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BACKGROUND AND PURPOSE: Because DTI can provide good markers of white matter pathology, it
could be useful in differentiating white matter changes of INPH from those of other dementias. The
aim of this study was, by using DTI, to compare the characteristic white matter changes in INPH with
those in AD, subcortical vascular dementia, and healthy control subjects.

MATERIALS AND METHODS: Sixteen patients with presurgical INPH, 10 with AD, 10 with subcortical
vascular dementia, and 20 healthy control subjects underwent DTI. All patients with INPH showed
clinical improvement after shunt surgery, and 9 of them also underwent postshunting DTI. Regions of
interest were selected at the periventricular white matter, the anterior limb of the internal capsule, the
posterior limb of the internal capsule, the genu and the splenium of the corpus callosum, the superior
longitudinal fasciculus, and the inferior longitudinal fasciculus. FA and MD were obtained from each
region of interest and were compared among the groups.

RESULTS: Presurgical INPH showed significantly higher FA than all the other groups in the posterior
limb of the internal capsule, which was decreased after shunt surgery. Presurgical MD of the INPH
group was higher than that in the AD and healthy control groups but lower than that in the subcortical
vascular dementia group in the anterior periventricular white matter, the anterior limb of the internal
capsule, and the superior longitudinal fasciculus. In differentiating INPH, the sensitivity and specificity
of FA in the posterior limb of the internal capsule was 87.5% and 95.0%, respectively.

CONCLUSIONS: Patients with shunt-responsive INPH showed higher FA in the posterior limb of the
internal capsule compared with healthy controls and those in other groups of dementia that was
reversible with shunt surgery. With this parameter, shunt-responsive INPH could be distinguished
from AD, subcortical vascular dementia, and healthy conditions with high diagnostic accuracy.

ABBREVIATIONS: AD � Alzheimer disease; ADC � apparent diffusion coefficient; aIC � anterior
limb of the internal capsule; CC � corpus callosum; DTI � diffusion tensor imaging; FA � fractional
anisotropy; HC � healthy control; ICC � intraclass correlation coefficient; ILF � inferior longitudinal
fasciculus; INPH � idiopathic normal pressure hydrocephalus; MD � mean diffusivity; MMSE �
Mini-Mental State Examination; pIC � posterior limb of the internal capsule; PVWM � periven-
tricular white matter; ROC � receiver operating characteristic analysis; SLF � superior longitudinal
fasciculus; SPECT � single-photon emission tomography; SVaD � subcortical vascular dementia

Normal pressure hydrocephalus is relatively uncommon,
accounting for only 6% of all cases of dementia world-

wide.1,2 Accurate diagnosis of normal pressure hydrocephalus
is important, however, because it is a treatable cause of demen-
tia. Although patients with normal pressure hydrocephalus
usually present with a triad of typical symptoms and signs,
such as gait disturbance, progressive cognitive impairment,
and urinary incontinence, the clinical decision as to whether a
patient with INPH would benefit from shunt surgery is chal-

lenging. Even among patients with the classic presentation of
INPH, the clinical triad combined with the radiologic signs of
hydrocephalus, only 60%–70% show improvement after
shunt surgery.3 Although the reason for lack of response in
shunt-treated patients is often unclear, other dementias, in-
cluding AD and subcortical vascular dementia, have been sug-
gested to coexist with or be misdiagnosed as INPH.4 Patients
with AD or subcortical vascular dementia may be shown to
have large ventricles on CT or MR imaging as a result of cere-
bral atrophy; they may also have normal pressure hydroceph-
alus-like symptoms, such as gait disturbance or urinary incon-
tinence, related to various degrees of white matter ischemia.

To improve the predictability of shunt-responsiveness in
INPH, many invasive methods such as external lumbar drain-
age or long-term intracranial pressure monitoring have been
applied in addition to the spinal tap test. However, these meth-
ods are associated with potentially serious complications, in-
cluding central nervous system infection and hemorrhage. To
develop a noninvasive and reliable diagnostic tool predicting
which patients will benefit from shunt surgery, many neuro-
imaging studies have been conducted. Although morphologic
patterns seen with CT and MR imaging have been investi-
gated, including increased Evans index, less sulcal enlarge-
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ment, white matter signal-intensity change, and aqueductal
flow void, the role of structural neuroimaging in selecting
surgical candidates has remained limited.5 More recently,
various cerebral perfusion-imaging methods, including cere-
bral angiography, xenon-enhanced CT, technetium Tc99m–
hexamethylpropyleneamine oxime SPECT, iodine 123 N-iso-
propyl-p-iodoamphetamine-SPECT, perfusion-weighted MR
imaging, and H2

15O positron-emission tomography, have
shown positive correlations between increased cerebral blood
flow and clinical improvement after CSF shunt surgery.6-8

These methods, however, cannot differentiate INPH from
subcortical vascular dementia, which can clinically mimic
INPH despite its distinct pathologic features.

