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Abstract 29 

To date, electroencephalogram (EEG) has been used in the diagnosis of epilepsy, 30 

dementia, and disturbance of consciousness via the inspection of EEG waves. In 31 

addition, EEG power analysis combined with a source estimation method like exact-32 

low-resolution-brain-electromagnetic-tomography (eLORETA), which calculates the 33 

power of cortical electrical activity from EEG data, has been widely used to investigate 34 

cortical electrical activity in both healthy individuals and neuropsychiatric patients. 35 

However, the recently developed field of mathematics “information geometry” indicates 36 

that EEG has another dimension orthogonal to power dimension — that of normalized 37 

power variance (NPV). By also introducing the idea of information geometry, a 38 

significantly faster convergent estimator of NPV was obtained. In this study, we applied 39 

this NPV analysis of eLORETA to idiopathic normal pressure hydrocephalus (iNPH) 40 

patients prior to a cerebrospinal fluid (CSF) shunt operation, where traditional power 41 

analysis could not detect any difference associated with CSF shunt operation outcome. 42 

NPV analysis detected significantly higher NPV values at the high convexity area in the 43 

beta frequency band between 17 shunt responders and 19 non-responders. Our findings 44 

demonstrated that EEG has another dimension — that of NPV, which contains a great 45 

deal of information about cortical electrical activity that can be useful in clinical 46 

practice. 47 

 48 
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1. Introduction 54 

Electroencephalogram (EEG) noninvasively measures brain cortical electrical 55 

activity at a high sampling rate (500–1000 Hz) via electrodes placed on the scalp. In the 56 

cerebral cortex, neurons connect with other surrounding neurons via synapses and 57 

collectively give rise to electrical activity, which can be detected as EEG waves by these 58 

electrodes. Hans Berger, a German psychiatrist, first recorded human EEG in 1924 and 59 

dedicated many years to his studies before proving that EEG stems from brain electrical 60 

activity, rather than artifacts1. Finally, EEG gained widespread recognition and visual 61 

inspection of EEG waves has been used to support diagnoses of epilepsy, dementia, and 62 

disturbance of consciousness ever since. Owing to its high temporal resolution (1–2 63 

milliseconds), EEG contains a large amount of information about cortical electrical 64 

activities. However, most of this information cannot be identified by visual inspection 65 

and, therefore, it is necessary to use various analysis methods (as outlined below) to 66 

extract it. Electrical activities are generated from each cerebral cortex and their linear 67 

mixture is captured by the electrodes on the scalp. So, it is necessary to estimate 68 

cerebral electrical activity from the EEG waves by solving a linear inverse problem. 69 

More specifically, discrete Fourier transform is applied, such that the EEG data recorded 70 

on electrodes are transformed into electrode position × frequency data. The linear 71 

inverse problem is then solved by multiplying this data by a spatial filter matrix, thereby 72 

achieving conversion of the electrode position × frequency data into cerebral cortex 73 

position × frequency data (source estimation method)2,3. Exact low-resolution brain 74 

electromagnetic tomography (eLORETA) is a source estimation method that can 75 

reconstruct cortical electrical activity from EEG data with correct localization2,4-6. 76 

Therefore, power analysis with eLORETA has been widely used, providing valuable 77 

results in neuroimaging studies4,7-8. 78 

Approaching EEG analysis from a different mathematical perspective, the cortical 79 

electrical activity approximately follows a specific type of probability distribution 80 

(namely, gamma distribution)9, so EEG analysis can be considered from the point of 81 

view of ‘information geometry’. This recently developed mathematical field allows a 82 

probability distribution to be assigned to a Riemannian manifold equipped with a metric 83 

tensor, facilitating the investigation of probability distributions by means of geometry10. 84 

