
NeuroImage: Clinical 3 (2013) 522–530

Contents lists available at ScienceDirect

NeuroImage: Clinical

j ourna l homepage: www.e lsev ie r .com/ locate /yn ic l
EEG and Neuronal Activity Topography analysis can predict effectiveness
of shunt operation in idiopathic normal pressure
hydrocephalus patients☆
Yasunori Aoki a, Hiroaki Kazui a, Toshihisa Tanaka a, Ryouhei Ishii a,⁎, Tamiki Wada a, Shunichiro Ikeda a,
Masahiro Hata a, Leonides Canuet b, Toshimitsu Musha c, Haruyasu Matsuzaki c, Kaoru Imajo d,
Kenji Yoshiyama a, Tetsuhiko Yoshida a, Yoshiro Shimizu a, Keiko Nomura a, Masao Iwase a, Masatoshi Takeda a

a Department of Psychiatry, Osaka University Graduate School of Medicine, Suita, Osaka, Japan
b UCM-UPM Centre for Biomedical Technology, Department of Cognitive and Computational Neuroscience, Complutense University of Madrid, Madrid, Spain
c Brain Functions Laboratory Incorporated, Yokohama, Japan
d Nihon Kohden Corporation, Shinjuku, Tokyo, Japan
☆ This is an open-access article distributed under
Commons Attribution-NonCommercial-No Derivative W
non-commercial use, distribution, and reproduction in any
author and source are credited.
⁎ Corresponding author at: Department of Psychiatr

School of Medicine, D3 2-2 Yamada-oka, Suita, Osaka
6879-3051; fax: +81-6-6879-3059.

E-mail address: ishii@psy.med.osaka-u.ac.jp (R. Ishii).

2213-1582/$ – see front matter © 2013 The Authors. Pub
http://dx.doi.org/10.1016/j.nicl.2013.10.009
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 September 2013
Received in revised form 30 September 2013
Accepted 13 October 2013
Available online 19 October 2013

Keywords:
Neuronal Activity Topography
Normalized power variance
Idiopathic normal pressure hydrocephalus
Cerebrospinal fluid tapping
Electroencephalography
Tap test
Idiopathic normal pressure hydrocephalus (iNPH) is a neuropsychiatric syndrome characterized by gait
disturbance, cognitive impairment and urinary incontinence that affect elderly individuals. These symptoms
can potentially be reversed by cerebrospinal fluid (CSF) drainage or shunt operation. Prior to shunt operation,
drainage of a small amount of CSF or “CSF tapping” is usually performed to ascertain the effect of the operation.
Unfortunately, conventional neuroimaging methods such as single photon emission computed tomography
(SPECT) and functional magnetic resonance imaging (fMRI), as well as electroencephalogram (EEG) power
analysis seem to have failed to detect the effect of CSF tapping on brain function. In this work, we propose the
use of Neuronal Activity Topography (NAT) analysis, which calculates normalized power variance (NPV) of
EEGwaves, to detect cortical functional changes induced by CSF tapping in iNPH. Based on clinical improvement
by CSF tapping and shunt operation, we classified 24 iNPH patients into responders (N=11) and nonresponders
(N = 13), and performed both EEG power analysis and NAT analysis. We also assessed correlations between
changes in NPV and changes in functional scores on gait and cognition scales before and after CSF tapping. NAT
analysis showed that after CSF tapping there was a significant decrease in alpha NPV at themedial frontal cortex
(FC) (Fz) in responders, while nonresponders exhibited an increase in alpha NPV at the right dorsolateral
prefrontal cortex (DLPFC) (F8). Furthermore, we found correlations between cortical functional changes and
clinical symptoms. In particular, delta and alpha NPV changes in the left-dorsal FC (F3) correlated with changes
in gait status, while alpha and beta NPV changes in the right anterior prefrontal cortex (PFC) (Fp2) and left DLPFC
(F7) aswell as alpha NPV changes in themedial FC (Fz) correlatedwith changes in gait velocity. In addition, alpha
NPV changes in the right DLPFC (F8) correlated with changes inWMS-R Mental Control scores in iNPH patients.
An additional analysis combining the changes in values of alphaNPVover the left-dorsal FC (Δalpha-F3-NPV) and
the medial FC (Δalpha-Fz-NPV) induced by CSF tapping (cut-off value ofΔalpha-F3-NPV+Δalpha-Fz-NPV=0),
could correctly identified “shunt responders” and “shunt nonresponders”with a positive predictive value of 100%
(10/10) and a negative predictive value of 66% (2/3). In contrast, EEG power spectral analysis showed no function
related changes in cortical activity at the frontal cortex before and after CSF tapping. These results indicate that
the clinical changes in gait and response suppression induced by CSF tapping in iNPH patients manifest as NPV
changes, particularly in the alpha band, rather than as EEG power changes. Ourfindings suggest that NAT analysis
can detect CSF tapping-induced functional changes in cortical activity, in a way that no other neuroimaging
methods have been able to do so far, and can predict clinical response to shunt operation in patients with iNPH.
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1. Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a neuro-
psychiatric disease characterized by ventriculomegaly and a clas-
sic triad including gait disturbance, cognitive impairment (i.e.,
dementia) and urinary incontinence. Despite the typical ventricle
enlargement, there is a normal cerebrospinal pressure, and no
ved.
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evidence of organic lesions, such as tumor, subarachnoid hem-
orrhage or meningitis. Meta analyses showed that the prevalence
of iNPH was 1.1% of the elderly population (older than 65 years),
with about 310,000 people suffering from this disease in Japan
today (Hiraoka et al., 2008; Iseki et al., 2009; Mori et al., 2012;
Tanaka et al., 2009). Epidemiologic study in Norway reported that
the prevalence of iNPH was 0.1% of the elderly population (Brean
and Eide, 2008). Also, a clinic-based study in east Denmark showed
that the prevalence of iNPH was 3.5% among a series of 400 patients
referred to a memory clinic (Bech-Azeddine et al., 2001).