The DTI method can provide better markers of pathologic
status in white matter tracts. In contrast to the large number of
studies on other brain diseases by using DTI, this technique
has been used in only a few investigations of white matter
compression,9,10 which is a major pathologic change seen in
INPH. Recent studies also suggested that DTI is a useful
method in diagnosing INPH, though its diagnostic value has
not been evaluated before and after shunt surgery.11,12 Thus,
we investigated the characteristic white matter changes seen in
INPH compared with those seen in AD, subcortical vascular
dementia, and in healthy controls by using DTI, and we also
compared the DTI parameters before and after shunt surgery
in patients with INPH.

Materials and Methods

Subjects
A total of 56 subjects participated in the study: 16 patients with INPH,

10 with AD, 10 with subcortical vascular dementia, and 20 age-

matched healthy controls. The patients with INPH were recruited

prospectively from a memory disorder clinic in the department of

neurology at Samsung Medical Center between October 2007 and

June 2010. Initially, 43 patients who met the criteria for the probable

INPH in the INPH guidelines13 and had all of the triad symptoms

underwent MR imaging, including the DTI protocol, preoperatively,

and 19 of them underwent ventriculoperitoneal shunt surgery. In all

cases, whether to proceed to shunt surgery was determined by the

presence of improvement in �1 triad symptom by a lumbar tap test.

Among those 19 patients, we included only 16 who exhibited im-

provement of all the triad symptoms after shunt surgery in the INPH

group, and in 9 of them, we also repeated the same DTI scan after

shunt surgery. The pre- and postshunting DTIs were performed 4 –15

months apart. The clinical information for the included patients with

INPH is summarized in Table 1. We defined clinical improvement

after shunt surgery as “fair,” “good,” or “excellent” following the scale

of Black,14 which had been developed for retrospective assessment of

shunt outcome. No patients with INPH showed significant white

matter hyperintensities on MR imaging according to the modified

criteria of Fazekas et al15 that is described below.

For the AD and subcortical vascular dementia groups, we selected

patients whose age, sex, and MMSE scores were matched to those of

the patients with INPH. The clinical diagnosis of AD followed the

National Institute of Neurological and Communication Disorders

and Stroke-Alzheimer Disease and Related Disorders Association cri-

teria as described in McKhann et al.16 The patients with subcortical

vascular dementia met the criteria of the Diagnostic and Statistical

Manual of Mental Disorders-IV for vascular dementia,17 and they had

significant white matter hyperintensities on MR imaging in accor-

dance with modified criteria of Fazekas et al15: a cap or band �10 mm

and deep white matter lesion �25 mm. The healthy control subjects

had no history of neurologic or psychiatric illnesses, and their MMSE

scores were no less than 1.5 SD below the age-, sex-, and education-

matched norms. All subjects provided written informed consent re-

garding the scientific evaluation of their data. This study was ap-

proved by the local institutional review boards at Samsung Medical

Table 1: Clinical features of the 16 patients with INPH

No.
(Sex/Age, Yr)

