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Abstract
To date, electroencephalogram (EEG) has been used in the diagnosis of epilepsy, dementia, and disturbance of consciousness via
the inspection of EEG waves and identification of abnormal electrical discharges and slowing of basic waves. In addition, EEG
power analysis combined with a source estimation method like exact-low-resolution-brain-electromagnetic-tomography
(eLORETA), which calculates the power of cortical electrical activity from EEG data, has been widely used to investigate cortical
electrical activity in neuropsychiatric diseases. However, the recently developed field of mathematics “information geometry”
indicates that EEG has another dimension orthogonal to power dimension — that of normalized power variance (NPV). In addi-
tion, by introducing the idea of information geometry, a significantly faster convergent estimator of NPV was obtained. Research
into this NPV coordinate has been limited thus far. In this study, we applied this NPV analysis of eLORETA to idiopathic normal
pressure hydrocephalus (iNPH) patients prior to a cerebrospinal fluid (CSF) shunt operation, where traditional power analysis
could not detect any difference associated with CSF shunt operation outcome. Our NPV analysis of eLORETA detected signifi-
cantly higher NPV values at the high convexity area in the beta frequency band between 17 shunt responders and 19 non-
responders. Considering our present and past research findings about NPV, we also discuss the advantage of this application
of NPV representing a sensitive early warning signal of cortical impairment. Overall, our findings demonstrated that EEG has
another dimension — that of NPV, which contains a lot of information about cortical electrical activity that can be useful in
clinical practice.
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Introduction

Electroencephalogram (EEG) noninvasively measures brain
cortical electrical activity at a high sampling rate
(500-1000 Hz) via electrodes placed on the scalp. In the cere-
bral cortex, neurons connect with other surrounding neurons
via synapses and collectively give rise to electrical activity,
which can be detected as EEG waves by these electrodes.
Hans Berger, a German psychiatrist, first recorded human
EEG in 1924 and dedicated many years to his studies before
proving that EEG stems from brain electrical activity, rather
than artifacts.1 Finally, EEG gained widespread recognition
and visual inspection of EEG waves has been used to support
diagnoses of epilepsy, dementia, and disturbance of conscious-
ness ever since. Owing to its high temporal resolution (1-2 mil-
liseconds), EEG contains a large amount of information about
cortical electrical activities. However, most of this information
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cannot be identified by visual inspection and, therefore, it is
necessary to use various analysis methods (as outlined below)
to extract it. Electrical activities are generated from each cere-
bral cortex and their linear mixture is captured by the electrodes
on the scalp. So, it is necessary to estimate cerebral electrical
activity from the EEG waves by solving a linear inverse
problem. More specifically, discrete Fourier transform is
applied, such that the EEG data recorded on electrodes are
transformed into electrode position× frequency data. The
linear inverse problem is then solved by multiplying this data
by a spatial filter matrix, thereby achieving conversion of the
electrode position× frequency data into cerebral cortex posi-
tion× frequency data (source estimation method).2,3 Exact low-
resolution brain electromagnetic tomography (eLORETA) is a
source estimation method that can reconstruct cortical electrical
activity from EEG data with correct localization.2,4–6 Therefore,
power analysis with eLORETA has been widely used, provid-
ing valuable results in neuroimaging studies.4,7–9

Approaching EEG analysis from a different mathematical
perspective, the cortical electrical activity approximately
follows a specific type of probability distribution (namely,
gamma distribution),10 so EEG analysis can be considered
from the point of view of “information geometry”. This recently
developed mathematical field allows a probability distribution
to be assigned to a Riemannian manifold equipped with a
metric tensor, facilitating the investigation of probability distri-
butions by means of geometry.11 Information geometry indi-
cates that cortical electrical activity has two orthogonal
dimensions, namely, normalized power variance (NPV) and
Power — and we can calculate a metric tensor and distance
between probability distributions in these dimensions (NPV
and Power) on the Riemannian manifold.12 In addition, by
applying a maximum likelihood estimation technique, a closed-
form estimator of NPV was obtained, which converges to the
true value significantly faster than is the case with a classical
moment estimator.13

