early group includes patients with traumatic brain injury who received neuroimaging and neuropsychological testing before and up to
and including 100 days after injury; late group includes patients in whom neuroimaging and neuropsychological studies were done more than 100
days after injury.

* A significant difference from control group, using Tukey’s studentized range test, P , .05.

18 BIGLER AJNR: 18, January 1997
pocampal volume was time dependent follow-
ing injury. Up to 100 days after injury, the
correlation was essentially nonexistent (r 5
2.02). However, more than 100 days after in-
jury, the correlation was negative and signifi-
cant (r 5 2.41, P 5 .002).
Relationship of Hippocampal and Temporal

Horn Volume to Other Morphologic Measures.—
Total brain volume and volume-to-brain ratio
were compared with hippocampal and temporal
horn measures and are given in Table 7. Partial
correlations were used for this analysis to con-
trol for variability shared with total intracranial
volume. Several of the partial correlations were
significant between the hippocampus and other
brain measures, both before and after 100 days
since injury. However, after 100 days many of
the correlations were greater in magnitude.
Relationship of Hippocampal and Temporal

Horn Volume to Neuropsychological Func-
tion.—Partial correlation coefficients, where co-
variance with total intracranial volume was re-
moved, were computed between clinically
obtained cognitive measures (VIQ, PIQ VerMI,
and VisMI) and hippocampal and temporal horn
volumes (see Table 8). Small but significant
correlations were found. The left temporal horn
correlated with VIQ. The right horn correlated
with PIQ. Left hippocampal volume correlated
with PIQ and VerMI. Right hippocampal volume
was not significantly correlated with any of the
outcome measures.
For patients imaged 71 to 210 days after

injury, several significant relationships were
found (see Table 9). Left temporal horn volume
correlated significantly with VIQ (r 5 2.70, P 5
.005). Right temporal horn volume correlated
significantly with PIQ (r 5 2.698, P 5 .006).
Both right and left hippocampal volumes corre-
lated with verbal memory function above r 5
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.70. However, neither correlated significantly
with visual memory.

Discussion

The first objective of any normative study
such as this is to demonstrate reliability and
validity of the measurement methods used and
the generalizability of the findings. Recently
there has been considerable discussion con-
cerning various methods of MR-based volume
estimates of the hippocampus (8, 18, 42, 54,
55). Obviously, with different imaging parame-
ters and quantification techniques, differences
in hippocampal volume would be expected (42,
55). Free et al (18) reported a mean hippocam-
pal volume of 2.75 cm3 for the left and 2.80 cm3

for the right hippocampus. Jack et al (43) re-
ported a mean of 2.5 cm3 for the left and 2.8
cm3 for the right hippocampus. The normative
findings in the current study are consistent with
these reports. However, others have reported
somewhat larger values (42, 55). Thus, caution
needs to be used in generalizing specific values
of hippocampal volume from one study to an-
other. Nonetheless, the method reported here
provides reliable normative data for hippocam-
pal volume from ages 16 to 65, obtained in the
coronal plane, with thin-section acquisition. By
using this method we obtained good interrater

Fig 4. Total hippocampal and temporal horn volumes by se-
verity of injury. Note the significant yet apparently equal increase
in temporal horn size when GCS was #8. Bars represent standard
deviation.
reliability and consistency between our findings
and those of others.
Although there was a modest negative corre-

lation between age and hippocampal volume
when corrected for head size, there was no sig-
nificant difference with age in hippocampal vol-
ume from age 16 to 65. Thus, in healthy per-
sons, hippocampal volume remains stable from
late adolescence through the mid-seventh de-
cade of life. The other point to be made about
the stability of hippocampal volume is that left
and right hippocampi remain generally sym-
metric and stable in size over this five-decade
time span. Other studies also have suggested
general symmetry of the left and right hip-
pocampi (8, 18, 42, 55–57).
These two points—stability of hippocampal

volume over five decades of life and the high
symmetry between left and right hippocampi—
have considerable clinical importance. Al-
though in the current study there was a slight
bias toward the right hippocampus being larger,
a finding that has consistently been observed by
others (18, 24, 27, 43), the left-right hippocam-
pal correlation was .85. Because of the high
similarity between right and left hippocampal
volume, deviation from this symmetry may pro-
vide significant implications for lateralized ab-
normality (56). Second, this study provides ob-
jective methods for comparing hippocampal
volume (either left, right, or total) in any given
patient, correcting for head size and age.
Another major finding of this investigation, in

