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ORIGINAL
RESEARCH

Different Patterns of Fornix Damage in Idiopathic
Normal Pressure Hydrocephalus and Alzheimer
Disease

T. Hattori
R. Sato
S. Aoki

T. Yuasa
H. Mizusawa

BACKGROUND AND PURPOSE: The fornix contains efferent fibers of the hippocampus and is in close
contact with the corpus callosum. Part of the fornix is directly attached to the corpus callosum, and
another part is suspended from the corpus callosum via the septum pellucidum. DTI can be used to
evaluate the morphology and microstructural integrity of the fornix. We examined the pattern of fornix
damage in patients with iNPH or AD.

MATERIALS AND METHODS: We enrolled 22 patients with iNPH, 20 with AD, and 20 healthy controls.
DTI data were obtained. The morphology (volume, length, and mean cross-sectional area) and FA
values of the fornix were evaluated by using tract-specific analysis and compared among groups.

RESULTS: The volume, cross-sectional area, and FA value of the fornix were significantly smaller in
patients with iNPH than in controls, whereas the length was significantly greater. In patients with AD,
the volume, mean cross-sectional area, and FA value of the fornix were significantly smaller than those
in controls, whereas the length was not altered. The fornix was significantly longer in patients with iNPH
than in patients with AD, whereas the volume and cross-sectional areas were significantly smaller.

CONCLUSIONS: Our results suggest that the different pathogeneses of these diseases lead to fornix
damage through different mechanisms: through mechanical stretching due to lateral ventricular
enlargement and corpus callosum deformation in patients with iNPH, and through degeneration
secondary to hippocampal atrophy in patients with AD.

ABBREVIATIONS: AD � Alzheimer disease; FA � fractional anisotropy; iNPH � idiopathic normal-
pressure hydrocephalus; MMSE � Mini-Mental State Examination

The fornix is composed mainly of the efferent fibers of the hip-
pocampus.1 Anatomically, part of the fornix is directly at-

tached to the splenium and posterior body of the corpus callo-
sum, and another part is suspended from the corpus callosum via
the septum pellucidum.2 Thus, the fornix may be susceptible to
both atrophy of the hippocampus and the mechanical pressure
that is applied if the corpus callosum is deformed.

Patients with iNPH have enlarged lateral ventricles.3 The cor-
pus callosum is deformed upwardly in these patients, resulting in
stretching and thinning,4,5 primarily due to mechanical pressure
from the enlarged lateral ventricles6; this may also affect the for-
nix. AD results primarily in severe degeneration of the hippocam-
pus,7 which can result in secondary degeneration of the efferent
fibers of the hippocampus, including the fornix.8,9 Therefore, we
hypothesized that the different pathogeneses of iNPH and AD
cause different patterns of fornix damage.

DTI has been used in vivo to quantitatively evaluate
changes in white matter due to various neurodegenerative dis-

eases.10,11 Tract-specific analysis, 1 method of DTI data anal-
ysis, uses diffusion tensor tractography to pinpoint anatomic
landmarks, and it can be used to quantitatively evaluate the
morphology and microstructural integrity of target tracts,12-14

including the fornix.15 To date, to our knowledge, no studies
have investigated the features of the fornix in patients with
iNPH or AD by using tract-specific analysis.

Here, we aimed to elucidate the patterns of fornix damage
in patients with iNPH or AD by using DTI.

Materials and Methods

Subject Selection
Subjects were consecutively recruited from among patients who vis-

ited the department of neurology or neurosurgery at Kamagaya Gen-

eral Hospital in Chiba, Japan, from April 2009 to February 2011. All

subjects were medically interviewed and were given general and neu-

rologic examinations, including the MMSE, by neurologists (T.H.

and T.Y.). Information on reports of memory loss or other subjective

cognitive deficits was gathered by means of a caregiver-based inter-

view for all patients. We enrolled patients with probable iNPH ac-

cording to the clinical diagnostic criteria of iNPH.3 To further classify

the enrolled patients with iNPH, we also used the Japanese clinical

guidelines for iNPH.16 Possible iNPH was diagnosed on the basis of

clinical history, brain imaging, physical findings, and physiologic

findings. Probable iNPH was diagnosed if symptomatic improvement

was confirmed after spinal tap test in a patient with possible iNPH.