From the point of view of thermal and statistical physics,
NPV sensitively reflects the instability of cortical electrical
activity and can be an early warning signal of phase transition
of the cortical electrical activity from the healthy state to the
disease state.14 In previous studies, we applied the moment esti-
mator of NPV to EEG data in epilepsy and showed the high
sensitivity of NPV with regard to the instability of cortical elec-
trical activity at the epileptogenic electrode in the pre-seizure
period and its stabilization after phase transition to the seizure
period.15 We also applied the moment estimator of NPV to
eLORETA source estimated data in patients of idiopathic
normal pressure hydrocephalus (iNPH) prior to a cerebrospinal
fluid (CSF) shunt operation. Our results indicated that there was
a significant difference between shunt responders and non-
responders appearing in NPV at the high-convexity area in
the beta frequency band, but not in Power of eLORETA.16

In the present study, using information geometry, we dem-
onstrated that the cortical electrical activity has another dimen-
sion —that of NPV— in addition to the Power dimension

(as outlined in Methods). Traditional neuroimaging techniques
such as fMRI, SPECT, and EEG power analysis only measured
information in the Power dimension. We therefore explored
whole dimensions (NPV and Power) of eLORETA cortical elec-
trical activity using the closed-form estimator in iNPH patients
prior to a CSF shunt operation and aimed to find presurgical dif-
ferences in cortical electrical activity that associated with the
CSF shunt operation outcome — a feat that traditional neuroim-
aging techniques have failed to achieve.16,17 Our findings indi-
cate that NPV analysis represents a new field in EEG analysis,
providing a great deal of useful information to be used in clinical
practice and facilitating greater understanding of the mechanisms
of neuropsychiatric diseases.

Methods

Subjects

Right-handed definite and probable iNPH patients were consec-
utively recruited from the Neuropsychology Clinic at the
Department of Psychiatry in Osaka University Hospital.
The iNPH patients underwent a CSF shunt operation at the
Department of Neurosurgery in Osaka University Hospital
between April 2010 and February 2021. The inclusion and
exclusion criteria for definite and probable iNPH patients com-
plied with Japanese diagnostic criteria for iNPH (further details
can be found in our previous study).18 All of the included
patients showed the morphological feature of a disproportion-
ately enlarged subarachnoid-space hydrocephalus on head
MRI findings, as defined in Japanese diagnostic criteria for
iNPH.17 CSF tap test and the CSF shunt operation were per-
formed in accordance with the Japanese Clinical Guidelines
for iNPH.17

Out of 47 patients who met the inclusion criteria, three
patients were excluded due to comorbidity of Parkinson’s
disease or parkinsonian syndrome; two patients due to long-
standing overt ventriculomegaly on head MRI findings; five
patients due to the lack of 500-second (500-s) artifact-free seg-
ments; and one patient that did not complete the follow-up after
the CSF shunt operation. As a result, a total of 36 patients were
included in the present study.

This study was approved by the Ethics Committee of Osaka
University Hospital and written informed consent was obtained
from patients or their families.

Assessment of Gait and Cognition

Assessments of gait and cognition have already been described
in our previous study.18 Briefly, gait disturbance was assessed
by the Gait Status Scale-Revised (GSSR),19 the 10-metre recip-
rocating walking test (WT), and the 3-metre Timed Up and Go
(TUG) test.20 The thresholds of improvement were set at
1-point improvement in the GSSR and 10% improvement in
the WT and TUG. Improvement in all gait tests was considered
clinical improvement in gait.
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Cognitive impairment was assessed using the Frontal
Assessment Battery (FAB),21 Mini-Mental State Examination
(MMSE),22 Wechsler Adult Intelligence Scale-III
(WAIS-III)-Block Design, WAIS-III-Digit Symbol Coding,23

Wechsler Memory Scale-Revised (WMS-R)-Attention/
Concentration Index,24 and Trail Making Test Part A
(TMT-A).25 The improvement thresholds of the cognitive
tests were set at 2, 3, 3, 3, 15 points, and 30%, respectively.
Improvement in more than half of the cognitive tests was con-
sidered clinical improvement in cognition.