Idiopathic NPH is attracting much attention in clinical practice of
neurology and psychiatry as it is associated with a treatable form of
dementia. Overall symptoms of iNPH can improve after shunt opera-
tion. However, all iNPH patients do not necessarily show clinical
improvement after surgery. Therefore, it is a relevant issue finding
predictive factors of a good surgical outcome. Clinical guidelines for
iNPH in Japan recommended performing “cerebrospinal fluid (CSF)
tapping,” drainage of a small amount of CSF (30–50 ml) by lumbar
puncture, before shunt operation to predict shunt effectiveness (Mori
et al., 2012). The clinical evaluation is performed before and after CSF
tapping tomeasure changes in symptom severity. Thewhole procedure
is called CSF tap test. If clinical changes are observed in the three main
symptoms of the disease, and judged as positive, then shunt operation
should be considered. However, there is no general consensus with
regard to the type of clinical evaluation to be carried out before and
after CSF tapping and the cut-off scores on commonly used scales to
indicate clinical improvement. In addition, CSF tap test has a high
positive predictive value of shunt operation outcome but has a low
negative predictive value due to a high rate of false negative results.
For instance, a multicenter prospective study (Ishikawa et al., 2012)
revealed that CSF tap test had a high positive predictive value of 89%
but a low negative predictive value of only 36% evaluating the CSF
tapping effects on the classic triad with the total score of iNPH
grading scale (iNPHGS). In case of evaluating CSF tapping effects on
exclusively the gait symptom with the Timed Up and Go Test
(TUG), positive predictive value was 83% but negative predictive
value was 21%, and in case of evaluating CSF tapping effects on
exclusively the cognitive symptom with the Mini-Mental State
Examination (MMSE), positive predictive value was 78% but
negative predictive value was 17%. In this study, CSF tapping was
considered positive if the total score of iNPHGS improved more
than one point, that of the TUG test more than 10%, and that of the
MMSE more than three points, respectively (Ishikawa et al., 2012).
They proposed the use of pre-shunt CSF pressure with the iNPHGS
total sore to assess CSF tapping response, as it increased the negative
predictive value of shunt outcome to 48%. There is also a growing
criticism that the clinical evaluation of the iNPH triad relies on the
subjective interpretation of the observer. Thus, efforts are being
made to find reliable objective measures that can identify changes
in brain functions induced by CSF tapping.

Conventional neuroimaging methods seem to have failed to
detect brain functional changes related to CSF tapping, drainage of
a small amount of CSF (30–50ml). In fact, no single photon emission
computed tomography (SPECT) and functional magnetic resonance
imaging (fMRI) studies have identified significant regional cerebral
blood flow (rCBF) changes after CSF tapping or correlation between
rCBF changes and symptom improvement after CSF tapping
(Kristensen et al., 1996). To our knowledge, only one diffusion
tensor MRI study reported changes in regional fractional anisotropy
(FA) or apparent diffusion coefficient (ADC) in the frontal peri-
ventricular region and the body of corpus callosum. However,
there was no correlation with symptom changes (Demura et al.,
2012). In only one study where a large volume (400 ml) drainage
of CSF was performed by an indwelling lumbar catheter over three
days (external lumbar drainage), fMRI succeeded in detecting rCBF
increase in the left dorsal premotor and bilateral supplementary
motor area (SMA) in right-handed iNPH patients during motor
tasks (Lenfeldt et al., 2008).

EEG appears to be a useful tool to aid in the objective clinical
assessment of brain functional changes induced by CSF drainage.
Unlike fMRI and SPECT that measure hemodynamic changes
that occur in response to neuronal activity, neurophysiological
techniques like EEG and MEG measure directly the brain electrical
activity (Ishii et al., 1999; Kurimoto et al., 2012). In particular, EEG
time-series data relate to dynamic postsynaptic activity in the
cerebral cortex with a high temporal resolution (Canuet et al.,
2011, 2012). Because of these properties, its simplicity, and
noninvasiveness, EEG has been widely used in neuroscience and
clinical practice. Traditionally, the visual inspection of EEG
recordings and power spectral analyses has been of value in the
diagnosis of epilepsy, and consciousness and cognitive disturbances
including dementia. However, these types of EEG analyses have
failed to identify iNPH patients (Brown and Goldensohn, 1973)
and to detect significant EEG power changes or correlation with
clinical improvement after CSF drainage (Sand et al., 1994).