normal aging up to age 65, is that temporal horn
volume and hippocampal volume are not sig-
nificantly related. It needs to be stressed that
this is a normative sample and other studies
have demonstrated a relationship between hip-
pocampal atrophy and temporal horn enlarge-
ment in various pathologic states (31, 33) (see
also study 2). Nonetheless, in healthy persons,
the size of the hippocampus and temporal horn
appear to be independent (58). As with the hip-
pocampus, total temporal horn volume does
not differ significantly with age. Left and right
temporal horn volumes exhibited good symme-
try and were significantly interrelated (r 5 .52)
but not to the degree that hippocampal volumes
are interrelated. The observation that this left-
right temporal horn correlation was not as ro-
bust as the left-right hippocampal volume inter-
relationship, and the lack of relationship
between hippocampal size and temporal horn
volume, further specifies the independence of



TABLE 7: Pearson partial correlations of various intracranial structures by status after injury

Early Group (n 5 45)

Age Hippocampus Brain Volume
Ventricle-to-
Brain Ratio

Hippocampus 20.286 . . . . . . . . .
0.0565

Brain volume 20.422 0.325 . . . . . .
0.0039 0.0296

Ventricle-to-brain ratio 0.143 20.178 20.680 . . .
0.3488 0.243 0.0001

Temporal horn 20.061 20.022 20.500 0.845
0.6915 0.8841 0.0005 0.0001

Late Group (n 5 55)

Age Hippocampus Brain Volume
Ventricle-to-
Brain Ratio

Hippocampus 20.277 . . . . . . . . .
0.0405

Brain volume 20.430 0.536 . . . . . .
0.001 0.0001

Ventricle-to-brain ratio 0.217 20.551 20.729 . . .
0.1108 0.0001 0.0001

Temporal horn 0.073 20.408 20.381 0.741
0.5948 0.002 0.0041 0.0001

Note.—Partial correlations remove covariance with total intracranial volume; the top number in each cell represents the Pearson partial
correlation, the bottom number is the P value.

TABLE 8: Partial correlations of hippocampus and temporal horn to memory and intellectual function for the patients with traumatic brain
injury in the late group

VIQ PIQ VerMI VisMI

L temporal horn 20.293 20.260 20.006 20.102
0.035 0.063 0.970 0.537
53 53 43 40

R temporal horn 20.269 20.303 20.157 20.288
0.054 0.029 0.321 0.076
53 53 43 40

L hippocampus 0.184 0.318 0.305 0.107
0.192 0.022 0.050 0.516
53 53 43 40

R hippocampus 0.075 0.249 0.198 20.029
0.595 0.075 0.210 0.863
53 53 43 40

Note.—Partial correlations remove covariance with total intracranial volume; the top number in each cell represents the Pearson partial
correlation, the middle number is the P value, and the bottom number is the number of observations in the correlation. VIQ indicates verbal IQ;
PIQ, performance IQ; VerMI, Wechsler Memory Scale–Revised Verbal Memory Index; and VisMI, Wechsler Memory Scale–Revised Visual Memory
Index.
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these two structures. One interpretation may be
that the temporal horn is much more related to
the integrity of the entire temporal lobe than it is
a passive, indirect index of hippocampal integ-
rity.
From the normative standpoint, morphologic

differences in gender are of interest. Filipek et al
(57) provided a detailed morphometric analysis
of 10male and 10 female healthy subjects rang-
ing in age from 17 to 37 years. Their findings
demonstrated some degree of sexual dimor-
phism in the hippocampus. After correcting for
head size, they found that the hippocampus in
females was larger than that of males. We found
the same relationship in this study (see Table
5).