Duration of
Symptoms

White Matter
Hyperintensities

(Cap or Band/Deep
White Matter

Lesion)
(mm)a

Shunt
Outcomeb

Availability of
Postshunt DTI

Preshunt
Evans
Indexc

Postshunt
Evans

Indexc,d

1 (F/68) 5 Years 5.0/0.0 Good Unavailable 0.35 –
2 (M/77) 2.5 Years 7.4/0.0 Excellent Unavailable 0.34 –
3 (F/65) 2 Years 3.3/0.0 Excellent Available 0.41 0.33
4 (M/71) 5 Months 2.6/0.0 Excellent Available 0.33 0.35
5 (F/70) 6.5 Years 0.0/0.0 Fair Unavailable 0.36 –
6 (M/70) 3 Years 0.0/0.0 Good Available 0.33 0.34
7 (F/66) 7 Years 6.2/0.0 Excellent Available 0.34 0.30
8 (M/65) 6 Months 5.5/0.0 Excellent Available 0.36 0.29
9 (M/67) 5 Months 2.0/0.0 Good Unavailable 0.35 –
10 (M/83) 7 Months 4.1/0.0 Good Available 0.32 0.30
11 (M/71) 6 Months 3.5/0.0 Good Available 0.30 0.31
12 (M/56) 6 Months 0.0/0.0 Excellent Available 0.33 0.29
13 (M/71) 1.5 Years 0.0/0.0 Fair Unavailable 0.39 –
14 (F/73) 7 Months 1.7/0.0 Excellent Available 0.34 0.35
15 (F/71) 1 Years 3.4/0.0 Excellent Unavailable 0.38 –
16 (F/74) 2 Years 4.1/0.0 Good Unavailable 0.37 –
a Modified criteria of Fazekas et al on MR imaging.15

b From the scale of Black for assessment of shunt outcome.14

c The ratio of the maximal width of the frontal horns to the maximal width of the inner skull.18

d – indicates XXX.
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Center. Demographic and clinical features of the subjects are detailed

in Table 2.

DTI Acquisition
MR imaging was performed on a 3T Intera Achieva MR imaging

scanner (Philips Healthcare, Best, the Netherlands). The FOV in all

MR imaging scans was 22 � 22 cm2, with a section thickness of

2 mm with no gap between sections. In-plane resolution was 1.72 �

1.72 mm. The DTI dataset was acquired by diffusion-weighted single-

shot echo-planar imaging with the following parameters: TE, 60 ms;

TR, 7,696 ms; flip angle, 90°; b-factor, 600 s/mm2; matrix dimensions,

128 � 128; 70 axial sections. With the baseline image without weight-

ing, diffusion-weighted images were acquired from 45 different direc-

tions. All axial sections were acquired parallel to the anterior/poste-

rior commissure line.

Evans Index Measurement
The Evans index was calculated on the individual baseline images

without weighting. It was calculated as the ratio of the maximal width

of the frontal horns to the maximal width of the inner skull.18 The

pre- and/or postshunt values of each individual in the INPH group

are demonstrated in Table 1. The values of the healthy control, INPH,

AD, and the subcortical vascular dementia groups are demonstrated

in Table 2, and these were significantly higher in the INPH group

compared with the other groups.

Region of Interest–Based DTI analysis
The FA and ADC maps were used for region of interest– based anal-

ysis by using a technique modified from that used in a previous

study.9 We selected regions of interest by using DTIStudio, Version

2.4.01 (Johns Hopkins University, Baltimore, Maryland)19 in 2 differ-

ent ways. One method involved delineating anterior and posterior

periventricular white matter tracts in the axial sections of 3 different

levels, and the other method entailed selecting regions of interest at

several anatomically representative tracts: the anterior limb of the

internal capsule, the posterior limb of the internal capsule, the genu

and splenium of the corpus callosum, the superior longitudinal fas-

ciculus, and the inferior longitudinal fasciculus. The boundary be-

tween the anterior and the posterior periventricular white matter

tracts was defined as a coronal plane passing vertically through the

midpoint of the anterior/posterior commissure line. Because no sig-

nificant asymmetry was expected between the left and right hemi-

spheres, we combined the data from each hemisphere within each

subject. Figure 1 demonstrates examples of region-of-interest selec-

tion in a healthy control subject (Fig 1A, -C) and an INPH subject

(Fig 1B, -D). To help with region-of-interest placement, we used

color-coded FA maps in which white matter structures could be iden-

tified more easily. Despite the significant displacement of the fibers by

enlarged ventricles in patients with INPH, these structures could be

identified. The regions of interest were drawn by a board-certified

neurologist who is familiar with DTI images (M.-J.K.), and then those

in the anterior periventricular white matter and the posterior limb

of the internal capsule were drawn again by M.-J.K. and another rater

to assess the intrarater and inter-rater reliability. Values of FA and

MD in each region of interest were automatically computed by aver-

aging the FA and MD values at each voxel location within the region

of interest by using the fiber-tracking tools of the DTIStudio

software.19

Statistical Analysis
The FA and MD values from the anterior and posterior periventricu-

lar white matter regions of interest at 3 different levels were averaged

within each subject. Comparison of FA and MD among the groups

was performed by using the 1-way ANOVA or the Kruskal-Wallis test

in Sigma Plot, Version 11.0 (Systat Software, Chicago, Illinois). Pair-

wise multiple comparisons were conducted by using the Holm-Sidak

method when the data were normally distributed and by using the

Dunn method when they were not. The ROC curve was used to de-

termine the sensitivity and specificity of values for diagnosis of INPH.