Definite iNPH was diagnosed if symptomatic improvement was con-

firmed after a shunt operation in a patient with probable iNPH. We

also enrolled patients with probable AD according to the clinical di-

agnostic criteria of AD.17 Healthy control subjects were selected on
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the basis of a normal result on the MMSE and normal neurologic

examination findings.

Subjects with focal brain lesions or white matter abnormalities

outside the normal range were identified by reviewing axial fluid-

attenuated inversion recovery scans of each subject; these patients

were excluded, as were patients with images that showed motion ar-

tifacts. Subjects who had other brain disorders or underlying diseases

that could affect the brain, such as uncontrolled hypertension or

chronic kidney disease, were also excluded.

This study was approved by the institutional review board of Ka-

magaya General Hospital, Japan, and written informed consent was

obtained from all subjects.

MR Imaging Data Acquisition
MR imaging data were obtained with a 1.5T clinical scanner (Signa

Excite; GE Healthcare, Milwaukee, Wisconsin). Fluid-attenuated in-

version recovery images were obtained with fast spin-echo imaging

(TR � 12 000 ms, TE � 106 ms, FOV � 220 mm, matrix � 512 �

512, flip angle � 90°, section thickness � 6 mm, 20 sections, intersec-

tion gaps � 1 mm). 3D T1-weighted sagittal images were obtained

with 3D spoiled gradient-echo imaging (TR � 5.5 ms, TE � 1.4 ms,

FOV � 220 mm, matrix � 256 � 256, flip angle � 20°, section thick-

ness � 1.5 mm, 116 sections; no intersection gaps). DTI data were

obtained with a single-shot echo-planar sequence (TR � 14 000 ms,

TE � 103.5 ms, b�1,000 s/mm2, 13 directions of motion-probing

gradients, FOV � 280 mm, matrix � 128 � 128 [interpolated image

matrix size, 256 � 256], section thickness � 3 mm, averaging � 2,

number of sections � 50; no intersection gaps; total acquisition

time � 6 minutes 32 seconds).

Data Analysis
The maximal anteroposterior length of the inner skull on the line

parallel to the anterior/posterior commissure line was measured on

the midline sagittal plane by using 3D T1-weighted images (Fig 1A).

DTI data were analyzed by using dTV II and Volume-One 1.72

software developed by Masutani et al (http://www.ut-radiology.

umin.jp/people/masutani/dTV.htm) and running on Windows XP

Professional (Microsoft, Redmond, Washington), which were fre-

quently used in previous studies.12,13,15 The threshold of line-tracking

was set as an FA value of �.05 because this was the optimal condition

to stably draw the tractography of the fornix. Diffusion tensor trac-

tography of the fornix was generated by using a 2-regions-of-interest

method: A seed region of interest (sphere, 3 mm in diameter; Fig 1B)

was placed on the convergence of the 2 columns in the body of the

fornix, and the target regions of interest (spheres, 5 mm in diameter;

Fig 1C) were placed on the right and left crura of the fornix anterior to

the corpus callosum on the axial plane of the color-coded FA map. In

the color-coded FA maps, the orientation of the axial eigenvector was

color-coded per voxel according to the red-green-blue convention,

red indicating a predominant left-right orientation within each voxel,

green indicating an anteroposterior orientation, and blue indicating a

superior-inferior orientation.