Information geometry indicates that cortical electrical activity has two orthogonal 85 

dimensions, namely, normalized power variance (NPV) and Power — and we can 86 

calculate a metric tensor and distance between probability distributions in these 87 

dimensions (NPV and Power) on the Riemannian manifold11. In addition, by applying a 88 

maximum likelihood estimation technique, a closed-form estimator of NPV was 89 



obtained, which converges to the true value significantly faster than is the case with a 90 

classical moment estimator12.  91 

From the point of view of thermal and statistical physics, NPV sensitively reflects 92 

the instability of cortical electrical activity and can be an early warning signal of phase 93 

transition of the cortical electrical activity from the healthy state to the disease state13. In 94 

previous studies, we applied the moment estimator of NPV to EEG data in epilepsy and 95 

showed the high sensitivity of NPV with regard to the instability of cortical electrical 96 

activity at the epileptogenic electrode in the pre-seizure period and its stabilization after 97 

phase transition to the seizure period14. We also applied the moment estimator of NPV to 98 

eLORETA source estimated data in patients of idiopathic normal pressure 99 

hydrocephalus (iNPH) prior to a cerebrospinal fluid (CSF) shunt operation. Our results 100 

indicated that there was a significant difference between shunt responders and non-101 

responders appearing in NPV at the high-convexity area in the beta frequency band, but 102 

not in Power of eLORETA15. 103 

In the present study, using information geometry, we demonstrated that the cortical 104 

electrical activity has another dimension —that of NPV— in addition to the Power 105 

dimension (as outlined in Methods). Traditional neuroimaging techniques such as fMRI, 106 

SPECT, and EEG power analysis only measured information in the Power dimension. 107 

We therefore explored whole dimensions (NPV and Power) of eLORETA cortical 108 

electrical activity using the closed-form estimator in iNPH patients prior to a CSF shunt 109 

operation and aimed to find presurgical differences in cortical electrical activity that 110 

associated with the CSF shunt operation outcome — a feat that traditional neuroimaging 111 

techniques have failed to achieve15,16. Our findings indicate that NPV analysis 112 

represents a new field in EEG analysis, providing a great deal of useful information to 113 

be used in clinical practice and facilitating greater understanding of the mechanisms of 114 

neuropsychiatric diseases. 115 

 116 

Results 117 

Demographic and clinical results 118 

Based on the CSF shunt operation outcome, 36 right-handed iNPH patients were 119 

classified into 17 shunt responders and 19 non-responders (as outlined in Methods). 120 

Almost all of the shunt responder patients had improvement in the gait function only, 121 

while one patient had both gait and cognitive improvement and two patients had 122 

cognitive improvement only. Table 1 displays demographic and clinical characteristics 123 

of the subjects, showing that there was no significant difference between shunt 124 

responders and non-responders regarding gender, age, and initial clinical scores. The 125 



ratio of shunt responders to non-responders was relatively low, as our classification 126 

criteria for the CSF shunt operation outcome were stricter than those of the Japanese 127 

Clinical Guidelines, in order to classify patients that had shown significant 128 

improvements in gait or cognition as shunt responders17. 129 

 130 

eLORETA-NPV analysis results 131 

There was a significant difference in location along the NPV axis on the 132 

Riemannian manifold between shunt responders and non-responders in eLORETA 133 

cortical electrical activities measured by G-test with the symmetrized Bregman 134 

Divergence. Specifically, shunt responders had significantly higher NPV values of 135 

cortical electrical activity compared to non-responders at the high-convexity area (i.e., 136 

cingulate gyrus, paracentral lobule, and medial frontal gyrus) in the beta frequency band, 137 

as shown in Figs. 1, 2, 3 [extreme p = 0.016 at the paracentral lobule (X = 5, Y = -15, Z 138 

= 50 (mm); MNI coordinates)]. 139 

 140 

eLORETA power analysis results 141 

There was no significant difference in location along the power axis on the 142 

Riemannian manifold between shunt responders and non-responders. In addition, there 143 

was no significant difference between shunt responders and non-responders with regard 144 

to the location in the whole space on the Riemannian manifold. 145 

 146 

 147 

Discussion 148 

Information geometry demonstrated that the cortical electrical activity has another 149 

dimension in addition to the Power dimension on the Riemannian manifold — that of 150 

NPV (as outlined in Methods). Given that this point had so far received little attention, 151 

in the present study we investigated whole dimensions (NPV and Power) of cortical 152 

electrical activity using eLORETA with the closed-form estimator of NPV in iNPH 153 

patients prior to them having a CSF shunt operation. Our main finding was that a 154 

significant difference in location between shunt responders and non-responders resided 155 

only along the NPV dimension —but not along the Power dimension— on the 156 

Riemannian manifold. 157 

In a previous study, using eLORETA analysis with the classical moment estimator 158 

of NPV, we found that shunt responders had significantly higher NPV values at the 159 

high-convexity area in the beta frequency band compared to non-responders (extreme p 160 

at X = 5, Y = -15, Z = 45 (mm); MNI coordinates)15. In the present study, eLORETA 161 



analysis with the closed-form estimator of NPV demonstrated almost the same spatial 162 

configuration of NPV in shunt responders and non-responders (Figs. 1, 2) and detected 163 

a significant difference in NPV between shunt responders and non-responders at almost 164 

the same cortical point (extreme p at X = 5, Y = -15, Z = 50 (mm); MNI coordinates) 165 