Comparisons between pre- and postshunting values were conducted

by using the Wilcoxon signed rank test.

Results

The Reliability of Region-of-Interest Measurements
The ICC for intrarater reliability of FA and MD measurements
was 0.86 and 0.98, respectively, in the anterior PVWN, and
0.98 and 0.99, respectively, in the posterior limb of the internal
capsule. The ICC for interrater reliability of FA and MD mea-
surements was 0.81 and 0.98, respectively, in the anterior
periventricular white matter, and 0.94 and 0.96, respectively,
in the posterior limb of the internal capsule. Because these ICC
values were each �0.80, they constitute excellent agreement
for both intra- and interrater reliability.

Comparison of DTI Parameters among
Preshunting INPH and Other Groups
The results of ANOVA showed that both FA and MD differed
significantly among the groups in all regions of interest, except
in the genu of the corpus callosum (Table 3). In pair-wise
comparison with the healthy control group, the INPH group
showed significantly higher FA or higher MD in most of the
selected tracts except in the splenium of the corpus callosum
and the inferior longitudinal fasciculus. The INPH group also
showed significantly higher FA than all other groups with
multiple comparisons in the posterior limb of the internal
capsule (Fig 2A), whereas the MD was higher than in the AD
and healthy control groups but lower than that in the subcor-

Table 2: Demographic and clinical characteristics of each groupa

Parameters HC (n � 20) INPH (n � 16) AD (n � 10) SVaD (n � 10)
ANOVA,
F or �2

Age (yr) 69.8 (3.5) 69.9 (5.9) 70.3 (4.0) 69.3 (5.3) 0.08
Male sex (No.) (%) 8 (40.0) 9 (56.3) 4 (40.0) 4 (40.0) �2 � 1.22
MMSE 28.5 (1.6) 23.9 (4.3) 21.8 (3.1) 21.5 (2.2) 16.56b

Evans indexc 0.25 (0.03) 0.35 (0.03) 0.29 (0.03) 0.28 (0.02) 34.67b

a Variables are mean (�SD) or No. (%).
b P � .001.
c The ratio of the maximal width of the frontal horns to the maximal width of the inner skull.18

AJNR Am J Neuroradiol ●:● � ● 2011 � www.ajnr.org 3



tical vascular dementia group in the anterior periventricular
white matter, the anterior limb of the internal capsule, and the
superior longitudinal fasciculus. The subcortical vascular de-
mentia group showed significantly lower FA and higher MD
compared with all the other groups in the anterior peri-
ventricular white matter, the anterior limb of the internal cap-
sule, and the superior longitudinal fasciculus. Moreover, when
the subcortical vascular dementia and the INPH groups were
compared, FA or MD showed a significant difference in all
selected tracts except in the genu of the corpus callosum. In
contrast, no single value from any specific region of interest
could distinguish the AD group from other groups.

Because FA in the posterior limb of the internal capsule

alone showed an extreme value in the INPH group distinct
from other groups, its accuracy as a diagnostic value was as-
sessed by using ROC (Fig 3). The area under the ROC curve
was 0.93, which means that FA in the posterior limb of the
internal capsule will have significant diagnostic value in differ-
entiating patients with INPH from healthy control or other
disease groups. Its sensitivity and specificity was 87.5% and
95.0%, respectively, when the cutoff value was defined as
0.613, at which the optimal values of sensitivity and specificity
could be obtained on the ROC curve. On the other hand, when
the guideline criterion for the Evans index (�0.30)13 was ap-
plied to our subjects, a sensitivity of 87.5% and specificity of
80.0% was obtained.

