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Differences in Microstructural Alterations of the
Hippocampus in Alzheimer Disease and
Idiopathic Normal Pressure Hydrocephalus: A

ORIGINAL . . .
researcH | Diffusion Tensor Imaging Study

Y.J. Hong BACKGROUND AND PURPOSE: DTl can be used to assess the degradation of WM tracts by measuring
B. Yoon the FA and MD. Decreased FA/increased MD values in the AD hippocampus have been reported by
. many studies. In contrast, only a few studies reported on hydrocephalus by using the DTI technique.

Y.S. Shim : ) . o : o i . S
In elderly patients with dementia and with dilated ventricles, it is often difficult to differentiate iINPH
A.H. Cho from AD with visual measurements on MR imaging. The aim of this study was to investigate the
S.C. Lim changes of microstructural integrity of the hippocampus in iNPH by using DTl and determining whether

K.J. Ahn this method could be a new diagnostic tool to differentiate INPH from AD.

D.W. Yang MATERIALS AND METHODS: We recruited 43 participants (15 healthy controls, 15 patients with AD,

and 13 patients with iNPH). The FA and MD values were measured by using the region-of-interest
method in the hippocampal head, body, and tail on both sides. Clinical history, neurologic examination,
and neuropsychological assessment were included.

RESULTS: The FA values were the lowest in the patients with AD, the patients with iINPH, and the
healthy controls in this order. The MD values were the highest in the same order. These findings were
consistent in the 3 subdivisions of the bilateral hippocampal regions. Hippocampal volume was not
different between patients with iINPH and AD.

CONCLUSIONS: The microstructural alterations of the hippocampus were more sensitive than the
volumetric changes in AD and iNPH. DTI analysis might be a useful tool for discriminating AD from
iNPH.

ABBREVIATIONS: AD = Alzheimer disease; ADC = apparent diffusion coefficient; CDR = Clinical
Dementia Rating Scale; CDR-SOB = Clinical Dementia Rating Scale Sum of Boxes; df = degrees
of freedom; DTI = diffusion tensor imaging; FA = fractional anisotropy; HB = hippocampal body;
HH = hippocampal head; HT = hippocampal tail; INPH = idiopathic normal pressure hydrocephalus;
K-MMSE = Korean version of the Mini-Mental State Examination; Lt. = left; Rt. = right; MD =
mean diffusivity; NPH = normal pressure hydrocephalus; SNR = signal-to-noise ratio; SPGR
spoiled gradient-recalled echo; T2WI = T2-weighted imaging; WM = white matter
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TI allows in vivo examination of the orientation and mi-  hippocampus and temporal, frontal, and parietal lobes of pa- p=
crostructural integrity of the WM by measuring FA and  tients with AD," only a few studies have reported changes of =
MD.! FA, a quantitative measure of the degree of anisotropy,is  the microstructural WM in patients with hydrocephalus by A
reduced by changes in the tissue cytoarchitecture most likely  using DTL®” Moreover, it is not known whether the hip- P
«

T

due to subtle small-vessel alterations, demyelination of the
axonal structures, and possibly gliosis. The MD, a quantitative
measure of the mean motion of water, is increased by loss of
neurons, axons, and dendrites.”

The FA and MD values in patients with AD have been mea-
sured in several studies. While many studies have consistently
demonstrated reduced FA and increased MD values in the
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pocampus is susceptible to iNPH.

The hippocampus is a critical structure for learning and
memory formation, and it is susceptible to a wide variety of
neurologic diseases, including hypoxia-ischemia, epilepsy,
schizophrenia, and AD.®* The hippocampus also exhibits char-
acteristic pathologic features in patients with AD, even in the
very earliest stage of the disease.’

The syndrome of iNPH was first described by Hakim and
Adams'% iNPH is characterized by the clinical triad of gait
disturbance, dementia of the subcortical type, and urinary in-
continence. It is different from AD in its pathologic mecha-
nism and clinical findings. Making an early diagnosis and per-
forming shunt surgery are mandatory because the results of
shunt surgery in the late stage are often unsatisfactory. Greater
improvements with shunt surgery would be expected in the
early stage when the memory deficit is mild or absent.'! How-
ever, most iNPH cases are diagnosed among patients older
than 60 years of age, who also have an increased risk for AD;
and in elderly patients with dementia and dilated ventricles, it
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is often difficult to differentiate iNPH from AD with visual
evaluation by using MR imaging.