TABLE 9: Partial correlations of hippocampus and temporal horn to memory and intellectual function: 71 to 210 days after injury

VIQ PIQ VerMI VisMI

L temporal horn 20.700 20.484 20.360 20.278
0.005 0.079 0.206 0.359
15 15 15 14

R temporal horn 20.364 20.698 20.370 20.523
0.200 0.006 0.192 0.067
15 15 15 14

L hippocampus 0.346 0.464 0.703 0.282
0.225 0.094 0.005 0.351
15 15 15 14

R hippocampus 0.300 0.348 0.771 0.096
0.255 0.223 0.001 0.755
15 15 15 14

Note.—Partial correlations remove covariance with total intracranial volume; the top number in each cell represents the Pearson partial
correlation, the middle number is the P value, and the bottom number is the number of observations in the correlation. VIQ indicates verbal IQ;
PIQ, performance IQ; VerMI, Wechsler Memory Scale–Revised Verbal Memory Index; and VisMI, Wechsler Memory Scale–Revised Visual Memory
Index.
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In summary, study 1 demonstrates the stabil-
ity of the hippocampus and temporal horn over
five decades of life (16 to 65 years). In the
normal, healthy person, hippocampal size does
not correlate with size of the temporal horn. The
hippocampi and temporal horns have a high
degree of symmetry and this symmetry, like-
wise, is stable over these five decades. The clin-
ical utility of this normative database is evi-
denced by its use in comparison with pathologic
states, such as in patients with traumatic brain
injury. We used the normative data from study
1, to examine the effects of traumatic brain in-
jury on hippocampal and temporal horn vol-
ume, as well as on neuropsychological outcome
(study 2). A discussion of these effects follows.
Results of study 2 describe atrophic changes

in the hippocampus detected by MR morpho-
metric analysis. However, these atrophic
changes were quite modest and only mildly cor-
related with temporal horn enlargement. The
time sequence of associated changes in the hip-
pocampi and temporal horns is also of interest.
Reduction in hippocampal size stabilizes some-
time after 100 days following injury. In contrast,
the temporal horn initially enlarges to a maxi-
mum value somewhere in the first 100 days,
then decreases to a stable level (still twice the
size of normal) thereafter. Some transient local-
ized CSF change at the temporal horn level is a
possibility during the early course of recovery
(39).
Although a significant reduction in hip-

pocampal volume with a corresponding in-
crease in temporal horn size occurs as a result
of trauma, these alterations in size correlated
only modestly with general indexes of memory
and intelligence in the late group. However,
when looking at a particular time period in re-
covery (71 to 210 days after injury) we found
the temporal horns were highly predictive of
intellectual function and the hippocampi were
highly related to verbal memory function. Pre-
vious research has shown time since injury to be
a critical variable in evaluating morphometric
relationships with cognitive function (39). The
limitation of the sample size in this subgroup
precludes definitive conclusions at this point,
but these strong relationships suggest two ideas
for further study: The hippocampus and tempo-
ral horn appear to be highly related to later
cognitive function at certain stages following
injury; and a particular time frame for predicting
outcome may be more advantageous than oth-
ers. Before or during this time frame (roughly
2.5 to 7 months after injury) a large portion of
the degeneration bound to occur after traumatic
brain injury will take place (39). Additionally,
physiological and environmental compensatory
mechanisms probably occur during an ex-
tended period beyond this time frame of 71 to
210 days after injury. As the damaged brain
adapts to injury beyond this time frame, these
data suggest that there are less robust relation-
ships between structure and cognitive function.
It also may be that more detailed analysis of the
hippocampus in terms of regional differences
within the hippocampal formation may provide
greater specificity for structure-function rela-
tionships (59).



As previously mentioned, the significant cor-
relation between hippocampal and temporal
horn volume in patients with traumatic brain
injury is modest (r 5 2.41). In contrast, the
temporal horn correlation with ventricle-to-
brain ratio is particularly robust (r 5 .84 in the
early group; r 5 .73 in the late group). Since
ventricle-to-brain ratio is thought to be an index
of general brain integrity (36, 60, 61), it may be
that the stronger correlation between temporal
horn and ventricle-to-brain ratio is due to non-
hippocampal changes, particularly at the tem-
poral cortical level.
In conclusion, study 1 demonstrates the sta-

bility of the hippocampus in healthy control
subjects over five decades and that, in the nor-
mal brain, temporal horn and hippocampal vol-
umes appear to be independent. However, as
indicated in study 2, traumatic brain injury re-
sults in a decrease in hippocampal volume and
an increase in temporal horn volume. In the
pathologic state of cerebral trauma, temporal
horn size and hippocampal volume are in-
versely related. Although hippocampal atrophy
may contribute to temporal horn enlargement,
temporal horn dilatation is probably more re-
lated to temporal lobe rather than hippocampal
integrity. In the subacute phase of recovery,
these structures may be predictive of long-term
cognitive function.