(Fig. 3). In a previous study, we used the classical moment estimator of NPV and 166 

employed a moving average filter method to compensate for the slow convergence of 167 

the moment estimator. In the present study, the fact that the eLORETA analysis with the 168 

closed-form estimator of NPV obtained practically the same results without using the 169 

moving average filter method suggests that the closed-form estimator of NPV has 170 

significantly faster convergence than the moment estimator previously demonstrated by 171 

Zhi-Sheng and Nan12. 172 

From the perspective of thermal and statistical physics, NPV sensitively reflects the 173 

instability of cortical electrical activity and detects early changes in cortical electrical 174 

activity prior to phase transition from the healthy state to the disease state13. Musha et al 175 

who is renowned for his 1/f fluctuation research, reported that NPV analysis of EEG 176 

data could identify pre-Alzheimer’s disease patients (who later developed Alzheimer’s 177 

disease in 12–18 months) from healthy subjects with a low false positive rate of 15%18. 178 

We also applied NPV analysis to EEG data in epilepsy and showed sensitive 179 

detectability of NPV, visualizing the early surge of NPV value at the epileptogenic 180 

electrode prior to seizure onset14. In addition, we applied eLORETA-NPV with the 181 

moment estimator to EEG data of iNPH patients prior to them having CSF shunt 182 

operation and found a significant difference in NPV between shunt responders and non-183 

responders at the high-convexity area15. The high-convexity area is compressed by 184 

dilated ventricles with accumulated CSF is an area that is attracting attention due to its 185 

association with responsiveness to CSF shunt operation19-21. These past results, taken 186 

together with our present findings, suggest that NPV has the capacity for the early 187 

detection of cortical impairment prior to phase transition from the healthy state to the 188 

disease state or from reversible state to irreversible state for treatment. 189 

From the perspective of information geometry, the cortical electrical activity has 190 

two orthogonal dimensions —NPV and Power— on the Riemannian manifold, as 191 

outlined in Methods. Traditional EEG power analysis methods have only measured 192 

power dimension information of the cortical electrical activity. Other neuroimaging 193 

methods such as fMRI and SPECT measure secondary hemodynamic and metabolic 194 

changes to the neuronal activity with high spatial resolution, albeit at low temporal 195 

resolution, and thus contain almost exclusively power dimension information of the 196 

neuronal activity. In this study, using the symmetrized Bregman Divergence, we 197 



observed a significant distance between shunt responders and non-responders along the 198 

NPV dimension —but not along the Power dimension— on the Riemannian manifold, 199 

which indicates the importance of exploring whole dimensions of cortical electrical 200 

activity. 201 

Brain aging occurs due to the accumulation of age-related physiological changes in 202 

the brain neuronal population. In a previous study, using NPV analysis, we investigated 203 

age-related changes in healthy individuals and found that the levels of NPV of cortical 204 

electrical activity increased from the young to middle-aged group and decreased from 205 

the middle-aged to the elderly group22. In addition, past EEG and fMRI studies 206 

investigated age-related changes in cortical electrical activity and cerebral blood flow 207 

and showed a decrease in power during aging with both linear and nonlinear trends23,24. 208 

Taking into account both past and present findings, we propose a hypothesis that 209 

accumulated impairment of cortical electrical activity first manifests as an increase in 210 

the NPV value prior to phase transition from the healthy state to the disease state and 211 

then as a decrease in the Power value after the phase transition to the disease state (Fig. 212 

4). 213 

The present study demonstrated that, unlike other neuroimaging methods such as 214 