Assessment of CSF Shunt Operation Outcome

The method of assessment of the outcome of the CSF shunt
operation has already been described in our previous study.18

Briefly, gait and cognitive symptoms were evaluated 1 to 3
months before the CSF shunt operation — and again 1, 3, 6
months and 1 year after the operation. CSF shunt operation
outcome was deemed positive if gait or cognition had clinical
improvement at any time of postsurgical evaluations; other-
wise, it was deemed negative. Accordingly, the patients were
classified into responders and non-responders to the CSF
shunt operation. These classification criteria were stricter than
those of the Japanese Clinical Guidelines for iNPH17 as we
only selected those patients that had shown a significant
improvement in symptoms as shunt responders.18

EEG Data Acquisition

The EEG data acquisition, eLORETA and eLORETA-NPV
analysis procedures have already been described in detail in
our previous studies.4,16 Briefly, EEG data was recorded
during resting state with eyes closed for about 20 minutes 1
to 3 months before the CSF shunt operation, using a
19-electrode EEG system (EEG-1000/EEG-1200, Nihon
Kohden Inc., Tokyo, Japan) with a sampling rate of 500 Hz,
and filtered through a band-pass filter of 0.53–120 Hz. The sub-
jects were instructed to relax in the bed but stay awake. During
the EEG recordings, drowsiness was avoided by repeating the
instructions. Then, 500-s artifact-free segments were selected
offline by visual inspection for each patient, the band-pass
filter setting was changed to 1.6–60 Hz, and the segments
were imported into the eLORETA and eLORETA-NPV
analyses.

eLORETA and eLORETA-NPV Analyses

eLORETA is a linear weighted minimum norm inverse solution
which has the property of correct localization albeit with low
spatial resolution.2,3 The solution space consists of 6239
voxels in the cortical grey matter at 5 mm spatial resolution,
in a realistic head model26 with the MNI152 template.27 The
eLORETA method has been widely used to investigate cortical
electrical activities and it has been validated through studies of
neuropsychiatric diseases and human data during various

sensory stimulations.4–6,28,29 In the present study, eLORETA
and eLORETA-NPV analyses were performed in MATLAB
R2021a software. In these analyses, for each subject, 500-s
EEG data from 19 electrodes were re-referenced to the
average reference to reduce diffuse artifacts covering all elec-
trodes. EEG data were transformed into frequency data as elec-
trode position× time× frequency matrix by discrete Fourier
transform with rectangular window using time-frequency anal-
ysis (ft_freqanalysis) in Field Trip toolbox (http://www.
fieldtriptoolbox.org/) installed in the MATLAB software. The
frequency data were then transformed to the cortical electrical
current density data as cerebral cortex position× time× fre-
quency matrix by multiplying the spatial filter of eLORETA.
The spatial filter of eLORETA was calculated using the
MATLAB program written by author R. B., which followed
a technical instruction about eLORETA provided by author
R. D. P.-M.3 Finally, the cortical electrical activity was
obtained by squaring the cortical electrical current density
and averaging over the entire EEG segment. In
eLORETA-NPV analysis, NPV of cortical electrical activity
for each 4.6 s EEG segment was calculated and averaged
over the entire EEG segment, where NPV was defined as vari-
ance of cortical electrical activity divided by the square of mean
cortical electrical activity. The eLORETA and eLORETA-NPV
analyses were computed for five frequency bands: delta
(3.0-4.0 Hz), theta (4.5-7.0 Hz), alpha (7.5-13.0 Hz), beta
(13.5-29.5 Hz), and gamma (30.0-40.0 Hz).