Acknowledgment
We acknowledge the technical assistance of Tracy

Abildskov.

References
1. Squire LR, Zola-Morgan S. The medial temporal lobe memory

system. Science 1991;20:1380–1386
2. Rosene DL, Van Hoesen GW. The hippocampal formation of the

primate brain: a review of some comparative aspects of cytoar-
chitecture and connections. In: Jones EG, Peters A, eds. Cerebral
Cortex. New York, NY: Plenum; 1987:345–456

3. Isaacson RL, Pribram KH. The Hippocampus, Vol 3. New York, NY:
Plenum Press; 1986

4. Duvernoy HM. The Human Hippocampus: An Atlas of Applied
Anatomy. Munich, Germany: Springer-Verlag (Bergmann); 1988

5. Naidich TP, Daniels DL, Haughton VM, et al. Hippocampal forma-
tion and related structures of the limbic lobe: anatomic-MR cor-
relation, I: surface features and coronal section. Radiology 1987;
162:747–754

6. Naidich TP, Daniels DL, Haughton VM, et al. Hippocampal forma-
tion and related structures of the limbic lobe: anatomic-MR cor-
relation, II: sagittal section. Radiology 1987;162:755–761

7. Zola-Morgan S, Squire LR, Amaral DG. Human amnesia and the
medial temporal region: enduring memory impairment following a

22 BIGLER
bilateral lesion limited to field CA1 of the hippocampus. J Neurosci
1986;6:2950–2967

8. Beaurain J, Dormont D, Semah F, Hasboun D, Baulac M. Hip-
pocampal formations imaging with axial sections parallel to their
longitudinal axis. Magn Reson Imaging 1993;12:139–148

9. Bronen A, Cheung G. MRI of normal hippocampus. Magn Reson
Imaging 1991;9:497–500

10. Press GA, Amaral DG, Squire LR. Hippocampal abnormalities in
amnesic patients revealed by high resolution magnetic resonance
imaging. Nature 1989;341:54–57

11. Golomb J, de Leon MJ, Kluger A. Hippocampal atrophy in normal
aging: an association with recent memory impairment. Arch Neu-
rol 1993;50:967–976

12. Jackson GD, Kuzniecky RI, Cascino GD. Hippocampal sclerosis
without detectable hippocampal atrophy. Neurology 1994;44:
42–46

13. Ashtari M, Barr WB, Schaul N, Rogerts B. Three-dimensional fast
low-angle shot imaging and computerized volume measurement
of the hippocampus in patients with chronic epilepsy of the tem-
poral lobe. AJNR Am J Neuroradiol 1991;12:941–947

14. Bogerts B, Lieberman JA, Ashtari M. Hippocampus-amygdala
volumes in psychopathology and chronic schizophrenia. Biol Psy-
chiatry 1993;33:236–246

15. Cendes F, Leproux F, Melanson D. MRI of amygdala and hip-
pocampus in temporal lobe epilepsy. J Comput Assist Tomogr
1993;17:206–210

16. Golomb J, Kluger A, de Leon MJ, et al. Hippocampal formation
size in normal human aging: a correlate of delayed secondary
memory performance. Learning Memory 1994;1:45–54

17. Gilmore RL, Childress MD, Leonard C, et al. Hippocampal volu-
metrics differentiate patients with temporal lobe epilepsy and
extratemporal lobe epilepsy. Arch Neurol 1995;52:819–824

18. Free SL, Bergin PS, Fish DR, Cook MJ, Shorvon SD, Stevens JM.
Methods for normalization of hippocampal volumes measured
with MR. AJNR Am J Neuroradiol 1995;16:637–643

19. Jack CR, Bentley MD, Twomey CK, Zinsmeister AR. MR-based
hippocampal volumetry in the diagnosis of Alzheimer’s disease.
Neurology 1992;42:183–188