Fig 1. Regions of interest in a healthy control subject and a patient with INPH. A, Three representative images of color-coded FA maps in a healthy subject. Regions of interest for the
periventricular white matter tracts are shown. B, The same methods are used for a patient with INPH. C, Superimposed polygons on color-coded maps in the healthy subject identify the
6 representative tracts: the anterior limb of the internal capsule and the posterior limb of the internal capsule (left), the genu and splenium of the corpus callosum (middle), and the superior
longitudinal fasciculus and the inferior longitudinal fasciculus (right). D, The same methods are used for a patient with INPH. Fibers crossing from left to right are visualized in red; those
crossing posteroanteriorly, in green; and those crossing inferosuperiorly, in blue.
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Comparison between Pre- and Postshunting DTI
In the 9 patients who received the repeated DTI, the presurgi-
cally high FA in the posterior limb of the internal capsule

showed significant decrease after shunt surgery (Fig 2C, P �
.004), while MD in the posterior limb of the internal capsule
did not show significant change (Fig 2D, P � .13). Their post-

Fig 2. Differences among groups and postshunting changes in the posterior limb of the internal capsule. FA (A ) and MD (B ) are compared among the 4 groups: healthy control, INPH, AD,
and subcortical vascular dementia in the posterior limb of the internal capsule. Postshunting changes of FA (C ) and MD (D ) in the posterior limb of the internal capsule in 9 patients with
INPH (patient 3, 4, 6, 7, 8, 10, 11, 12, and 14 in Table 1) are also demonstrated. Error bars represent �1 SD. The asterisk indicates P � .05.

Table 3: Diffusion tensor values in each groupa

Parameters HC (n � 20) INPH (n � 16) AD (n � 10) SVaD (n � 10)
ANOVA,

F or H Value
Anterior PVWM

FA 0.53 (0.02) 0.54 (0.03)b 0.54 (0.02) 0.49 (0.03) 8.83c

MD 0.50 (0.02) 0.55 (0.03)b,d,e 0.52 (0.02) 0.61 (0.03) 40.15c

Posterior PVWM
FAf 0.55 (0.54–0.55) 0.57 (0.56–0.57)b,d 0.56 (0.55–0.56) 0.51 (0.50–0.53) 24.58c

MD 0.53 (0.02) 0.55 (0.03)b 0.53 (0.02) 0.61 (0.03) 25.20c

aIC
FA 0.55 (0.02) 0.59 (0.04)b,d 0.57 (0.03) 0.50 (0.04) 16.64c

MD 0.49 (0.02) 0.53 (0.04)b,d,e 0.50 (0.03) 0.60 (0.04) 33.32c

pIC
FA 0.59 (0.02) 0.63 (0.03)b,d,e 0.60 (0.02) 0.57 (0.02) 18.67c

MDf 0.48 (0.47–0.48) 0.50 (0.49–0.52)d 0.48 (0.47–0.49) 0.56 (0.54–0.57) 31.03c

Genu, CC
FAf 0.70 (0.64–0.71) 0.66 (0.60–0.70) 0.66 (0.64–0.70) 0.64 (0.62–0.67) 5.45
MDf 0.58 (0.55–0.61) 0.67 (0.63–0.75)d 0.62 (0.67–0.65) 0.69 (0.61–0.75) 20.67g

Splenium, CC
FAf 0.64 (0.62–0.66) 0.64 (0.60–0.68)b 0.66 (0.63–0.68) 0.56 (0.52–0.63) 11.59g

MD 0.85 (0.17) 0.82 (0.14)b 0.88 (0.12) 1.03 (0.16) 4.26g

SLF
FA 0.47 (0.02) 0.50 (0.03)b,d 0.48 (0.02) 0.44 (0.03) 11.86c

MD 0.48 (0.02) 0.51 (0.02)b,d,e 0.49 (0.02) 0.56 (0.02) 36.00c

ILF
FA 0.49 (0.02) 0.47 (0.03)d 0.49 (0.03) 0.46 (0.02) 4.72g

MDf 0.57 (0.55–0.65) 0.57 (0.54–0.62)b 0.59 (0.57–0.64) 0.64 (0.60–0.67) 7.85g

a Variables are mean (�SD) or median (interquartile range).
b P � .05, compared with the SVaD group.
c P � .001.
d P � .05, compared with the HC group.
e P � .05, compared with the AD group.
f The Dunn method was used to correct multiple comparisons. In other cases, the Holm-Sidak method was used.
g P � .05.
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surgical FA in the posterior limb of the internal capsule was
still higher than that of the healthy control and the subcortical
vascular dementia groups (P � .001, both), and the post-
surgical MD was lower than that of the subcortical vascular
dementia group (P � .001).