SPECT, PET, fMRI, and traditional EEG power analysis and eLORETA-power analysis 215 

that have been used to explore brain activity, eLORETA-NPV analysis had the capacity 216 

to sensitively detect changes in fluctuations of cortical electrical activities associated 217 

with CSF shunt response at the high-convexity area in iNPH. This may be attributed to 218 

the following: (i) EEG directly detects cortical electrical activity with high temporal 219 

resolution (1–2ms); (ii) eLORETA reconstructs cortical electrical activity from EEG 220 

data with correct localization; and (iii) NPV sensitively detects instability of cortical 221 

electrical activity. Our results, together with those of previous studies, suggest that 222 

eLORETA-NPV analysis is a useful and sensitive tool to assess cortical states, 223 

providing valuable information regarding the early detection of neuropsychiatric 224 

diseases and prediction of therapeutic effect. 225 

It should be noted that our results should be interpreted with caution since the 226 

sample size of iNPH patients was relatively small. Therefore, our findings should be 227 

considered as preliminary, and would need to be confirmed in larger samples. 228 

Nevertheless, our finding of NPV changes related to the CSF shunt response is in 229 

accordance with previous neuroimaging findings in iNPH patients15,19-21. This leads us 230 

to suggest that eLORETA-NPV with the closed-form estimator is a reliable method of 231 

detecting instability of cortical electrical activity.  232 

Overall findings indicate that NPV is an independent dimension orthogonal to 233 



Power and it will also contain a great deal of information about cortical electrical 234 

activity. While the classical moment estimator of NPV was problematic given the slow 235 

convergence to the true value, this issue was significantly improved by the closed-form 236 

estimator of NPV. Furthermore, eLORETA-NPV has the advantage of being a sensitive 237 

early warning signal of cortical impairment. Therefore, eLORETA-NPV analysis with 238 

the closed-form estimator is a powerful and promising tool to assess and predict brain 239 

cortical states in patients with various neuropsychiatric diseases. 240 

 241 

Methods 242 

Subjects 243 

Right-handed definite and probable iNPH patients were consecutively recruited 244 

from the Neuropsychology Clinic at the Department of Psychiatry in Osaka University 245 

Hospital. The iNPH patients underwent a CSF shunt operation at the Department of 246 

Neurosurgery in Osaka University Hospital between April 2010 and February 2021. The 247 

inclusion and exclusion criteria for definite and probable iNPH patients complied with 248 

Japanese diagnostic criteria for iNPH (further details can be found in our previous 249 

study)15. All of the included patients showed the morphological feature of a 250 

disproportionately enlarged subarachnoid-space hydrocephalus on head MRI findings, 251 

as defined in Japanese diagnostic criteria for iNPH16. CSF tap test and the CSF shunt 252 

operation were performed in accordance with the Japanese Clinical Guidelines for 253 

iNPH16. 254 

Out of 47 patients who met the inclusion criteria, three patients were excluded due 255 

to comorbidity of Parkinson’s disease or parkinsonian syndrome; two patients due to 256 

long-standing overt ventriculomegaly on head MRI findings; five patients due to the 257 

lack of 500-second (500-s) artifact-free segments; and one patient that did not complete 258 

the follow-up after the CSF shunt operation. As a result, a total of 36 patients were 259 

included in the present study. 260 

This study was approved by the Ethics Committee of Osaka University Hospital 261 

and written informed consent was obtained from patients or their families.  262 

 263 

Assessment of Gait and Cognition  264 

Assessments of gait and cognition have already been described in our previous 265 

study17. Briefly, gait disturbance was assessed by the Gait Status Scale-Revised 266 

(GSSR)25, the 10-metre reciprocating walking test (WT), and the 3-metre Timed Up and 267 

Go (TUG) test26. The thresholds of improvement were set at 1-point improvement in the 268 

GSSR and 10 % improvement in the WT and TUG. Improvement in all gait tests was 269 



considered clinical improvement in gait. 270 

Cognitive impairment was assessed using the Frontal Assessment Battery (FAB)27, 271 

Mini-Mental State Examination (MMSE)28, Wechsler Adult Intelligence Scale-III 272 

(WAIS-III)-Block Design, WAIS-III-Digit Symbol Coding29, Wechsler Memory Scale-273 

Revised (WMS-R)-Attention/Concentration Index30, and Trail Making Test Part A 274 