20. Jack CR Jr, Bentley MD, Twomey CK, Zinsmeister AR. MR imag-
ing-based volume measurements of the hippocampal formation
and anterior temporal lobe: validation studies. Radiology 1990;
176:205–209

21. Soininen HS, Partanen K, Pitkanen A, et al. Volumetric MRI anal-
ysis of the amygdala and the hippocampus in subjects with age-
associated memory impairment: correlation to visual and verbal
memory. Neurology 1994;44:1660–1668

22. Watson C, Andermann F, Gloor P, et al. Anatomic basis of amg-
daloid and hippocampal volume measurement by magnetic res-
onance imaging. Neurology 1992;42:1743–1750

23. Spencer DD. Magnetic resonance techniques and epilepsy re-
search. Magn Reson Imaging 1995;13:1045–1237

24. Laakso MP, Partanen K, Riekkinen P, et al. Hippocampal volumes
in Alzheimer’s disease, Parkinson’s disease with and without de-
mentia, and in vascular dementia: an MRI study. Neurology 1996;
46:678–681

25. Seab JB, Jagust WJ, Wong STS. Quantitative NMR measure-
ments of hippocampal atrophy in Alzheimer’s disease. Magn Re-
son Med 1988;8:200–208

26. Saitoh O, Courchesne E, Egaas B, Lincoln AJ, Schreibman L.
Cross-sectional area of the posterior hippocampus in autistic pa-
tients with cerebellar and corpus callosum abnormalities. Neurol-
ogy 1995;45:317–324

27. Soininen H, Partanen K, Pitkanen A, et al. Decreased hippocam-
pal volume asymmetry on MRIs in nondemented elderly subjects

AJNR: 18, January 1997



AJNR: 18, January 1997 HIPPOCAMPAL VOLUME 23
carrying the apolipoprotein E e4 allele. Neurology 1995;45:391–
392

28. Bremmer JD, Randall P, Scott TM, et al. MRI-based measurement
of hippocampal volume in patients with combat-related posttrau-
matic stress disorder. Am J Psychiatry 1995;152:973–981

29. McCarthy G. Functional neuroimaging of memory. NeuroScientist
1995;1:155–163

30. Blatter DD, Bigler ED, Gale SD, et al. Quantitative volumetric
analysis of brain MR: normative database spanning 5 decades of
life. AJNR Am J Neuroradiol 1995;16:241–251

31. Osborn AG. Diagnostic Neuroradiology. St Louis, Mo: Mosby;
1994;271, 772–774

32. Gale SC, Johnson SC, Bigler ED, Blatter DD. Traumatic brain
injury and temporal horn enlargement: correlates with tests of
intelligence and memory. Neuropsychiatr Neuropsychol Behav
Neurol 1994;7:160–165

33. Shenton E, Kikinis R, Jolesz A, et al. Abnormalities of the left
temporal lobe and thought disorders in schizophrenia: a quanti-
tative magnetic resonance imaging study. N Engl J Med 1992;
327:604–612

34. Hicks RR, Smith DH, Lowenstein DH, Saint-Marie R, McIntosh TK.
Mild experimental brain injury in the rat induces cognitive deficits
associated with regional neuronal loss in the hippocampus. J Neu-
rotrauma 1993;10:405–414

35. Gean AD. Imaging of Head Trauma. New York, NY: Raven Press;
1994:152, 505

36. Bigler E, Burr R, Gale S, et al. Day of injury CT scan as an index
to pre-injury brain morphology. Brain Inj 1994;8:231–238

37. Gale SD, Johnson SC, Bigler ED, Blatter DD. Nonspecific white
matter degeneration following traumatic brain injury. J Int Neuro-
psychol Soc 1995;1:17–28

38. Gale SD, Burr RB, Bigler ED, Blatter D. Fornix degeneration and
memory in traumatic brain injury. Brain Res Bull 1993;32:345–
349

39. Blatter DD, Bigler ED, Gale SD, et al. MR-based brain and cere-
brospinal fluid measurement after traumatic brain injury: correla-
tion with neuropsychological outcome. AJNR Am J Neuroradiol
1997;18:1–10