We predicted that DTI is effective in differentiating iNPH
and AD because there would be different patterns of micro-
structural WM change in patients with iNPH compared with
patients with AD. In this study, we measured the FA and MD
values of the hippocampus in patients with iNPH, AD, and
healthy controls to investigate the alteration of microstruc-
tural integrity and to assess the usefulness of DTI as a tool for
differential diagnosis.

Materials and Methods

Subjects

Fifteen patients with AD, 13 patients with iNPH, and 15 healthy con-
trols were enrolled from the Department of Neurology at St. Mary’s
Hospital of The Catholic University of Korea. Patients with AD ful-
filled the National Institute of Neurologic and Communicative Dis-
orders and Stroke and the Alzheimer Disease and Related Disorders
Association criteria for probable AD.'? Patients with iNPH met the
criteria for the diagnosis of probable iNPH according to the “Clinical
Guidelines for Idiopathic Normal Pressure Hydrocephalus.”'* The
criteria are the following: 1) older than 60 years of age; 2) having =1
symptom of gait disturbance, dementia, or urinary incontinence;
3) ventricular dilation (Evan index >0.3) and a narrow CSF space in
the superior convexity; 4) a CSF pressure lower than 20 cm H,O with
normal properties of the CSF cell counts and protein level; 5) no other
diseases that may account for the symptoms; 6) no other previous
illnesses that cause ventricular dilation; and 7) a positive spinal tap
test result.

Subjects were excluded from enrollment if they were younger than
60 years of age or had a history of a disease that may cause cognitive
impairment or major psychiatric disease.

Fifteen healthy volunteers were selected as controls. They had no
cognitive impairment, their scores on the K-MMSE'* were above
—1.5 SDs, and their scores on the CDR'® were 0. All of them under-
went clinical assessment, neuropsychological examination, and a
brain MR imaging that included DTI and SPGR images. The clinical
assessments consisted of a neurologic and psychiatric history and
neurologic examination. They were assessed for the 28 illnesses pro-
posed by Christensen et al'® that may be associated with cognitive
impairment. The Ethics Committee of The Catholic University Hos-
pital of Korea approved this study, and all of the participants provided
written informed consent.

Image Acquisition and Processing

We performed DTI by using a 1.5T MR imaging scanner (Signa Excite
11.0; GE Healthcare, Milwaukee, Wisconsin) with a single-shot spin-
echo echo-planar diffusion-weighted sequence, in addition to the full
conventional MR imaging sequence. A series of axial diffusion-
weighted images with a diffusion-sensitizing gradient (b-value =
1000 s/mm?) along 25 directions was obtained, as well as acquisition
of the axial images without diffusion weighting (b-value = 0). The
other diffusion parameters were as follows: TR = 10,000 ms, TE =
83.3 ms, matrix = 128 X 128, FOV = 260 X 260 mm, NEX = 1, 33
axial sections, and section thickness = 4 mm with no intersection gap.
The SNR in the reference (b-value = 0) image was approximately
100%, which helped to reduce the bias of the estimated magnetization
transfer imaging metrics.'”"'®

We also performed SPGR MR imaging with the following param-
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eters: 128 contiguous images with a 1.0-mm thickness acquired in the
coronal plane, acquisition matrix = 256 X 256, FOV = 210 mm,
TR/TE = 22/6 ms, flip angle = 30°, NEX = 1, and an average mean
imaging time of 12 minutes. We measured the volume of the bilateral
hippocampus in the patients with AD and iNPH by using a region-
of-interest analysis. The analysis software package, Analyze, Version
8.1 (Mayo Clinic Foundation, Rochester, Minnesota), was used for
manual measurement of the volumes of the hippocampus of each side
(www.analyzedirect.com). The DICOM files stored in the PACS were
converted to Analyze files, and these were reformatted to cubic vol-
ume (3D) with resliced 0.97-mm image thickness. To calculate the
volume of each part, we multiplied areas by the section thickness and
these values were summed. We used the anatomic boundaries of the
hippocampus as proposed by Pruessner et al.*

The raw DTI data were processed with the freely shared software
programs Volume-One (version 1.56) and dTV.IL. These programs
are available on-line at www.volume-one.org and www.ut-radiology.
umin.jp/people/masutani/dTV.htm, respectively. FA and MD were
measured in 3 regions of the hippocampus (head, body, and tail) on
both sides. The regions of interest were 3D-based voxels of interest
and were drawn manually in a 33-mm? spheric shape. All the regions
of interest were placed on coronal sections by using the landmarks

proposed by Bernasconi et al.*

The region of interest for the hip-
pocampal head was placed on the upper lateral area of the hippocam-
pus where the mamillary body was fully visible. The region of interest
for the hippocampal body was placed on the upper lateral area of the
hippocampus where the pons, third ventricle, and cerebral aqueduct
were visible. The region of interest for the hippocampal tail was placed
where it contacts the lower margin of the crus fornix (Fig 1).2° We
coregistered the T2WTI of the subjects by using the “Add computa-
tional channels” tool using the dTV.II program and found the correct
landmarks by comparing the various images with various planes. The
mean FA and MD values in the 3 sites of the hippocampus were
calculated by taking measurements 3 times in random order by the
same neurologist (L.S.C.), who was blinded to the patients’ diagnosis.
The intraclass correlation coefficients of each measurement were
from 0.763 to 0.927 for this rater.