(TMT-A)31. The improvement thresholds of the cognitive tests were set at 2, 3, 3, 3, 15 275 

points, and 30%, respectively. Improvement in more than half of the cognitive tests was 276 

considered clinical improvement in cognition. 277 

 278 

Assessment of CSF shunt operation outcome 279 

The method of assessment of the outcome of the CSF shunt operation has already 280 

been described in our previous study17. Briefly, gait and cognitive symptoms were 281 

evaluated 1–3 months before the CSF shunt operation — and again 1, 3, 6 months and 1 282 

year after the operation. CSF shunt operation outcome was deemed positive if gait or 283 

cognition had clinical improvement at any time of postsurgical evaluations; otherwise, it 284 

was deemed negative. Accordingly, the patients were classified into responders and non-285 

responders to the CSF shunt operation. These classification criteria were stricter than 286 

those of the Japanese Clinical Guidelines for iNPH16 as we only selected those patients 287 

that had shown a significant improvement in symptoms as shunt responders17. 288 

 289 

EEG recording 290 

The EEG data acquisition, eLORETA and eLORETA-NPV analysis procedures 291 

have already been described in detail in our previous studies4,15. Briefly, EEG data was 292 

recorded during resting state with eyes closed for about 20 minutes 1–3 months before 293 

the CSF shunt operation, using a 19-electrode EEG system (EEG-1000/EEG-1200, 294 

Nihon Kohden Inc., Tokyo, Japan) with a sampling rate of 500 Hz, and filtered through 295 

a band-pass filter of 0.53–120 Hz. The subjects were instructed to relax in the bed but 296 

stay awake. During the EEG recordings, drowsiness was avoided by repeating the 297 

instructions. Then, 500-s artifact-free segments were selected offline by visual 298 

inspection for each patient, the band-pass filter setting was changed to 1.6–60 Hz, and 299 

the segments were imported into the eLORETA and eLORETA-NPV analyses. 300 

 301 

eLORETA and eLORETA-NPV analyses 302 

eLORETA is a linear weighted minimum norm inverse solution which has the 303 

property of correct localization albeit with low spatial resolution2,3. The solution space 304 

consists of 6239 voxels in the cortical grey matter at 5 mm spatial resolution, in a 305 



realistic head model32 with the MNI152 template33. The eLORETA method has been 306 

widely used to investigate cortical electrical activities and it has been validated through 307 

studies of neuropsychiatric diseases and human data during various sensory 308 

stimulations4-6,34,35. In the present study, eLORETA and eLORETA-NPV analyses were 309 

performed in MATLAB R2021a software. In these analyses, for each subject, 500-s 310 

EEG data from 19 electrodes were re-referenced to the average reference to reduce 311 

diffuse artifacts covering all electrodes. EEG data were transformed into frequency data 312 

as electrode position × time × frequency matrix by discrete Fourier transform with 313 

rectangular window using time-frequency analysis (ft_freqanalysis) in Field Trip 314 

toolbox (http://www.fieldtriptoolbox.org/) installed in the MATLAB software. The 315 

frequency data were then transformed to the cortical electrical current density data as 316 

cerebral cortex position × time × frequency matrix by multiplying the spatial filter of 317 

eLORETA. The spatial filter of eLORETA was calculated using the MATLAB program 318 

written by author R. B.., which followed a technical instruction about eLORETA 319 

provided by author R. D. P.-M.3. Finally, the cortical electrical activity was obtained by 320 

squaring the cortical electrical current density and averaging over the entire EEG 321 

segment. In eLORETA-NPV analysis, NPV of cortical electrical activity for each 4.6 s 322 

EEG segment was calculated and averaged over the entire EEG segment, where NPV 323 

was defined as variance of cortical electrical activity divided by the square of mean 324 

cortical electrical activity. The eLORETA and eLORETA-NPV analyses were computed 325 

for five frequency bands: delta (3.0–4.0 Hz), theta (4.5–7.0 Hz), alpha (7.5–13.0 Hz), 326 

beta (13.5–29.5 Hz), and gamma (30.0–40.0 Hz).  327 

 328 

Information geometry about cortical electrical activity 329 

The cortical electrical activity at each cortical voxel in each frequency band 330 

approximately follows gamma distribution9.  331 𝑓(𝑥) =  1Γ(𝜅)𝜃𝜅 𝑥𝜅−1𝑒−𝑥𝜃         𝑓𝑜𝑟 𝑥 > 0     𝜅, 𝜃 > 0 

where Γ is a gamma function. 332 

This gamma distribution is a probability distribution parameterized by a shape 333 

parameter κ and a scale parameter θ.  Interestingly, this shape parameter κ 334 

corresponds to 1/NPV. Information geometry defines “Divergence”, which is a weaker 335 

notion of distance between probability distributions, as similar distributions have small 336 

divergence and different distributions have large divergence. According to the 337 