Discussion
In this study, we observed that FA was increased in the poste-
rior limb of the internal capsule in patients with shunt-respon-
sive INPH compared with healthy controls or those with other
types of dementia. Furthermore, this increased FA was revers-
ible with shunt surgery. With this parameter, the shunt-re-
sponsive INPH group could be distinguished preoperatively
from the healthy control, AD, and subcortical vascular de-
mentia groups with high sensitivity and specificity.

These findings may have clinical implications. In the early
stages of INPH, ventricular compliance is particularly de-
creased in the frontal horns.20 Because of the compressive
forces on the paracentral fibers, the patients initially experi-
ence gait disturbances or urinary incontinence.21 With time,
the condition of these patients becomes less responsive to
shunt surgery due to diffuse neuronal degeneration secondary
to the repeated compression. Given that all patients with
INPH participating in this study showed reversible gait dis-
turbance with shunt surgery, the prominent changes in DTI
parameters in the posterior limb of the internal capsule, con-
taining the paracentral tracts running to the lower body,
could be partly related to their gait symptoms. This possibility
can be also supported by another recent study on INPH by
using DTI, in which the changes in DTI parameters of the
corticospinal tract were shown to be correlated with the sever-
ity of gait disturbance.11

The mechanisms underlying increased FA in the posterior
limb of the internal capsule in INPH need to be fully clarified.
As has been explained in previous studies,9,11 FA may be re-
lated to white matter compression. In 1 of the previous studies,
the authors examined patients with acute hydrocephalus be-
fore and after shunt surgery and demonstrated that DTI could

detect white matter changes associated with mechanical pres-
sure by CSF.9 They hypothesized that the mechanical pressure
could lead to higher fiber packing, which increases the tortu-
osity of the path of water molecules and could lead to both an
overall reduction in measured radial diffusivity and an in-
crease in parallel diffusivity, resulting in increased anisotropy.
This mechanism may also be applied to chronic hydrocepha-
lus as in our INPH group.

Our results, however, were different in that MD was also
significantly increased in some regions of interest in the pa-
tients with INPH, whereas it remained at control levels before
and after shunt surgery in the previous study on acute hydro-
cephalus.9 This finding could be explained by the differences
in the pathologic conditions between acute and chronic hy-
drocephalus, as has also been suggested in another study.11

Unlike the acute condition, chronic exposure of the tissue to
unnatural compression may result in tissue degeneration, in-
cluding axonal loss and gliotic change, as well as higher pack-
ing of the fibers.22 These changes are expected to be most
prominent in the tracts located proximal to the frontal horns,
such as the anterior limb of the internal capsule, the superior
longitudinal fasciculus, and the anterior periventricular white
matter. We can also hypothesize that these tracts have high FA
values initially due to mechanical compression, but secondary
degenerative changes later decrease FA and increase MD. Be-
cause the posterior limb of the internal capsule is located rel-
atively far from the frontal horns, it might be less affected and
still have high FA and preserved MD. Our results of postsur-
gically decreased FA and unchanged MD in the posterior limb
of the internal capsule could also support this suggestion.

In clinical settings, patients with AD or subcortical vascular
dementia may have normal pressure hydrocephalus-like
symptoms, and the possibility of a common mechanism
for these disease categories with INPH has also been sug-
gested.23-26 In particular, subcortical vascular dementia is con-
sidered to be more difficult to distinguish from INPH due to
its characteristic cognitive impairment of a subcortical nature,
higher incidence of gait and urinary symptoms, and charac-

Fig 3. Diagnostic value of FA in the posterior limb of the internal capsule. A, ROC plot of FA in the posterior limb of the internal capsule. B, Scatterplots of the Evans index and FA in
the posterior limb of the internal capsule in healthy control subjects and patients with INPH, AD, and subcortical vascular dementia. The dashed line indicates the cutoff value of FA in
the posterior limb of the internal capsule (0.613), and the dotted line indicates the standard cutoff value of the Evans index (0.30).
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teristic MR imaging changes that can sometimes mimic the
white matter changes seen in INPH. Histologic findings of the
involved structures, however, are basically different between
INPH and subcortical vascular dementia. In INPH, the most
salient features are CSF diffusion into the periventricular
white matter and, probably, transcapillary CSF absorption.27