Voxelization of the tractography of the fornix was performed

from a seed region of interest to the target regions of interest (Fig 2B,

-E, -H), in accordance with the method used in a previous study.15 In

our study, the “volume” of the fornix was defined as the total volume

of voxels included in the voxelized tractography of the fornix. The

length of fornix between the seed region of interest and the target

region of interest was also measured by using dTV. The length index

of the fornix was calculated by dividing the length of the fornix by the

maximal anteroposterior length of the inner skull. The mean cross-

sectional area of the fornix was measured by dividing the volume of

the fornix by the length of the fornix. Shape processing (voxels were

dilated once and eroded twice) was performed for the drawn tractog-

raphy of the fornix to obtain the tract skeleton, excluding the outer

voxels that also contained nonfiber structures and avoiding the partial

volume effects (Fig 2C, -F, -I).15 The FA value was measured in the

voxelized tractography of the fornix after shape processing. When

analyzing data, the operator (R.S.) was blinded to the clinical infor-

mation of each subject to avoid bias.

Statistical Analysis
Statistical analysis among groups was performed by using ANOVA

with a post hoc Tukey Honestly Significant Difference test for contin-

uous variables, the Kruskal-Wallis test with post hoc Mann-Whitney

U tests for noncontinuous variables, and the �2 test for categoric data.

The criterion of statistical significance was P � .05.

Analyses were performed with the Statistical Package for Social

Sciences, Version 11 (SPSS Inc, Chicago, Illinois). The results are

expressed as means � SD.

Results

Demographic and Clinical Features
We enrolled 22 patients with iNPH, 20 with AD, and 20 age-
and sex-matched control subjects (Table). All patients with
iNPH showed gait disturbance and a varying degree of cogni-
tive dysfunction and incontinence. All patients with iNPH had

Fig 1. Tractography of the fornix by using tract-specific analysis. A, The maximal anteroposterior length of the inner skull on the parallel line with the anterior/posterior commissure line
is measured on the midline sagittal plane by using 3D T1-weighted images. B and C, Diffusion tensor tractography of the fornix is generated by using the seed region of interest (B ) on
the convergence of the 2 columns in the body of the fornix and the target regions of interest (C ) on the right or the left crus of the fornix in front of the corpus callosum. D, An example
of the drawn tractography of the fornix of a healthy subject.
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communicating hydrocephalus (Evans’ index �0.3) and nar-
rowed CSF spaces with high convexity on MR imaging. A spi-
nal tap test was performed, and symptomatic improvement
was confirmed in all patients. A shunt operation was per-
formed, and symptomatic improvement was confirmed in 12
patients with iNPH. A shunt operation was not performed
for 10 patients with iNPH. The enrolled patients with iNPH
fulfilled the Japanese diagnostic criteria16 of probable iNPH
(n � 10) or definite iNPH (n � 12). The Evans’ index was

significantly higher in patients with iNPH than in other sub-
jects (P � .001). Patient groups had significantly lower MMSE
scores than control subjects (P � .001). There were no signif-
icant differences in age, sex, or vascular risk factors (hyperten-
sion, diabetes mellitus, or dyslipidemia) among the groups.

Morphologic Features of the Fornix
Examples of tractography of the fornix in patients with iNPH
or AD and control subjects are shown in Fig 2. The tractogra-

Fig 2. Voxelization of the tractography of the fornix. The voxelized tractography of the fornix on the sagittal plane of the color-coded FA map is shown (A, D, G ). The morphologic features
are evaluated by using the voxelized tractography of the fornix (B, E, H ). The diffusion tensor metrics are evaluated in the voxelized tractography of the fornix after shape-processing (C,
F, I ). The tractography for iNPH (A, B, C ), AD (D, E, F ), and controls (G, H, I ) are shown.