Divergence, probability distributions are assigned to certain coordinates on the 338 

Riemannian manifold, whose geometry is characterized by a metric tensor. The metric 339 



tensor, which can be calculated from the second derivative of log-normalizer, induces an 340 

inner product space that allows us to measure lengths and angles between tangent 341 

vectors. In our study, we selected mixed parametrization of natural and dual 342 

parametrization as (𝜅 = 1NPV , 𝐸(𝑥) = 𝜅𝜃) where 𝐸(𝑥) means expected value of power. 343 

The metric tensor g of gamma distribution for this mixed parametrization is as shown 344 

below. 345 

𝑔 =  [𝜓1(𝜅) −  1𝜅 00 1𝜅𝜃2] 

where 𝜓1 is a trigamma function10,11. 346 

Then, we can see that the inner product between the 1/NPV parameter and the Power 347 

parameter is zero, which indicates that mixed parametrization is orthogonal. This also 348 

indicates that NPV itself and Power can be orthogonal on the Riemannian manifold. 349 

However, with this parametrization (NPV, Power), it is difficult to calculate Divergence 350 

manually, so we took the parametrization of (1/NPV, Power) for the Divergence 351 

calculation. Symmetrized Bregman Divergence between distribution p and q can be 352 

calculated from the metric tensor g as follows: 353 

𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 =  (∮ 𝑑𝒙  𝑔𝒙𝑝𝒙𝑞 )  ∙  (𝒙𝑝 − 𝒙𝑞) 

where 𝒙𝑝 , 𝒙𝑞  are coordinates of distribution p and q on the Riemannian manifold10. 354 

Thus, symmetrized Bregman Divergence between (κ1, κ1θ1) and (κ2, κ1θ1) was 355 

calculated as: 356 𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 (𝜅1, 𝜅1𝜃1 ↔ 𝜅2, 𝜅1𝜃1) = [ψ(𝜅2) − ψ(𝜅1) + log 𝜅1𝜅2] (𝜅2 − 𝜅1) 

where ψ is a digamma function. 357 

Symmetrized Bregman Divergence between (κ2, κ1θ1) and (κ2, κ2θ2) was calculated as: 358 𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 (𝜅2, 𝜅1𝜃1 ↔ 𝜅2, 𝜅2𝜃2) = 𝜅2( 1𝜅1𝜃1 − 1𝜅2𝜃2)(𝜅2𝜃2 − 𝜅1𝜃1) 

Then, symmetrized Bregman Divergence between (κ1, κ1θ1) and (κ2, κ2θ2) was 359 

calculated as shown below (since the Pythagorean Theorem holds for Divergence): 360 𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 (𝜅1 , 𝜅1𝜃1 ↔ 𝜅2, 𝜅2𝜃2)=  𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 (𝜅1, 𝜅1𝜃1 ↔ 𝜅2, 𝜅1𝜃1)+  𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 (𝜅2, 𝜅1𝜃1 ↔ 𝜅2, 𝜅2𝜃2) 



 361 

Closed-form estimator of NPV and θ 362 

We adopted a closed-form estimator of NPV and θ, which were obtained by 363 

applying maximum likelihood estimation to a generalized gamma distribution. The 364 

great advantage of this is that it allows a significantly faster convergence to the true 365 

value than with a classical moment estimator, which we used in a previous study12,15. 366 

We also adopted bias correction to obtain unbiased estimators of NPV and θ, as 367 

follows12:  368 𝑛𝑛 − 1 𝐸(𝑁𝑃�̂�) = 𝑁𝑃𝑉, 𝑛𝑛 − 1 𝐸( 𝜃 ̂) =  𝜃 

where n is a number to be averaged, 𝑁𝑃�̂� and  𝜃 ̂ are closed-form estimators, and NPV 369 

and θ are their true values. 370 

 371 

Statistical group analysis 372 

Before statistical comparison, the eLORETA cortical electrical activity of each 373 

subject was normalized by dividing by its mean value over whole cortical voxels and 374 

frequency bands to lessen subject-wise differences in cortical electrical activity (subject-375 

wise normalization). We measured the statistical group difference of the eLORETA 376 

cortical electrical activity between shunt responders and non-responders at each cortical 377 

voxel in each frequency band using G-test with the symmetrized Bregman Divergence 378 

calculated above36. The level of significance for the G-test was set at p < 0.05 with 379 

multiple comparison correction across 6239 cortical voxels using a permutation test37. 380 