Information Geometry About Cortical Electrical Activity

The cortical electrical activity at each cortical voxel in each fre-
quency band approximately follows gamma distribution.10

f (x) = 1

Γ(κ)θκ
xκ−1e−

x
θ for x > 0 κ, θ > 0

where Γ is a gamma function.

This gamma distribution is a probability distribution param-
eterized by a shape parameter κ and a scale parameter θ.
Interestingly, this shape parameter κ corresponds to 1/NPV.
Information geometry defines “Divergence”, which is a
weaker notion of distance between probability distributions,
as similar distributions have small divergence and different dis-
tributions have large divergence. According to the Divergence,
probability distributions are assigned to certain coordinates on
the Riemannian manifold, whose geometry is characterized
by a metric tensor. The metric tensor, which can be calculated
from the second derivative of log-normalizer, induces an inner
product space that allows us to measure lengths and angles
between tangent vectors. In our study, we selected mixed
parametrization of natural and dual parametrization as
(κ = 1

NPV , E(x) = κθ) where E(x) means expected value of
power. The metric tensor g of gamma distribution for this
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mixed parametrization is as shown below.

g =
ψ1(κ)−

1

κ
0

0
1

κθ2

⎡
⎢⎣

⎤
⎥⎦

where ψ1 is a trigamma function.11,12

Then, we can see that the inner product between the 1/NPV
parameter and the Power parameter is zero, which indicates that
mixed parametrization is orthogonal. This also indicates that
NPV itself and Power can be orthogonal on the Riemannian
manifold. However, with this parametrization (NPV, Power),
it is difficult to calculate Divergence manually, so we took
the parametrization of (1/NPV, Power) for the Divergence cal-
culation. Symmetrized Bregman Divergence between distribu-
tion p and q can be calculated from the metric tensor g as
follows:

Divergence =
∮xp
xq

dx g

⎛
⎜⎝

⎞
⎟⎠ · (xp − xq)

where xp, xq are coordinates of distribution p and q on the
Riemannian manifold.11

Thus, symmetrized Bregman Divergence between (κ1, κ1θ1)
and (κ2, κ1θ1) was calculated as:

Divergence (κ1, κ1θ1 ↔ κ2, κ1θ1)

= ψ(κ2)− ψ(κ1)+ log
κ1
κ2

[ ]
(κ2 − κ1)

where ψ is a digamma function.
Symmetrized Bregman Divergence between (κ2, κ1θ1) and

(κ2, κ2θ2) was calculated as:

Divergence (κ2, κ1θ1 ↔ κ2, κ2θ2)

= κ2(
1

κ1θ1
− 1

κ2θ2
)(κ2θ2 − κ1θ1)

Then, symmetrized Bregman Divergence between (κ1, κ1θ1)
and (κ2, κ2θ2) was calculated as shown below (since the
Pythagorean Theorem holds for Divergence):

Divergence (κ1, κ1θ1 ↔ κ2, κ2θ2)

= Divergence (κ1, κ1θ1 ↔ κ2, κ1θ1)

+ Divergence (κ2, κ1θ1 ↔ κ2, κ2θ2)

Closed-Form Estimator of NPV and θ

We adopted a closed-form estimator of NPV and θ, which were
previously obtained by applying maximum likelihood estima-
tion to a generalized gamma distribution.13 The great advantage
of this is that it allows a significantly faster convergence to the

true value than with a classical moment estimator, which we
used in a previous study.13,16

We also adopted bias correction to obtain unbiased estima-
tors of NPV and θ, as follows13:

n

n− 1
E(N̂PV ) = NPV ,

n

n− 1
E( θ̂ ) = θ

where n is a number to be averaged, N̂PV and θ̂ are closed-
form estimators, and NPV and θ are their true values.