The periventricular tissue is characterized by disruption of the
ependyma, edema, neuronal degeneration, and gliosis, most
likely related to altered extracellular fluid dynamics.28 These
changes are potentially reversible in shunt-responsive INPH.
On the other hand, vascular ischemic changes in subcortical
vascular dementia are characterized by pronounced oblitera-
tive microangiopathy with extensive demyelination, lacunae,
and widespread symmetric degeneration, which will not be
reversed by shunt surgery.29,30

As a consequence, evaluating the histologic integrity of in-
volved white matter tracts is likely critical not only in predict-
ing shunt-responsiveness versus nonresponsiveness of INPH
but also in differentiating INPH from subcortical vascular
dementia. Previous DTI studies addressing ischemic white
matter changes have demonstrated elevated MD and reduced
FA in the anterior periventricular white matter, with MD con-
sidered to be more sensitive.31,32 A recent DTI study of sub-
cortical vascular dementia demonstrated significant diffusion
tensor changes in the anterior and posterior periventricular
white matter, bilateral anterior subcortical areas, and the genu
of the corpus callosum compared with control subjects,33

which is consistent with our findings in subcortical vascular
dementia. In our results, the INPH group showed significantly
higher FA and lower MD than the subcortical vascular demen-
tia group in most of those areas, suggesting that INPH can be
clearly distinguished from subcortical vascular dementia by
using DTI parameters.

An ideal biomarker should detect a fundamental feature of
the underlying pathophysiology of a disease and distinguish
the particular condition from similar ones with a sensitivity
and specificity of �80%.34 It also should be reliable, relatively
noninvasive, simple to perform, and inexpensive. An Evans
index of 0.30 satisfies most of these features and is highly sen-
sitive. The recently reported specificity of the Evans index by
using MR imaging, however, was as low as 74.0%.35 When the
Evans index and the callosal angle measured in MR imaging
(which has also been mentioned in the INPH guidelines13)
were combined, the reported specificity was still 94.0%.35

From our results, however, FA in the posterior limb of the
internal capsule alone could distinguish shunt-responsive
INPH from other dementias with 95.0% specificity, whereas
the Evans index of 0.30 was only 80.0% specific in our study.
Moreover, the diagnostic specificity reached 100% when FA in
the posterior limb of the internal capsule was combined with
the Evans index. The sensitivity of FA in the posterior limb of
the internal capsule was also as high as that of the Evans index.
Another considerable advantage of DTI is its noninvasiveness
and cost-effectiveness compared with other conventional pro-
cedures used to select candidates for shunt surgery.

Our study showed that the AD group did not differ from
the healthy control group in most selected regions of interest.
This finding could be explained by the selection of predomi-
nantly anteriorly located regions of interest, because the most
common DTI changes reported in AD are reduced FA and

elevated MD in posterior regions.36,37 In addition, most pa-
tients with AD in our study could be in a stage of the disease
that is too early to show any changes in the selected white
matter tracts.

There are several potential limitations to our study. Be-
cause we used region of interest– based analysis, the results
could be operator-dependent and less reproducible than
voxel-based morphometry analysis. Another limitation is that
we did not compare patients with INPH who responded to
shunt surgery with those who did not. From a clinical perspec-
tive, comparison within patients with INPH would be more
appropriate than comparison with other forms of dementia.
Likewise, because the present study was performed only with
patients with INPH who underwent shunt surgery, the results
could be too biased to be used with patients with general clin-
ical conditions. Additionally, the sample size in this study
was relatively small, and postshunting DTI data were partially
available in the patients with INPH.

Conclusions
The clinical implication of our study is that shunt-responsive
INPH could be distinguished from other conditions on the
basis of higher FA in the posterior limb of the internal capsule.
The diagnostic sensitivity and specificity were high enough,
suggesting that DTI could be a noninvasive and valid diagnos-
tic measure for selecting patients likely to benefit from shunt
surgery. In addition, the observed reversibility of FA increase
may support the currently suggested mechanism of shunt-
responsiveness in INPH.
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