Gamma distribution of eLORETA cortical electrical activity of each frequency band 381 

followed different shape and scale parameters; therefore, we applied the permutation 382 

test to the 6239 cortical voxels but not to the five frequency bands. 383 

 384 

Data availability 385 

Data are available from the corresponding author upon reasonable request. 386 

 387 
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 524 

Figure 1.  Mean eLORETA-NPV values of 17 shunt responders in the beta frequency 525 

band. Normalized power variance (NPV) of eLORETA cortical electrical activity is 526 

colour coded from grey (zero) to red to bright yellow (maximum). Slices from left to 527 

right are axial, sagittal, and coronal images (viewed from top, left and back). L, left; R, 528 

right; A, anterior; P, posterior. 529 

 530 

 531 
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 533 

Figure 2.  Mean eLORETA-NPV values of 19 non-responders in the beta frequency 534 

band. Normalized power variance (NPV) of eLORETA cortical electrical activity is 535 

colour coded from grey (zero) to red to bright yellow (maximum). Slices from left to 536 

right are axial, sagittal, and coronal images (viewed from top, left and back). L, left; R, 537 

right; A, anterior; P, posterior. 538 

 539 
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 541 

Figure 3. The significant difference in the normalized power variance (NPV) of 542 

eLORETA cortical electrical activity—between 17 shunt responders and 19 non-543 

responders— in the beta frequency band, measured by G-test with the symmetrized 544 

Bregman Divergence. Shunt responders had significantly higher NPV values of cortical 545 

electrical activity in the beta frequency band at the high-convexity area compared to 546 

non-responders [extreme p = 0.016 at the paracentral lobule (X = 5, Y = -15, Z = 50 547 

(mm); MNI coordinates)]. The symmetrized Bregman Divergence above threshold (p < 548 

0.05) is colour coded from red to bright yellow (maximum). Slices from left to right are 549 

axial, sagittal, and coronal images (viewed from top, left and back). L, left; R, right; A, 550 

anterior; P, posterior. 551 
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 554 

Figure 4. Hypothesis regarding changes in NPV and Power of cortical electrical activity 555 

for accumulated cortical impairment. Impaired cortical electrical activity first manifests 556 

as an increase in NPV value prior to phase transition from the healthy state to the 557 

disease state and then as a decrease in Power value after the phase transition to the 558 

disease state. 559 
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Table 1. 561 

 Cognitive and gait function test scores of shunt responders and non-responders 562 

Test Shunt responders Non-responders p-value 

Gender (F/M) 7/10 8/11 0.95 

Age 76.0 ± 6.0 76.0 ± 6.0 0.75 

WT 26.6 ± 18.5 21.8 ± 6.3 0.36 

TUG 15.6 ± 5.5 13.7 ± 4.9 0.27 

GSSR 7.1 ± 3.2 6.0 ± 2.0 0.21 

MMSE 23.4 ± 4.1 24.4 ± 3.9 0.44 

FAB 11.2 ± 2.6 11.8 ± 2.6 0.45 

TMT-A 110 ± 76 105 ± 90 0.86 

WMS-R_Attention/ 
Concentration index 

82.4 ± 16.4 85.7 ± 12.1 0.50 

WAIS-Ⅲ-Digit Symbol-

Coding 

6.5 ± 2.9 7.2 ± 2.6 0.51 

WAIS-Ⅲ-Block Design 6.9 ± 3.0 7.3 ± 2.1 0.67 

Data are mean ± SD. Difference in the female to male ratios between shunt responders 563 

and non-responders was assessed using Chi-square test. Differences in the other scores 564 

are assessed using independent Student’s t test (uncorrected). WT: 10-metre 565 

reciprocating walking test, TUG: 3m Timed Up and Go, GSSR: Gait Status Scale-566 

Revised, MMSE: Mini-Mental State Examination, FAB: Frontal Assessment Battery, 567 

TMT-A: Trail Making Test Part A, WMS-R: Wechsler Memory Scale-Revised, WAIS-568 

III: Wechsler Adult Intelligence Scale-III. 569 
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