Statistical Group Analysis

Before statistical comparison, the eLORETA cortical electrical
activity of each subject was normalized by dividing by its mean
value over whole cortical voxels and frequency bands to lessen
subject-wise differences in cortical electrical activity (subject-
wise normalization). We measured the statistical group differ-
ence of the eLORETA cortical electrical activity between
shunt responders and non-responders at each cortical voxel in
each frequency band using G-test with the symmetrized
Bregman Divergence calculated above.30 The level of signifi-
cance for the G-test was set at P< .05 with multiple comparison
correction across 6239 cortical voxels using a permutation
test.31 MATLAB program of this statistical group analysis
using G-test with the symmetrized Bregman Divergence has
been provided (Algorithm in Supplemental Material). Gamma
distribution of eLORETA cortical electrical activity of each fre-
quency band followed different shape and scale parameters;
therefore, we applied the permutation test to the 6239 cortical
voxels but not to the five frequency bands.

Results

Demographic and Clinical Results

Based on the CSF shunt operation outcome, 36 right-handed
iNPH patients were classified into 17 shunt responders and
19 non-responders. Almost all of the shunt responder patients
had improvement in the gait function only, while one patient
had both gait and cognitive improvement and two patients
had cognitive improvement only. Table 1 displays demographic
and clinical characteristics of the subjects, showing that there
was no significant difference between shunt responders and
non-responders regarding gender, age, and initial clinical
scores. The ratio of shunt responders to non-responders was rel-
atively low, as our classification criteria for the CSF shunt oper-
ation outcome were stricter than those of the Japanese Clinical
Guidelines, in order to classify patients that had shown signifi-
cant improvements in gait or cognition as shunt responders.18

eLORETA-NPV Analysis Results

There was a significant difference in location along the NPV
axis on the Riemannian manifold between shunt responders
and non-responders in eLORETA cortical electrical activities
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measured by G-test with the symmetrized Bregman
Divergence. Specifically, shunt responders had significantly
higher NPV values of cortical electrical activity compared to
non-responders at the high-convexity area (ie, cingulate
gyrus, paracentral lobule, and medial frontal gyrus) in the
beta frequency band, as shown in Figures 1 to 3 [extreme P=
.016 at the paracentral lobule (X= 5, Y=−15, Z= 50 (mm);
MNI coordinates)].

eLORETA Power Analysis Results

There was no significant difference in location along the power
axis on the Riemannian manifold between shunt responders and
non-responders. In addition, there was no significant difference
between shunt responders and non-responders with regard to
the location in the whole space on the Riemannian manifold.

Discussion

Information geometry demonstrated that the cortical electrical
activity has another dimension in addition to the Power dimen-
sion on the Riemannian manifold — that of NPV. Given that
this point had so far received little attention, in the present
study we investigated whole dimensions (NPV and Power) of
cortical electrical activity using eLORETA with the closed-
form estimator of NPV in iNPH patients prior to them having
a CSF shunt operation. Our main finding was that a significant
difference in location between shunt responders and non-

responders resided only along the NPV dimension —but not
along the Power dimension— on the Riemannian manifold.

In a previous study, using eLORETA analysis with the clas-
sical moment estimator of NPV, we found that shunt responders
had significantly higher NPV values at the high-convexity area
in the beta frequency band compared to non-responders
(extreme P at X= 5, Y=−15, Z= 45 (mm); MNI coordi-
nates).16 In the present study, eLORETA analysis with the
closed-form estimator of NPV demonstrated almost the same
spatial configuration of NPV in shunt responders and non-
responders (Figures 1, 2) and detected a significant difference
in NPV between shunt responders and non-responders at
almost the same cortical point (extreme P at X= 5, Y=−15,
Z= 50 (mm); MNI coordinates) (Figure 3). In a previous
study, we used the classical moment estimator of NPV and
employed a moving average filter method to compensate for
the slow convergence of the moment estimator. In the present
study, the fact that the eLORETA analysis with the closed-form
estimator of NPV obtained practically the same results without
using the moving average filter method suggests that the closed-
form estimator of NPV has significantly faster convergence
than the moment estimator previously demonstrated by
Zhi-Sheng and Nan.13