Statistical Analysis

The nonparametric Kruskall-Wallis test and the Mann-Whitney U
test were used for comparison of age, the K-MMSE score, the CDR/
CDR-SOB scores, the mean FA values, and the MD values among the
3 groups. x” tests were used for assessing the distribution of sex. The
volume of the hippocampus on each side was compared between the
AD and iNPH groups by using the nonparametric Mann-Whitney U
test. The statistical analysis was performed with the Statistical Package
for the Social Sciences, Version 16.0 (SPSS, Chicago, Illinois). All the
statistical tests were performed at the 5% confidence level of
significance.

Results

The mean age of all subjects was 71.26 = 6.67 years of age. The
mean educational level was 8.74 = 5.40 years. There were no
significant differences in age, sex distribution, or education
levels among the 3 groups. The K-MMSE (AD, 19.73 = 2.96;
NPH, 21.85 = 4.38) and the CDR scores (AD, 0.97 * 0.48;
NPH, 0.62 = 0.30) were not significantly different between the
iNPH and AD groups. However, the CDR-SOB scores (AD,
4.9 = 2.96; NPH, 2.58 * 2.29) were higher (P = .025) in the
patients with AD (Table 1).



Fig 1. Regions of interest (blue) in 3 subdivisions of the hippocampus (head, 4; body, B; and tail, C) on different images (coregistered T2WI, FA map, and ADC map; left-to-right direction).

Table 1: Basic demographic data and neuropsychological test results in each group®

Healthy (a) AD (b) iNPH (c) Post Hoc (5%)
Age (yr) 70.07 = 3.83 7167 = 9.36 7215 +579 a=b=c¢c
Sex 46.7% (male) 46.7% (male) 46.2% (male)
K-MMSE 282 =121 19.73 = 2.96 21.85 +4.38 a>hc
Education 9.89 + 4.69 8.67 = 5.64 7.50 +5.99 a=hb=c¢c
CDR score 0 0.97 +£0.48 0.62 =0.30 a<b,c
CDR-SOB 0 490 +2.96 258 +229 b>c¢c>a

2Values are expressed as mean = SD. Age, K-MMSE, education levels, CDR score, and CDR-SOB scores were analyzed using the nonparametric Kruskal-Wallis test. Sex distribution was
analyzed using the x? test. K-MMSE and CDR scores between AD and iNPH were not significantly different (P > .05 in the nonparametric Mann-Whitney U test).

Because there were no significant differences between the
right and left hippocampal sizes (left/right: 20.535 * 2.989
mm?/21.119 £ 2.815 mm’ in the AD group; 22.334 = 3.644
mm>/22.899 * 3.600 mm”’ in the iNPH group, P > .05), the
mean values of both hippocampi were calculated. To correct
for size variation of brains, we divided the hippocampal vol-
ume of each subject by the total intracranial volume. The hip-
pocampal-volume ratios in both groups were not significantly
different (P > .05) (Table 2).

The mean FA values were the highest in the healthy con-
trols, the iNPH group, and the AD group in this order (P <
.001). The mean MD values were the lowest in the same
order (P < .001). The hippocampal tail showed the highest
FA values and the lowest MD values among the 3 regions
(head, body, and tail) of the hippocampus (Table 3 and Figs
2 and 3).

The healthy controls and the patients with iNPH showed
no difference in the mean FA (left/right: 0.14 * 0.01/0.15 =
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Table 2: Mean hippocampal volumes and hippocampal volume ratios in AD and NPH*

Volume AD iNPH P Value
Hippocampal (mm®) 20.827 + 2.797 22617 = 3.617 > 05
Hippocampal/total intracranial (%) 1.497 + 0.253 1.603 + 0.244 > 05

2Values are expressed as mean + SD. Data were analyzed by using the nonparametric Mann-Whitney U test. Hippocampal volume ratio was not significantly different between the 2

groups.