In the present study, we aimed to find an objective neuro-
physiological marker of brain response to CSF tapping in iNPH
patients. For that purpose, we looked at normalized power variance
(NPV) of EEG waves, calculated by NAT analysis, as NPV is thought to
sensitively reflect the phase-instability of cortical electrical activity
(Aoki et al., 2013; Chen et al., 2012). In a previous study, by using
EEG and Neuronal Activity Topography (NAT) analysis in epilepsy,
we could demonstrate the high sensitivity of this method to
visualize the instability of cortical electrical activity at the seizure
onset zone in the pre-ictal phase and its stabilization during
transition to the ictal phase (Aoki et al., 2013). We hypothesized
that the EEG phase-instability is related to functional impairment
and that NPV decreases and increases after CSF drainage in iNPH
patients reflects functional recovery and worsening, respectively.
This would indicate that NAT analysis of CSF tapping data may be
useful to predict clinical response to CSF removal.
2. Methods

2.1. Subjects

Patients with right handed possible iNPH were consecutively
recruited from the neuropsychological clinic at the Department of
Neuropsychiatry of Osaka University Hospital from November 2004 to
June 2013.

The inclusion criteria were (1) age N 60 years; (2) at least one
symptomof the triad: gait disturbance, cognitive impairment and urinary
disturbance; (3) dilated ventricles and narrowed CSF space at the high
convexitywithout severe cortical atrophy onMRI; (4) absence of diseases
or conditions that could cause the clinical symptoms or radiological
findings; (5) no apparent preceding disorders causing secondary NPH
such as tumor, subarachnoid hemorrhage or meningitis; (6) normal
CSF contents and pressure at lumbar puncture (b200 mm H2O), and
(7) right handedness. Exclusion criteria were (1) comorbidities of
psychiatric ormotor disorders such as Alzheimer's disease, schizophrenia
and Parkinson's disease, where the comorbidity of Alzheimer's disease
was defined in this study by the fact that severe preceding memory
impairment existed (Ogino et al., 2006), and by a higher Alzheimer
index (N3438) evaluated by measuring amyloid beta and tau protein
in CSF (Kanai et al., 1998) and (2) the shortage of 500-s artifact free
epochs in the EEG recordings. Finally, twenty four iNPH patients were
included in the study for analysis.

This study followed the clinical study guidelines of the Ethics
Committee of Osaka University Hospital and was approved by the
Internal Review Board. Written informed consent was obtained from
the patients or their families.
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2.2. Assessment of CSF tap outcome

2.2.1. CSF tap test
In the CSF tap test, 30 ml of CSF was removed by lumbar puncture

with a 19 gauge or larger needle (CSF tapping). Because the speed of
clinical recovery is different for each iNPH symptom (clinical recovery
lasts about 10 days after CSF tapping) and also varies across subjects,
the symptom triad was evaluated before, 1 day after, and 1 week after
CSF tapping. Gait disturbance and cognitive impairment were assessed
by following tests (see below). Urinary incontinence was excluded from
clinical evaluation due to low reliability as the frequency of urination
was sometimes self-reported. CSF tapping was judged as positive if at
least one symptom had clinical improvement at either 1 day or 1week
after CSF tapping; otherwise it was judged as negative. Accordingly, the
patients were classified as CSF tap responders or nonresponders.

2.3. Gait assessment

Gait disturbance was measured by the 3m Timed Up and Go (TUG)
test (Podsiadlo and Richardson, 1991), 10-meter reciprocating walking
test (WT), and Gait Status Scale (GSS). In the TUG, the time a subject
sitting in a chair takes to stand up, walk 3m, walk back to the chair and
sit down was measured. In the WT, the time a subject takes to walk
forward 10 m and return to the starting position was measured. These
tasks were performed as fast as the subject felt safe. In the GSS, eight
features of the gait disturbance were assessed: postural stability (the
score ranges from 0 to 4), independence of walking (0–2), wide based
gait (0–1), lateral sway (0–2), petit-pas gait (0–2), festinating gait (0–
2), freezing of gait (0–2), and disturbed tandem walking (0–2); higher
scores indicate greater severity. The thresholds of walking tests were
set at 10% improvement in the TUG and WT, and 1-point improvement
in the GSS based on results of sensitivity and specificity for predicting
shunt outcome derived from previous studies (Agren-Wilsson et al.,
2007; Kubo et al., 2008). Improvement above those thresholds in all
walking tests was identified as clinical improvement in gait.

2.4. Cognitive assessment

Cognitive impairment was assessed with the Mini-Mental State
Examination (MMSE), Frontal Assessment Battery (FAB), Trail Making
Test Part A (TMT-A), Wechsler Memory Scale-Revised (WMS-R)-
Attention/Concentration Index, and Wechsler Adult Intelligence Scale-
III (WAIS-III)-Block Design, -Digit Symbol Coding. The scores of WAIS-
III subtests were age-corrected (scaled score). The thresholds of the
cognitive tests were set at 4, 2 points, 30%, 15, 3, and 3 points based
on previous articles (Abe et al., 2004; Ogino et al., 2006; Takagi et al.,
2002; Thomas et al., 2005). Improvement above these thresholds in
more than half of the cognitive tests was identified as clinical
improvement in cognition.

2.5. Assessment of shunt outcome

Shunt operation was performed in the Department of Neurosur-
gery of Osaka University Hospital. Gait disturbance and cognitive
impairment were evaluated before 1, 3, 6 months after, and 1 year
after shunt operation in the same way. Shunt operation was judged as
positive if at least one symptom had a clinical improvement at either
1, 3, 6 months after or 1 year after shunt operation; otherwise it was
judged as negative. Accordingly, the patients were classified as shunt
responders or nonresponders.