40. Duvernoy HM. The Human Brain. New York, NY: Springer-Verlag;
1991:118

41. Clarke LP, Velthuizen RP, Phuphanich S, Schellenberg JD. MRI:
stability of three supervised segmentation techniques. Magn Re-
son Imaging 1993;11:95–106

42. Jack CR, Theodore WH, Cook M, McCarthy G. MRI-based hip-
pocampal volumetrics: data acquisition, normal ranges, and op-
timal protocol. Magn Reson Imaging 1995;11:95–106

43. Jack CR, Twoney CK, Zinsmeister AR, et al. Anterior temporal
lobe and hippocampal formations: normative volumetric mea-
surements from MR images in young adults. Radiology 1989;172:
1457–1462

44. Gunderson HJG, Jensen EB. The efficiency of systematic sam-
pling in sterology and its prediction. J Microsc 1987;147:229–263

45. Raymond AA, Fish DR, Stevens JM, Cook MJ, Sisodiya SM,
Please see the Commentary
Shorvon SD. Association of hippocampal sclerosis with cortical
dysgenesis in patients with epilepsy. Neurology 1994;44:1841–
1845

46. Loring DW, Murro AM, Meador KJ, et al. Wada memory testing
and hippocampal volume measurements in the evaluation for
temporal lobectomy. Neurology 1993;43:1789–1793

47. Jackson GD, Connelly A, Duncan JS, Grunewald RA, Gadian DG.
Detection of hippocampal pathology in intractable partial epi-
lepsy: increased sensitivity with quantitative magnetic resonance
T2 relaxometry. Neurology 1993;43:1793–1799

48. Egan MF, Duncan CC, Suddath RL. Event-related potential ab-
normalities correlate with structural brain alterations and clinical
features in patients with chronic schizophrenia. Schizophr Res
1994;3:259–271

49. Lencz T, McCarthy G, Bronen RA, et al. Quantitative magnetic
resonance imaging in temporal lobe epilepsy: relationship to neu-
ropathology and neuropsychological function. Ann Neurol 1992;
31:629–637

50. Breier A, Buchanan RW, Elkashef A, Munson RC, Kirkpatrick B,
Gellad F. Brain morphology and schizophrenia. Arch Gen Psychi-
atry 1992;49:921–926

51. Rosenthal M, Harrison C. Traumatic Brain Injury Model Systems
National Database Syllabus. Washington, DC: US Department of
Education; 1993

52. Wechsler D. Wechsler Memory Scale-Revised. San Antonio, Tex:
The Psychological Corporation; 1987

53. Wechsler D. Wechsler Adult Intelligence Scale: Revised. New
York, NY: The Psychological Corporation; 1981

54. Kim JH, Tein RD, Felsberg GJ, Osumi AK, Lee N, Friedman AH.
Fast spin-echo MR in hippocampal sclerosis: correlation with
pathology and surgery. AJNR Am J Neuroradiol 1995;16:627–
636

55. Hasboun D, Chantome M, Zouaoui A, et al. MR determination of
hippocampal volume: comparison of three methods. AJNR Am J
Neuroradiol 1996;17:1091–1098

56. Jack CR, Sharbrough FW, Twomey CK. Temporal lobe seizure:
lateralization with MR volume measurements of the hippocampal
formation. Radiology 1990;175:423–429

57. Filipek PA, Richelme C, Kennedy DN, Caviness VS Jr. The young
adult human brain: an MRI-based morphometric analysis. Cereb
Cortex 1994;4:344–360

58. Sullivan FV, Marsh L, Mathalon DH, Lim KO, Pfefferbaum A.
Age-related decline in MRI volumes of temporal lobe gray matter
but not hippocampus. Neurobiol Aging 1995;16:591–606

59. Risold PY, Swanson LW. Structural evidence for functional do-
mains in the rat hippocampus. Science 1996;272:1484–1486

60. Johnson SC, Bigler ED, Burr RB, Blatter DD. White matter atro-
phy, ventricular dilation, and intellectual functioning following
traumatic brain injury. Neuropsychology 1994;8:307–315

61. Bigler ED, Kurth S, Blatter D, Abildskov TJ. Day of injury CT as an
index to pre-injury brain morphology: degree of post-injury de-
generative changes identified by CT and MR neuroimaging. Brain
Inj 1993;7:125–134
on page 25 in this issue.