Table 3: Mean FA and MD results in each group®

Healthy (group 1) AD (group 2) NPH (group 3) F Value df P value Post Hoc (5%)
Mean FA
Lt. HH 0.136 = 0.009 0.082 + 0.007 0.106 = 0.011 131.88 2.40 0.000 1>3>2
Lt. HB 0.134 = 0.013 0.086 = 0.011 0.104 = 0.010 68.59 2.40 0.000 1>3>2
Lt. HT 0.148 = 0.008 0.093 = 0.008 0.112 = 0.011 148.05 2.40 0.000 1>3>2
Rt. HH 0.136 = 0.012 0.094 = 0.011 0.108 = 0.014 44.43 2.40 0.000 1>3>2
Rt. HB 0.146 = 0.019 0.092 = 0.012 0.102 = 0.008 65.14 2.40 0.000 1>3>2
Rt. HT 0.155 = 0.018 0.102 = 0.009 0.115 = 0.011 61.90 2.40 0.000 1>3>2
Mean MD
Lt. HH 0.844 + 0.044 1.399 + 0.186 1.085 = 0.082 78.21 2.40 0.000 2>3>1
Lt. HB 0.816 = 0.063 1.283 = 0.240 1.007 = 0.069 35.99 2.40 0.000 2>3>1
Lt. HT 0.800 = 0.055 1.230 = 0.137 0.975 + 0.084 71.91 2.40 0.000 2>3>1
Rt. HH 0.816 = 0.080 1.249 = 0.171 1.086 = 0.113 43.96 2.40 0.000 2>3>1
Rt. HB 0.780 = 0.043 1.151 = 0.181 1.005 = 0.093 35.70 2.40 0.000 2>3>1
Rt. HT 0.781 = 0.087 1.152 + 0.204 0.998 = 0.105 25.28 2.40 0.000 2>3>1

“ Data are expressed as mean FA and MD values = SD. Data were analyzed using the nonparametric Kruskal-Wallis test (P value) and analysis of variance (F value, df) with post hoc

analysis (Bonferroni/Dunnett T3 methods according to homogeneity of variances).
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Fig 2. Mean FA values of both hippocampi in each subdivision of the hippocampus. Mean
FA values are the lowest in AD and the highest in healthy controls. This pattern is
consistent in 3 different subdivisions of the hippocampus (P < .001).

0.01 in the healthy controls; 0.11 * 0.00/0.11 * 0.01 in the
patients with iNPH) and MD values (left/right: 0.82 * 0.04/
0.79 = 0.04 in the healthy controls; 1.02 = 0.05/1.03 = 0.06 in
the patients with iNPH) between the left and right hippocampi
(P > .05). Compared with that of the right side, the left hip-
pocampus showed lower FA values (left/right: 0.09 = 0.01/
0.10 = 0.01, P < .05) and higher MD values (1.30 = 0.09/
1.18 = 0.12, P < .05) in the patients with AD.

Discussion

The validity of DTI as a sensitive tool for detecting subtle mi-
crostructural changes has been repeatedly demonstrated.*>"**
A recent study also reported satisfactory intra- and interob-
server precision of the FA and MD measures.”” We found that
DTI would be an effective tool for differentiating patients with
AD and iNPH, who have little volume difference of the hip-
pocampus on conventional structural MR imaging. Addition-
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Fig 3. Mean MD values of both hippocampi in each subdivision of the hippocampus. Mean
MD values are the highest in AD and the lowest in healthy controls (P < .001). This pattern
is consistent in 3 different subdivisions of the hippocampus.

ally, we confirmed that the microstructural change of the hip-
pocampus has selective vulnerability.

Our results showed that patients with AD had significantly
lower FA values and higher MD values in all 3 regions of the
hippocampus compared with healthy controls and patients
with NPH. The patients with iNPH showed lower FA values
and higher MD values than the healthy controls. The present
results could be interpreted as follows: First, the degree of an-
isotropy and water diffusivity in the hippocampus was
changed the most in patients with AD. Those results may dem-
onstrate that WM as well as gray matter is damaged in patients
with AD. The WM has a close anatomic and functional con-
nection to the overlying gray matter because it consists of ei-
ther axons of the neurons in the overlying gray matter or axons
reaching from other gray matter that have a synaptic connec-
tion with the neurons.** The hippocampus is a heterogeneous
structure, which is intermixed with gray matter and WM. The
AD pathology, neurofibrillary tangles and amyloid plaque, de-



posits in the hippocampal gray matter even in the early stage of
the disease process. Hippocampal WM is also damaged,
maybe due to wallerian degeneration of the WM tract con-
nected to the gray matter.