2.6. EEG recording and data acquisition

Subjects underwent EEG recording in a resting state, eyes closed
condition for about 20 min before and two to seven days after CSF
tapping. Prior to each recording, subjects were instructed to relax but
stay awake. During the EEG sessions, the vigilance statuswasmonitored
by visual inspection of EEG traces: drowsiness was avoided by giving
instructions once again. Spontaneous brain electrical activity was
recorded with a 19-channel EEG system (EEG-1000/EEG-1200, Nihon
Kohden, Inc., Tokyo, Japan) filtered with a frequency band of 0.53 to
120Hz, sampled at 500Hz.

EEG electrodes were positioned according to the International 10–
20 system (i.e., Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4,
T5, T6, Fz, Cz, Pz) using a linked ears reference. Impedance was kept
below 5 kΩ. Neuroworkbench software (Nihon Kohden, Inc., Tokyo,
Japan) was used for visual inspection of the EEG recordings andmanual
selection of samples. For each subject, 500-s artifact-free, awake,
resting-state segments were randomly selected. We carefully avoided,
using the ear reference montage, particular epochs containing ocular
movements, baseline shifts, drowsiness signs (i.e., emergence of slow
wave activity with suppression of alpha rhythm), andmuscle or cardiac
contamination, so that reliable estimates of brain function in the steady
state under awake, resting condition could be obtained. Finally, power
spectral analysis was performed using the QP-220ANeuromap software
(Nihon Kohden, Inc., Tokyo, Japan), and NAT analysis using the NAT
analysis system provided at Brain Functions Laboratory, Inc., Yokohama,
Japan.

2.7. Power spectral and NAT analyses

All electrodes were re-referenced to an average reference (i.e.,
a mean value of the 19 recorded potentials) for power spectral and
NAT analyses. Power values of the EEG time-series data were calculated
as the square of the amplitude of the EEG signal for each frequency
band. Then, NPV was calculated in every segment of 2.56-s for each of
the 19 recorded potential sequences, where NPV was defined as the
variance of the power divided by the squared mean power to obtain
relative values comparable among the different subjects. The output of
the NAT analysis program was a z-score spatial distribution map,
which shows how much the observed NPV values deviate from the
mean NPV values of healthy controls in unit of its standard deviation
(Musha and Matsuzaki, 2009). The healthy controls included in the
NAT analysis program (N = 52, 71.5 ±8.4 years old, 27 men, 25
women) had normal results in the Mini-Mental State Examination
(MMSE), Clinical Dementia Rating (CDR), and magnetic resonance
imaging (MRI), and no history of neurological or psychiatric disorders.
Musha et al. (2013) reported that NAT analysis could discriminate MCI
patients which later developed Alzheimer's disease from healthy
controls with a small false positive rate of 15%.

In this study, the NPV time fluctuations were smoothed using a
moving average filter method. The NPVs of 2.56-s EEG segments were
calculated at 0.64-s steps for 500 s EEG segment as illustrated in Fig. 1.
Then, all NPVs were averaged and the stationary mean NPV values
were obtained for each subject. All analyses in our study were
performed for five frequency bands: delta (2–4 Hz), theta (4–8 Hz),
alpha (8–13Hz), beta (13–30Hz), and gamma (30–40Hz).

2.8. Statistical group analysis

The changes in NPV or EEG power at each electrode site for each
frequency band between before and after CSF tapping were assessed
by Paired Student t-test. The level of significance was set at P b 0.05
(uncorrected). In order to find EEG indexes that reflect brain functional
changes, the correlations between the NPV or EEG power changes at
each electrode site for each frequency band and clinical changes in
gait and cognition scores were assessed by Pearson's correlation
analysis with the significance level set at P b 0.01 (uncorrected) to
reduce false negatives. These results were uncorrected for multiple
comparisons, thus validity of each significant change in NPV and EEG
power or significant correlationwas explained in the Discussion section.



Fig. 1.Moving average filtermethodwas used to calculate the NPV. TheNPVs of 2.56-s EEG segmentswere calculated advancing at 0.64-s steps for 500s EEG segment. Then, all NPVswere
averaged. Top line represents EEG time course, while lower lines represent 2.56-s EEG segments.
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3. Results

3.1. Demographic and clinical results

We classified shunt responders as “responders” and shunt
nonresponders or CSF tap nonresponders as “nonresponders”. The
mean age of the 11 responders (5 men and 6 women) was 76 ± 4.6
(SD), and that of the 13 nonresponders (8 men and 5 women) was
77±6.0 (SD). Therewere nodifferences in age and sex between groups.
The clinical data are shown in Table 1.

In 11 responders, two patients had a positive response in gait
function to both CSF tapping and shunt operation. The other nine
patients had a negative response to CSF tapping, although they showed
improvements in some item scores. Subsequently, they underwent
shunt operation, showing a positive surgical response in gait function.
In 13 nonresponders, 11 patients showed a negative response to CSF
tapping and did not undergo shunt operation. Two patients, how-
ever, despite having a negative response to CSF tapping showed
Table 1
Cognitive and gait function test scores before and after CSF tapping.