From the perspective of thermal and statistical physics, NPV
sensitively reflects the instability of cortical electrical activity
and detects early changes in cortical electrical activity prior to
phase transition from the healthy state to the disease state.14

Musha who is renowned for his 1/f fluctuation research,
reported that NPV analysis of EEG data could identify
pre-Alzheimer’s disease patients (who later developed
Alzheimer’s disease in 12-18 months) from healthy subjects
with a low false positive rate of 15%.32 We also applied NPV
analysis to EEG data in epilepsy and showed sensitive detect-
ability of NPV, visualizing the early surge of NPV value at
the epileptogenic electrode prior to seizure onset.15 In addition,
we applied eLORETA-NPV with the moment estimator to EEG
data of iNPH patients prior to them having CSF shunt operation
and found a significant difference in NPV between shunt
responders and non-responders at the high-convexity area.16

The high-convexity area is compressed by dilated ventricles
with accumulated CSF is an area that is attracting attention
due to its association with responsiveness to CSF shunt opera-
tion.33–35 These past results, taken together with our present
findings, suggest that NPV has the capacity for the early detec-
tion of cortical impairment prior to phase transition from the
healthy state to the disease state or from reversible state to irre-
versible state for treatment.

From the perspective of information geometry, the cortical
electrical activity has two orthogonal dimensions —NPV and
Power— on the Riemannian manifold, as outlined in
Methods. Traditional EEG power analysis methods have only
measured power dimension information of the cortical electri-
cal activity. Other neuroimaging methods such as fMRI PET
and SPECT measure secondary hemodynamic and metabolic
changes to the neuronal activity with high spatial resolution,

Table 1. Cognitive and Gait Function Test Scores of Shunt
Responders and Non-Responders.

Test
Shunt

responders Non-responders P-value

Gender (F/M) 7/10 8/11 .95
Age 76.0± 6.0 76.0± 6.0 .75
WT 26.6± 18.5 21.8± 6.3 .36
TUG 15.6± 5.5 13.7± 4.9 .27
GSSR 7.1± 3.2 6.0± 2.0 .21
MMSE 23.4± 4.1 24.4± 3.9 .44
FAB 11.2± 2.6 11.8± 2.6 .45
TMT-A 110± 76 105± 90 .86
WMS-R_Attention/
Concentration index

82.4± 16.4 85.7± 12.1 .50

WAIS-III-Digit
Symbol-Coding

6.5± 2.9 7.2± 2.6 .51

WAIS-III-Block Design 6.9± 3.0 7.3± 2.1 .67

Data are mean± SD. Difference in the female to male ratios between shunt
responders and non-responders was assessed using Chi-square test.
Differences in the other scores are assessed using independent Student’s t-test
(uncorrected). WT: 10-m reciprocating walking test, TUG: 3 m Timed Up and
Go, GSSR: Gait Status Scale-Revised, MMSE: Mini-Mental State Examination,
FAB: Frontal Assessment Battery, TMT-A: Trail Making Test Part A, WMS-R:
Wechsler Memory Scale-Revised, WAIS-III: Wechsler Adult Intelligence
Scale-III.
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albeit at low temporal resolution, and thus contain almost exclu-
sively power dimension information of the neuronal activity. In
this study, using the symmetrized Bregman Divergence, we
observed a significant distance between shunt responders and
non-responders along the NPV dimension —but not along the
Power dimension— on the Riemannian manifold, which indi-
cates the importance of exploring whole dimensions of cortical
electrical activity.