Demographic and clinical data of patients with iNPH or AD and control subjectsa

Characteristics

A B C

P Value Post Hoc SignificanceiNPH (n � 22) AD (n � 20) Controls (n � 20)
Age (yr) 77.3 � 4.9 74.6 � 5.7 73.9 � 6.0 .622
Male/female 10:12 10:10 7:13 .617
MMSE score 22.1 � 3.7 18.3 � 6.7 28.6 � 0.0 �.001 A, B � Cb

Evans’ index 0.36 � 0.05 0.29 � 0.03 0.27 � 0.03 �.001 A � B, Cb

Vascular risk factors
Hypertension (%) 27.8 36.4 42.11 .561
Diabetes mellitus (%) 16.7 18.2 0 .157
Dyslipidemia (%) 22.2 27.3 0 .168
a Data are shown as mean � SD.
b P � .001.
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phy showed that the fornix was stretched in the anteroposte-
rior direction in patients with iNPH compared with that of
patients with AD and control subjects (Fig 2A, -D, -G). The
diameter of the fornix was smaller in patients with iNPH than
in patients with AD or controls and smaller in patients with
AD than in controls (Fig 2A, -D, -G). The volume of the fornix
was smaller in patients with iNPH or AD than in control sub-
jects (Fig 2B, -E, -H).

The maximal anteroposterior length of the inner skull did
not differ significantly among the 3 groups (iNPH: 158 � 5.5
mm; AD: 157 � 7.1 mm; control: 156 � 7.6 mm; ANOVA P �
.664). The volume of the fornix was significantly smaller in
patients with iNPH than in patients with AD (P � .036) or
control subjects (P � .001); the volume was also smaller in
patients with AD than in control subjects (P � .009) (Fig 3A).
The length and length index (iNPH: 0.32 � 0.03; AD: 0.30 �
0.02; control: 0.29 � 0.02; ANOVA P � .004) of the fornix
were significantly greater in patients with iNPH than in pa-
tients with AD (P � .001, P � .024, respectively) or control
subjects (P � .001, P � .006, respectively) (Fig 3B). The mean
cross-sectional area of the fornix, including bilateral parts of
the fornix from the crus to the column, was significantly
smaller in patients with iNPH than in patients with AD (P �
.001) or control subjects (P � .001) and was significantly
smaller in patients with AD than in control subjects (P � .002)
(Fig 3C).

Integrity of the Fornix: FA Values
The mean FA values of the fornix measured by using tract-
specific analysis are shown in Fig 3D. The FA values were sig-
nificantly lower in patients with iNPH (P � .001) and patients
with AD (P � .002) than in control subjects.

Discussion
This is the first DTI study to evaluate the morphology and
microstructural integrity of the fornix in patients with iNPH
or AD and control subjects by using tract-specific analysis. We
evaluated the FA value on the basis of the assumption that the
FA value reflects the microstructural integrity of the for-
nix.18,19 Our results showed different patterns of fornix dam-
age in patients with iNPH and AD. We propose that the dif-
ferent pathogeneses of iNPH and AD caused these different
patterns of fornix damage.

In patients with iNPH, the corpus callosum is elevated and
stretched in the anteroposterior direction by the mechanical
pressure from the enlarged lateral ventricles.4,5 Part of the for-
nix is directly attached to the splenium and posterior body of
the corpus callosum, and another part of the fornix is sus-
pended from the corpus callosum via the septum pellucidum.2

In addition, the crura of the fornix are fixed to the floor of the
lateral ventricle (ie, the medial edge of the hippocampus) and
connect to the fimbria. Thus, in patients with iNPH, the fornix
may be stretched in the anteroposterior direction with or
without stretching in the superior-inferior direction by the
deformed corpus callosum. These complex mechanical pres-
sures may alter the morphology and integrity of the fornix in
patients with iNPH. Our study showed that the volume and
the mean cross-sectional area of the fornix were significantly
lower and the length of the fornix was higher in patients with
iNPH than in controls. In addition, the FA value of the fornix
was significantly lower in patients with iNPH than in controls.
The decreased FA value indicates the decreased microstruc-
tural integrity of the fornix, possibly reflecting the multiple
pathologies such as axonal loss, demyelination, interstitial
edema, and/or reactive gliosis.20-22 These results support the
hypothesis that in patients with iNPH, the fornix is damaged

Fig 3. Comparison of morphologic features and FA value of the fornix. The volume (A ), length (B ), mean cross-sectional area (C ), and FA value (D ) of the fornix are shown. The asterisk
indicates P � .05; double asterisks, P � .01; triple asterisks, P � .001.
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by mechanical pressure from the enlarged lateral ventricle via
the deformed corpus callosum, resulting in atrophy, thinning,
and elongation, with decreased microstructural integrity.