Test Responders Nonresponders

Before
tapping

After
tapping

Before
tapping

After
tapping

TUG 16.9± 9.1 13.6± 8.7⁎⁎ 14.7± 3.7 13.8± 3.6⁎

WT 26.2± 12.2 23.9± 12.2 24.2± 7.9 23.4± 8.7
GSS 5.8± 3.8 5.3± 3.8 4.5± 3.6 4.2± 3.5
MMSE 20.5± 4.5 22.0± 3.3⁎ 22.9± 3.6 24.5± 3.9⁎⁎

FAB 10.7± 3.9 11.4± 3.3 11.6± 3.2 12.0± 3.0
TMT-A 151± 130 112±90 152±94 136±96
WMS-R_ Mental Control 2.4± 1.6 3.2± 1.1 3.6± 1.0 3.6± 1.1
WMS-R_ Attention/
Concentration index

77.5± 12.7 79.5± 7.8 87.6± 10.6 88.1± 11.7

WAISIII_Digit
Symbol-Coding

5.4± 2.1 6.0± 2.1 6.6± 3.5 6.7± 3.0

WAISIII_ Block Design
(Scaled Score)

5.4± 1.1 5.9± 1.5 6.9± 3.8 7.1± 4.6

Data aremean±SD. TUG; 3mTimedUp andGo,WT; 10-meter reciprocatingwalking test,
GSS; Gait Status Scale, MMSE; Mini-Mental State Examination, FAB; Frontal Assessment
Battery, TMT-A; Trail Making Test Part A, WMS-R; Wechsler Memory Scale-Revised,
WAISIII; Wechsler Adult Intelligence Scale-III.
⁎ Significant improvement in cognitive and gait function test scores (p b 0.05).
⁎⁎ Significant improvement in cognitive and gait function test scores (p b 0.01).
improvements in some item scores, and subsequently underwent
shunt operation, showing a negative surgical response.

3.2. Power analysis results

There were significant differences in theta and gamma EEG power
after CSF tapping in nonresponders. These differences were observed
in two frontal lobe regions. However, there was no correlation with
functional changes (Tables 2 and 3). Pearson's correlation analysis for
EEGpower in all frequency bands and electrode sites in all iNPHpatients
showed several significant correlations between power changes and
brain functional changes but not at frontal electrode sites (Table 3).

3.3. NAT analysis results

The significant NPV differences before and after CSF Tapping in
responders and nonresponders in each frequency band are listed in
Table 4. Responders had a decrease in alphaNPV over themedial frontal
cortex (FC) (Fz) after CSF tapping, while nonresponders had an increase
in alphaNPVover right dorsolateral prefrontal cortex (DLPFC) (F8) after
CSF tapping. Maps of alpha NPV results before and after CSF tapping and
the statistical difference between conditions in responders and
nonresponders are shown in Fig. 2. Pearson's correlation analysis for
NPVs in all frequency bands and electrode sites in all iNPH patients
found association between CSF tapping-related changes in NPVs and
clinical changes. In particular, delta and alpha NPV changes in the left-
dorsal FC (delta and alpha-F3-NPV) after CSF tapping correlated with
GSS (r= 0.66, p= 0.0004; r= 0.55, p= 0.005). In addition, alpha and
beta NPV changes in the right-anterior prefrontal cortex (PFC) (alpha
and beta-Fp2-NPV) (r = 0.62, p = 0.001; r = 0.58, p = 0.003) and the
left DLPFC (alpha and beta-F7-NPV) (r=0.54, p=0.006; r=0.55, p=
0.005), as well as alpha NPV changes in the medial FC (alpha-Fz-NPV)
(r=0.55, p=0.004) correlated with WT. Moreover, alpha NPV changes
Table 2
EEG power changes before and after CSF tapping.

Nonresponders Mean NPV Mean difference p-Value

NPV at band-electrode Before tapping After tapping

Theta-Fp1 12.6 9.35 −3.3 0.015
Gamma-F8 0.65 0.89 0.23 0.036



Table 3
Pearson's correlation coefficients between EEG power changes and functional score
changes of gait and cognition induced by CSF tapping in all patients.

All iNPH patients Test Correlation coefficient p-Value

Theta-Cz GSS 0.60 0.002
Theta-Pz TUG 0.60 0.002
Alpha-C3 TUG 0.52 0.008
Beta-C4 MMSE 0.65 0.001
Beta-Pz FAB −0.54 0.006

GSS; Gait Status Scale, TUG; 3mTimedUpandGo,MMSE;Mini-Mental State Examination,
FAB; Frontal Assessment Battery.
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in the right DLPFC (alpha-F8-NPV) after CSF tapping correlated with
WMS-R_Mental Control scores (r=−0.52, p=0.008) (Table 5, Figs. 3–5).

As functional improvement following CSF tapping and shunt
operation mainly occurred in gait domain, we combined gait-related
NPV changes induced by CSF tapping (Δalpha-F3-NPV, Δalpha-Fz-
NPV), where NPV decreases and increases after CSF removal indicated
functional recovery and worsening, respectively. Thus, we set the
threshold Δalpha-F3-NPV+ Δalpha-Fz-NPV= 0. Using this additional
analysis, we could correctly identify “shunt responders” and “shunt
nonresponders” with a positive predictive value of 100% (10/10) and a
negative predictive value of 66% (2/3) (Fig. 6).