Several previous studies have demonstrated decreased FA
and/or increased MD values in the hippocampus with AD**?°
and mild cognitive impairment.****” Our study also pertains
to the importance of differences in fiber integrity in the hip-
pocampus among the healthy controls and patients with AD.
Moreover, these data extend these findings to individuals with
dementia of a different pathophysiology—that is, patients
with iNPH.

There have been no previous studies that have compared
FA and MD values among healthy controls, patients with
iNPH, and patients with AD by using DTI analysis. The
strength of this finding is emphasized by the fact that the hip-
pocampal FA and MD values in patients with AD were clearly
different from those of patients with iNPH.

Second, the patients with iNPH also showed decreased FA
values and increased MD values compared with the healthy
controls. The classic symptom triad of INPH (gait disturbance,
urinary incontinence, and cognitive decline) comes from the
compression of the subcortical WM tracts around the lateral
ventricles. The hippocampus is also compressed by the dilated
temporal horn of the lateral ventricle. With prolonged expo-
sure to increased intracranial pressure, hippocampal micro-
structures could be damaged due to various etiologies. Me-
chanical compression may change the metabolism of the
monoamine neurotransmitters in the hippocampus.*® Altered
metabolism of the hippocampus in patients with iNPH may
also result in ischemic injury to some extent.” Altered metab-
olism and ischemic injury could cause structural changes.
However, these changes would be less severe than those of a
primary degenerative dementia like AD. The 2 groups showed
no significant difference in their hippocampal volumes; on the
other hand, FA and MD values of the 2 groups were signifi-
cantly different.

These results indicate that the mean FA and MD values by
using DTI are more sensitive diagnostic parameters for differ-
entiating AD from iNPH than manual volumetry. Clinically,
differentiating iNPH from AD may be sometimes difficult in
the elderly. Using DTI, we could detect the microstructural
damage in patients with iNPH and AD and get a clue for dif-
ferentiating the 2 disease conditions even in their early stages.

We also compared the mean FA and MD results in the 3
subdivisions of the hippocampus. The mean FA and MD val-
ues were different in each region of the hippocampus: head,
body, and tail. The mean FA values were the highest in the tail
and lowest in the head. The mean MD values were the lowest
in the tail and highest in the head even in healthy controls. This
anterior-to-posterior gradient could be explained by the het-
erogeneous tissue composition in the hippocampal subre-
gions.*® Previous studies by using DT proved the different
cytoarchitectural features in the human and rat hippocam-
pus.®>® The water diffusion and the FA in the laminae of the
hippocampus were found to be significantly different.

Our study had several limitations. First, the sample size was
too small, so the results need to be interpreted with caution.
However, we carefully matched the basic demographic data of
the 3 groups, as described in Table 1. The AD and iNPH

groups were also matched for the K-MMSE and CDR scores
except the CDR-SOB scores. Our findings showed clearly dif-
ferent DTI parameters among the 3 groups, even though the
sample size was small. The other limitation was the absence of
pathologic confirmation. There are cases with concomitant
pathologic abnormalities—for example, AD pathology in the
iNPH group or vice versa that might have contaminated the
results.” Amyloid neuroimaging such as Pittsburgh Com-
pound-B*' or 2-(1-{6-[(2-'*F-fluoroethyl)(methyl)amino]-
2-naphthyl}ethylidene) malononitrile (FDDNP) positron-
emission tomography’> will be useful to evaluate the
concomitant pathologic status of patients with iNPH. We
adopted the criteria of “probable iNPH” by using a clinical
guideline to exclude the ambiguous iNPH cases.

Finally, there was a possibility that other gray matter struc-
tures or CSF components near the hippocampus could have
been analyzed together. The low resolution of DTI results in a
high chance of CSF partial volume contamination. The hip-
pocampal regions of interest were carefully placed to exclude
the perihippocampal CSF spaces and other gray matter struc-
tures by comparing the various images (FA map, color-coded
map, ADC mayp, diffusion-weighted imaging map, and T2WI)
with various planes (axial, coronal, and sagittal) of the axis.
Moreover, we used relatively small-sized regions of interest,
and we measured the mean FA and MD values 3 times at each
subdivision of the hippocampus.

Conclusions

DTI is becoming increasingly important for investigating the
microstructural properties of brain tissues. DTI analysis might
be a useful tool for evaluating the microstructure in specific
regions of the brain for making the differential diagnosis of
patients with dementia. Further studies including larger sam-
ples of patients with more comprehensive neuropsychological
tests and molecular neuroimaging will be needed to confirm
the validity and reliability of measuring the FA and MD values
in the hippocampus to differentiate iNPH from AD.
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