In patients with AD, the hippocampus is the primary site of
damage and degenerates severely.7 The fornix is composed
mainly of the efferent fibers of the hippocampus. Thus, the
fornix can undergo secondary degeneration due to hippocam-
pal atrophy in patients with AD.23 Our results showed that the
volume and mean cross-sectional area of the fornix were sig-
nificantly lower in patients with AD than in controls, whereas
the length of the fornix was not altered. Atrophy of the fornix
in patients with AD was also shown in previous volumetric
studies.8,9 In addition, the FA value was significantly lower in
patients with AD than in controls; this result is also consistent
with those of previous DTI studies.23-26 These results support
the hypothesis that in patients with AD, the fornix degenerates
secondary to the hippocampal atrophy, resulting in atrophy
and thinning but not elongation, with decreased microstruc-
tural integrity.

The hippocampus may also be damaged in patients with
iNPH, possibly because of AD-type pathology (which has been
reported in biopsy samples of the cortex27) or metabolic de-
rangement.28 One previous DTI study showed that the FA
value in the hippocampus was significantly lower in patients
with iNPH than in control subjects but significantly higher in
patients with iNPH than in patients with AD.29 These results
suggest that patients with iNPH may also have hippocampal
damage, though milder than that in patients with AD. Our
results show that another pathogenesis—most likely mechan-
ical pressure—is necessary to cause the significantly more at-
rophied, thinned, and elongated morphology of the fornix
compared with that in patients with AD.

One of the characteristic MR imaging findings of patients
with iNPH is the small callosal angle. The callosal angle is
defined as the angle between the right and left interhemi-
spheric fibers that form the corpus callosum, and it is a prom-
ising tool to successfully differentiate patients with iNPH from
others.30 However, the mechanism leading to the small cal-
losal angle in patients with iNPH has not yet been elucidated.
Because the fornix is in close contact with the corpus callosum,
we consider that the right and left interhemispheric fibers are
elevated by the mechanical pressure from the enlarged lateral
ventricles, whereas the corpus callosum is restrained to the
floor of the lateral ventricle via the fornix, resulting in the
small callosal angle. In other words, a small callosal angle in
patients with iNPH may indicate the presence of mechanical
pressure and resulting mechanical damage to the fornix.

The fornix connects the hippocampus and the mamillary
body and plays a pivotal role in learning and memory.2 In fact,
fornix infarction causes memory impairments such as antero-
grade and retrograde amnesia.31 Although patients with iNPH
have various cognitive deficits, such as memory impairment,
executive dysfunction, and visuospatial dysfunction32,33 that
might be attributed to several different substrates, the memory
impairment may be, at least in part, caused by the fornix dam-
age. Future studies that specifically evaluate memory function
in patients with iNPH and investigate its correlation with DTI
findings are needed.

This study, however, had limitations. First, only limited
information on the pathology of iNPH, especially in regard to

the fornix, is available, and the pathologic basis for the altered
morphology and integrity of the fornix should be the subject
of a future study. Second, we did not evaluate DTI in patients
with iNPH who had undergone shunt surgery. We, therefore,
do not know whether shunt surgery is capable of reversing
these changes in patients with iNPH.

Conclusions
This study is the first to evaluate the morphology and micro-
structural integrity of the fornix in patients with iNPH or AD
by using DTI. Our results suggest that the fornix is damaged
through different means in patients with iNPH and AD. DTI
analysis of the fornix may be a promising tool to differentiate
patients with iNPH from patients with AD or control subjects
and may elucidate parts of the substrate for various cognitive
deficits in patients with iNPH.
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