4. Discussion

In the present study, we used NAT analysis, which is highly sensitive
to instability of cortical electrical activity, to identify functional
correlates of CSF tapping response in patients with iNPH. We found
that NPV changes associated with clinical outcome, in particular gait
and cognitive changes after CSF tapping. The main findings were that:
(1) responders had a decrease in alpha NPV at the medial FC (Fz) after
CSF tapping, (2) nonresponders had an increase in alpha NPV at the
right DLPFC (F8) after CSF tapping, (3) delta and alpha NPV changes in
the left-dorsal FC (F3) correlated with clinical outcome of gait status,
and (4) alpha and beta NPV changes in the right anterior PFC (Fp2)
and left DLPFC (F7) as well as alpha NPV changes in the medial FC
(Fz) correlated with clinical outcome of gait velocity. Furthermore, (5)
alpha NPV changes in the right DLPFC (F8) correlated with clinical
outcome of WMS-R Mental Control scores in these patients.

Our NAT analysis findings [the main finding (1) and (2)] revealed
that CSF tapping affected the cortical electrical activity in completely
different ways in responders and nonresponders. In particular, medial
frontal cortical electrical activity in alpha frequency band became
stabilized (NPV decreased) in responders. In contrast, right dorsolateral
prefrontal electrical activity in this frequency band became destabilized
(NPV increased) in nonresponders (Fig. 2).

A striking finding of our analyses [the main finding (3) and (4)] is
that the improvement and worsening in gait scores (i.e., gait velocity
and gait status) induced by CSF tapping manifested as decreases and
Table 4
NPV changes between before and after CSF tapping.

NPV at band-electrode Mean NPV Mean difference p-Value

Before tapping After tapping

Responders
Theta-Fp1 −0.0026 −0.45 −0.45 0.013
Alpha-Fz 0.037 −0.28 −0.32 0.030
Beta-P4 −0.24 −0.40 −0.15 0.047
Beta-T4 0.33 −0.047 −0.38 0.023
Gamma-T3 1.0 0.64 −0.44 0.022

Nonresponders
Delta-Fz 0.20 0.51 +0.31 0.024
Alpha-F8 −0.56 −0.25 +0.30 0.027
Alpha-T5 −0.69 −0.062 +0.63 0.0073
Gamma-C3 0.30 0.010 −0.29 0.031
increases in alpha NPV, respectively. The findings of left-dorsal and
medial frontal cortex engagement in gait improvement by CSF tapping
are consistent with those of an fMRI study demonstrating that the left
dorsal premotor cortex and bilateral SMA showed enhanced activation
after a three-day continuous CSF drainage during hand motor task
performance in right handed iNPH patients (Lenfeldt et al., 2008).
Cortical regions subserving gait in humans have often been examined
using fMRI and SPECT. These techniques, however, are associated with
movement limitation, and subjects cannot walk inside the scanner.
Wang et al. (2008) used fMRI with a walking video clip task in an
egocentric perspective, which evoked mirror neuron system and
walking imagery. They found that the observation of walking video
clips activated the left dorsal premotor cortex, SMA and bilateral
primary motor cortex in right-handed healthy subjects. Interestingly,
bilateral SMA lesions have been reported in association with freezing
and festination of gait (Della Sala et al., 2002), and lesions involving
the premotor cortex have also been linked to freezing of gait when
turning or negotiating narrow passages (Nutt et al., 1993). Others
have found that intentional control of actions including gait engaged
the left DLPFC (Frith et al., 1991; Hyder et al., 1997; Malouin et al.,
2003). Together, these findings suggest that the SMA, the left dorsal
premotor cortex, bilateral primary motor cortex and the left DLPFC are
involved in human gait control of right handed healthy subjects. And
that in addition to these cortical regions activated in healthy subjects
during gait, there is recruitment of the anterior PFC in gait impaired
patients (Caliandro et al., 2012). Further support to this view comes
from fMRI evidence that patients with freezing of gait in Parkinson's
disease employ right anterior PFC together with motor-related areas
during continuous bimanual movements (Vercruysse et al., in press).
Overall, our findings support and extend the notion that the cortical
areas implicated in gait function in iNPH patients include: the left dorsal
premotor cortex for gait status, and SMA, left DLPFC and right anterior
PFC for gait velocity. NPV changes reflecting these gait functions were
also seen in responders and nonresponders [the main finding (1)],
although the some differences before and after CSF tapping did not
reach statistical significance [alpha NPV decrease tendency at left-
dorsal FC (F3) in responders (p = 0.085) and alpha NPV increase
tendency at the medial FC (Fz) (p=0.097) in nonresponders].

Like the clinical outcome of gait function, the improvement and
worsening in WMS-R_Mental Control induced by CSF tapping also
manifested as decrease and increase in alpha NPV, respectively,
specifically in the right DLPFC [the main finding (5)]. The WMS-
R_Mental Control includes three subtests: counting backward from 20
to 1, reciting the alphabet, and adding serial 3's. We found that in
these subtests, counting backward test score mainly correlated with
changes in alpha NPV at the right DLPFC (r=−0.50, p= 0.011). The
counting backward test from 20 to 1 is supposed to represent a
suppression of overlearned response (i.e., counting forward). Kanno
et al. (2012) reported that the first error score of counting backward
test discriminated iNPH from AD patients with a sensitivity of 80% and
a specificity of 85%, highlighting that deficits in suppression of
overlearned response are one of the main cognitive characteristics of
iNPH. Although this differs from previous findings that the left DLPFC
is involved in the suppression of overlearned response in healthy
subjects (Knoch et al., 2005), recruitment of the right DLPFC was
frequently seen during a left DLPFC activation task (i.e., encoding) in
high performance aged subjects. A possible interpretation of this result
was that high performance aged subjects counteract age-related
neuronal decline by reorganizing brain functional networks (Manenti
et al., 2011). We can speculate that similar reorganization of brain
functional networks may occur in iNPH patients.