Brain aging occurs due to the accumulation of age-related
physiological changes in the brain neuronal population. In a
previous study, using NPV analysis, we investigated
age-related changes in healthy individuals and found that the
levels of NPV of cortical electrical activity increased from the
young to middle-aged group and decreased from the middle-
aged to the elderly group.36 In addition, past EEG and fMRI

studies investigated age-related changes in cortical electrical
activity and cerebral blood flow and showed a decrease in
power during aging with both linear and nonlinear trends.7,37

Taking into account both past and present findings, we
propose a hypothesis that accumulated impairment of cortical
electrical activity first manifests as an increase in the NPV
value prior to phase transition from the healthy state to the
disease state and then as a decrease in the Power value after
the phase transition to the disease state (Figure 4).

The present study demonstrated that, unlike other neuroim-
aging methods such as SPECT, PET, fMRI, and traditional
EEG power analysis and eLORETA power analysis that have
been used to explore brain activity, eLORETA-NPV analysis
had the capacity to sensitively detect changes in fluctuations
of cortical electrical activities associated with CSF shunt

Figure 1. Mean eLORETA-NPV values of 17 shunt responders in the beta frequency band. Normalized power variance (NPV) of eLORETA
cortical electrical activity is color coded from grey (zero) to red to bright yellow (maximum). Slices from left to right are axial, sagittal, and
coronal images (viewed from top, left and back). L, left; R, right; A, anterior; P, posterior.

Figure 2. Mean eLORETA-NPV values of 19 non-responders in the beta frequency band. Normalized power variance (NPV) of eLORETA
cortical electrical activity is color coded from grey (zero) to red to bright yellow (maximum). Slices from left to right are axial, sagittal, and
coronal images (viewed from top, left and back). L, left; R, right; A, anterior; P, posterior.
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response at the high-convexity area in iNPH. This may be
attributed to the following: (i) EEG directly detects cortical
electrical activity with high temporal resolution (1-2 ms); (ii)
eLORETA reconstructs cortical electrical activity from EEG
data with correct localization; and (iii) NPV sensitively
detects instability of cortical electrical activity. Our results,
together with those of previous studies, suggest that
eLORETA-NPV analysis is a useful and sensitive tool to
assess cortical states, providing valuable information regarding
the early detection of neuropsychiatric diseases and prediction
of therapeutic effect.

It should be noted that our results should be interpreted with
caution since the sample size of iNPH patients was relatively

small. Therefore, our findings should be considered as prelim-
inary, and would need to be confirmed in larger samples.
Nevertheless, our finding of NPV changes related to the CSF
shunt response is in accordance with previous neuroimaging
findings in iNPH patients.16,33–35 This leads us to suggest that
eLORETA-NPV with the closed-form estimator is a reliable
method of detecting instability of cortical electrical activity.

Conclusion

Overall findings indicate that NPV is an independent dimension
orthogonal to Power and it will also contain a great deal of
information about cortical electrical activity. While the classical
moment estimator of NPV was problematic given the slow con-
vergence to the true value, this issue was significantly improved by
the closed-form estimator of NPV. Furthermore, eLORETA-NPV
has the advantage of being a sensitive early warning signal of cor-
tical impairment. Therefore, eLORETA-NPV analysis with the
closed-form estimator is a powerful and promising tool to assess
and predict brain cortical states in patients with various neuropsy-
chiatric diseases.
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responders and 19 non-responders— in the beta frequency band, measured by G-test with the symmetrized Bregman Divergence. Shunt
responders had significantly higher NPV values of cortical electrical activity in the beta frequency band at the high-convexity area compared to
non-responders [extreme P= .016 at the paracentral lobule (X= 5, Y=−15, Z= 50 (mm); MNI coordinates)]. The symmetrized Bregman
Divergence above threshold (P< .05) is color coded from red to bright yellow (maximum). Slices from left to right are axial, sagittal, and coronal
images (viewed from top, left and back). L, left; R, right; A, anterior; P, posterior.
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