Taken together, these findings suggest that gait and cognition-related
NPV changes affect the frontal lobe. In support to this view, accumulating
results from previous studies have led to the assumption that frontal lobe
dysfunction may cause iNPH symptoms, as frontal lobe tests (FAB and
TMT-A) were markedly impaired in iNPH patients (Saito et al., 2011).



Fig. 2.Alpha bandNPV in responders (upper row) and nonresponders (lower row) before CSF tapping (left), after CSF tapping (center) and the statistical difference that is t-value between
them (right). Responders have medial frontal (Fz)-alpha NPV decrease after CSF tapping, while nonresponders have right-dorsolateral prefrontal (F8)-alpha NPV increase.
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Although therewas rCBF reduction in broad cortical areas, this dysfunction
was more prominent in fronto-temporal regions (Kristensen et al., 1996)
and FAB score, which assess frontal lobe dysfunction, significantly
correlated with WT before CSF tapping. This support the notion that gait
impairment is caused by frontal lobe dysfunction (Miyoshi et al., 2005).

Although power analysis before and after CSF tapping revealed some
significant EEG power changes after CSF tapping, this activity showed
no correlation with clinical changes. Also, Pearson's correlation analysis
for EEG power in all frequency bands and electrode sites showed some
significant correlations with functional changes but, their locations
(central and parietal electrode site) were inconsistent with the fron-
tal lobe dysfunction assumption. It is likely that these significant
correlations of EEG power (p b 0.01, uncorrected) might be associated
with false positives, as analyses were repeated 950 times for all
frequency bands, electrode sites and for gait and cognitive tests. Overall,
our findings suggest that EEG power did not reflect functional changes
induced by CSF tapping. Likewise, additional NPV changes shown in
Table 5
Pearson's correlation coefficients between NPV changes and functional score changes of
gait and cognition induced by CSF tapping in all patients.

All iNPH patients Test Correlation coefficient p-Value

Delta-F3 GSS 0.66 0.0004
Delta-C4 WT 0.55 0.005
Alpha-Fp2 WT 0.62 0.001
Alpha-F3 GSS 0.55 0.005
Alpha-F7 WT 0.54 0.006
Alpha-F8 WMS-R_ Mental Control −0.52 0.008
Alpha-Fz WT 0.55 0.004
Beta-Fp2 WT 0.58 0.003
Beta-P3 FAB 0.52 0.009
Beta-F7 WT 0.55 0.005
Gamma-C4 GSS 0.57 0.004
Gamma-Cz WMS-R_ Mental Control 0.65 0.0006

GSS; Gait Status Scale, WT; 10-meter reciprocating walking test, FAB; Frontal Assessment
Battery, WMS-R; Wechsler Memory Scale-Revised.
Table 4, in particular theta-Fp1, beta-P4, beta-T4 and gamma-T3 activity
in responders, and delta-Fz, alpha-T5 and gamma-C3 in nonresponders
did not correlate with functional changes. Furthermore, other NPV
correlations involving specifically delta-C4, beta-P3, gamma-C4 and
gamma-Cz in Table 5 were not in line with a frontal lobe dysfunction
assumption. Thus, we can also assume that these additional NPV
changes, not previously described among our main study findings, are
not associated with functional changes induced by CSF tapping.

In this study, functional improvement induced by CSF tapping or
shunt operation occurred mainly in the gait domain but not in the
cognitive domain. This tendency was also seen in previous reports of a
predominant gait function recovery, sometimes accompanied by
cognitive deterioration after shunt operation (Koivisto et al., 2013). In
gait domain, TUG was more improved than WT as shown in Table 1.
Thismay be because TUG,which requires standing and seating, depends
on various gait factors and their synergistic effect led to a reduction of
walking time. On the other hand, WT depends mainly on gait velocity.
Fig. 3. Scatterplots of significant correlations between difference of alpha-F3-NPV and
difference of Gait Status Scale (GSS) before and after CSF Tapping (r= 0.55, p = 0.005).
Decrease/increase of the alpha NPV at left-dorsal prefrontal cortex (F3) indicates
improvement/worsening in gait status by CSF tapping.



Fig. 4. Scatterplots of significant correlations between difference of alpha-Fz-NPV and
difference of 10-meter reciprocating walking test (WT) before and after CSF Tapping
(r = 0.55, p = 0.004). Decrease/increase of the alpha NPV at medial frontal cortex (Fz)
indicates improvement/worsening in gait velocity by CSF tapping.

Fig. 6. Scatterplots of differences in alpha-Fz-NPV (Δalpha-Fz-NPV) and differences in
alpha-F3-NPV (Δalpha-F3-NPV) before and after CSF tapping. We could correctly identify
“shunt responders (red circle and yellow circle)” and “shunt nonresponders (dark blue
cross)” with a positive predictive value of 100% (10/10) and a negative predictive value
of 66% (2/3) with the threshold of Δalpha-F3-NPV+Δalpha-Fz-NPV=0.
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Therefore, correlation of the NPV changes with WT instead of TUGmay
indicate that NPV reflects a functional element rather than functional
structure of elements.

It is noteworthy that the significant functional changes in our study
affected the delta, alpha and beta frequency bands. Consistent with our
results, many functional resting state networks were detected in the
alpha and beta frequency band in EEG or MEG studies (Brookes et al.,
2011; de Pasquale et al., 2010; Mantini et al., 2007). Our results suggest
that resting state cortical electrical activity in alpha frequency band is
strongly associated with overlearned response suppression, subserved
by the right DLPFC, and with gait function in the left dorsal premotor,
left DLPFC, right anterior PFC and SMA. This is consistent with the role
of alpha frequency band in the neuronal mechanisms of attention and
top-downmodulation (Palva and Palva, 2007). Our results also suggests
that resting state cortical electrical activity in beta frequency band in
prefrontal cognitive control areas (Abe and Hanakawa, 2009; Kovach
et al., 2012), specifically with the left DLPFC and right anterior PFC is
strongly associated with gait function. This supports the role of beta
frequency band in the neuronal mechanisms of top-down modulation
(Arnal et al., 2011). Furthermore, our results suggest that resting state
cortical electrical activity in delta frequency band in the left dorsal FC
is strongly associated with gait function. This is consistent with EEG
reports on connectivity using fingermoving videos and amirror neuron
system paradigm, showing that motor areas including the premotor
cortex had synchronization in delta and alpha frequency bands induced
by related to finger movement (Holz et al., 2008).

As we have discussed, NAT analysis revealed the cortical areas
responsible for clinical and functional impairments in iNPH, which
may contribute to further understanding the mechanisms underlying
iNPH pathophysiology. Overall results highlight the importance of the
Fig. 5. Scatterplots of significant correlations between difference of alpha-F8-NPV and
difference of WMS-R_Mental Control before and after CSF Tapping (r = −0.52, p =
0.008). Decrease/increase of the alpha NPV at right-dorsolateral-prefrontal cortex (F8)
indicates improvement/worsening in response suppression by CSF tapping.
normalized variance of EEG power activity, namely NPV, in the
identification of brain responses to CSF tapping and shunt operation. A
decrease in NPV, which is thought to reflect a stabilization of cortical
electrical activity, appears to represent a neurophysiological marker of
cortical functional recovery after CSF drainage. An increase in NPV,
however, which is likely associated with the destabilization of cortical
electrical activity, may potentially indicate cortical functional im-
pairment. Thus, these results confirm our working hypothesis.

This is the first study demonstrating that, unlike othermethods such
as SPECT, fMRI and EEG power spectral analysis that have been used to
explore changes in brain activity induced by CSF tapping, NAT analysis
can detect CSF tapping-related changes in brain activity associated
with clinical outcome in iNPH patients. This is related to the fact that
EEG directly relates to cortical electrical activity with a high temporal
resolution and that NPV is particularly sensitive to the transition of
cortical electrical activity. Although there are some other recently
developed EEG methods which are connectivity (Fonseca et al., 2013),
complexity (Mizuno et al., 2010) microstate (Nishida et al., 2013) and
dimension analysis (Kouzuki et al., 2013), NAT analysis can more
sensitively detect instability of cortical electrical activity prior to phase
transition onset because theoretical model showed that NPV diverges
to infinity as state approaches a phase transition point (Chen et al.,
2012). Therefore, we selected NAT analysis to detect cortical activity
changes in iNPH patients. However, the relationship of NAT with other
EEG methods in neuropsychiatric diseases has not been clarified and
further studies are needed.

Our results should be interpreted with caution based on the
following limitations. First, our results were uncorrected for multiple
comparisons. However, our main findings of NPVs correlating with
clinical changes are consistent with neuroimaging findings of cortical
functions, the role of each frequency band in cortical electrical
oscillations and the notion of frontal lobe dysfunction proposed by
previous iNPH studies. Therefore, we may assume that the EEG index
(NPV) is a reliable measure of brain functional changes. Second, the
sample size of shunt nonresponders was small. Although the small
sample size of shunt nonresponders is due to the high positive
predictive value of CSF tap test, which causes uncertainty of thenegative
predictive value of theNAT analysis (66%). So, further study is needed to
determine the accurate predictive value of the NAT analysis by
accumulating subjects. Third, NAT analysis program, which is EEG
electrode-based without source localization method, has a limited
anatomical specificity. Therefore, we estimated the corresponding
cortical area of each electrode site based on rCBF findings in iNPH
patients and neuroimaging findings of cortical functions. However, in
support to our estimation of cortical correspondence, SMA epilepsy
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tends to show spike foci at Fz electrode (Aoki et al., 2013; Blume and
Oliver, 1996; Canuet et al., 2008) and N30 cortical component of the
somatosensory evoked potentials of median nerve, whose main power
sources were estimated in the right dorsal premotor cortex by LORETA
source localization method, had a maximum amplitude at F4 electrode
(Cebolla et al., 2011).

5. Conclusion

NAT analysis is a sensitive and objective method to reliably detect
changes in cortical functions induced by CSF tapping in iNPH patients.
Based on these findings, it is promising that NAT analysis can be used
as a powerful tool in assessing cortical functional changes in
neuropsychiatric diseases such as dementia and head injury. The
combination of CSF tapping and NAT analysis can correctly discriminate
shunt responders and shunt nonresponders in iNPH patients. Thus, NAT
results may potentially predict the effectiveness of shunt operation in
patients suffering from this condition, which has important therapeutic
implications.
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