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Abstract

Magnetoencephalography (MEG), a direct measure of neuronal activity, is an underexplored tool 

in the search for biomarkers of Alzheimer’s disease (AD). In this study we used MEG source 

estimates of auditory gating generators, non-linear correlations with neuropsychological results, 

and multivariate analyses to examine the sensitivity and specificity of gating topology modulation 

to detect AD. Our results demonstrated the use of MEG localization of a medial prefrontal 

(mPFC) gating generator as a discrete (binary) detector of AD at the individual level and resulted 

in re-categorizing the participant categories in: 1) controls with mPFC generator localized in 

response to both the standard and deviant tones; 2) a possible preclinical stage of AD participants 

(a lower functioning group of controls) in which mPFC activation was localized to the deviant tone 

only; and 3) symptomatic AD in which mPFC activation was not localized to either the deviant or 

standard tones. This approach showed a large effect size (0.9) and high accuracy, sensitivity and 

specificity (100%) in identifying symptomatic AD patients within a limited research sample. The 

present results demonstrate high potential of mPFC activation as a non-invasive biomarker of AD 

pathology during putative preclinical and clinical stages.
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1. Introduction

Alzheimer’s disease (AD), the most prevalent aging-related neuropathology, is marked by 

cerebral amyloid deposition, tauopathy, neuroinflammation, highly disrupted cholinergic 

transmission and extensive neuronal loss. A wealth of evidence suggests that the 

pathological changes associated with AD start decades before the onset of clinical 

symptoms. Also, there is accruing evidence that irreversible pathological processes related to 

the disease have occurred prior to the mild cognitive impairment (MCI) phase, considered 

until recently the earliest stage of AD [Farlow, 2009; Lazarczyk et al., 2012]. Consequently, 

the concept of AD pathogenesis is evolving toward a view of the disease as a long-term 

continuum which differs only by symptom appearance; that is, a non-symptomatic 

(preclinical) AD phase and an irreversible symptomatic AD phase [Morris et al., 2001; 

Petersen and Morris, 2005; Sperling et al., 2011]. There are two major sets of criteria for the 

clinical diagnosis of Alzheimer’s disease that have been published, one from an 

International Working Group (IWG) [Dubois et al., 2007] and the other from working 

groups convened by the National Institute on Aging (NIA) and the Alzheimer’s Association 

(AA) [McKhann et al., 2011] in the United States. There are important differences in terms 

of how AD is conceptualized, the terminology used, and the diagnostic algorithm. The Key 

Symposium in Stockholm revealed harmonized IWG and NIA-AA criteria for clinical and 

research practice [Morris et al., 2014] which defines AD as a brain disorder regardless of 

clinical status. They recommended that the term symptomatic AD should be used to describe 

the entire clinical spectrum of AD, from the earliest symptomatic stages (MCI/prodromal 

AD) to the most severe. Currently, the incorporation of biomarkers into the diagnostic 

procedure for AD is postponed until the successful minimization of within- and between-

centre variability establishes uniform cut-off levels and standardization processes [Morris et 

al., 2014]. Importantly, the consensus of the Key Symposium meeting was that AD is viewed 

as a disease that occurs across a continuum in which pathophysiological changes occur prior 

to the identification of clinical symptoms, thereby providing an opportunity to identify 

biomarkers of AD progression prior to the clinical onset of AD.

This concept of AD emphasizes the neurobiological advantage of early intervention; i.e., it is 

crucial to detect very early, possibly reversible, pathological changes related to AD in 

cognitively intact individuals, before the occurrence of the first symptoms. Proposed state-

of-the-art diagnostic measures of AD have limited efficacy in detecting preclinical changes 

associated with the disease [Lazarczyk et al., 2012; Dubois et al., 2007; McKhann et al., 

2011; Morris et al., 2014; Sperling et al., 2011; Holtzman et al., 2011] and are invasive for 

participants since there are risks associated with lumbar puncture (cerebrospinal fluid 

analysis - CSF), exposure to radiation (PET/CT), or claustrophobic time-consuming 
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scanning (fMRI). Therefore, there is an increasing need for additional simple, non-invasive 

tools that can be used to differentiate preclinical and symptomatic AD from normal aging.

The first symptom of AD is insidious dissolution of the ability to learn new information 

accompanied with subtle and variable amnestic impairment without any clinically-detectable 

signs of brain injury, pointing to the existence of discrete interruption of synapses that are 

involved in encoding new declarative memory [Selkoe, 2002]. Since longer maintenance of 

sensory memory traces result in more successful memory encoding [Atkinson and Shiffrin, 

1968], sensory gating mechanisms, conceptualized as the neural ability to modulate its 

responses to subsequent stimuli, have a major role in guiding our understanding of 

successful encoding of new information. Auditory gating-out [Boutros and Belger, 1992; 

Gjini et al., 2010] has been proposed as a mechanism of habituating to redundant auditory 

stimuli that protects working memory overload by preventing irrelevant information from 

recurrent sensory processing [Venables, 1964]. Dysfunction of the auditory gating-out 

mechanism likely reduces pre-attentive signal-to-noise ratio and alert augmentation during 

synaptic consolidation in inchoate phases of memory encoding [Freedman et al., 1996], thus 

contributing to the first symptoms of AD pathology.

Recent studies [Weiland et al., 2008; Josef Golubic et al., 2014a] strongly suggest that the 

auditory gating topology (i.e., set of neural generators) is composed of a PFC generator in 

addition to the anticipated generators in bilateral auditory cortices. The study of Josef 

Golubic and colleagues provides evidence of a modulatory role for the mPFC generator on 

bilateral superior temporal gyri (STG) sources activated during gating responses. This result 

suggests the existence of a novel, early sensory processing loop from mPFC to auditory 

cortices, alongside well-affirmed limbic (dorsal) and somatic (ventral) sensory processing 

pathways [Hickok and Poeppel, 2004]. The cholinergic modulation of the gating response 

[Adler et al., 1992; Lucas-Meunier et al., 2003] indicates that this novel cortical pathway 

would likely be altered in AD pathophysiology since AD is accompanied by a deterioration 

of cholinergic signal transmission by selective impact on the plasticity of nAChr and mAChr 

synaptic receptors [Small et al., 2001; Levin et al., 2006]. On a macro scale, synaptic 

dysfunction is likely to cause subtle functional alterations years before meeting criteria for 

symptomatic AD [Um et al., 2012; Palop and Mucke, 2010; Knafo et al., 2016]. Effects 

associated with cholinergic alterations of the gating response may be detected using 

functional neuroimaging techniques with high temporal resolution, such as EEG and MEG 

[Zamrini et al., 2011; Baillet, 2017]. MEG is sensitive to weak neuromagnetic fields induced 

by coherent postsynaptic currents and compared to EEG, provides better spatial resolution of 

the localized cortical sources underlying the measured magnetic fields. Consequently, MEG 

has an advantage in the search for early neurodegenerative biomarkers associated with 

synaptic alterations [Supek and Aine, 2014].

A range of EEG/MEG studies, measuring spontaneous and/or evoked brain activity, have 

reported changes in neural processing that correlate with the neuropathology of symptomatic 

AD [Jelic et al., 2000; Irimajiri et al., 2005; Stephen et al., 2006; Stam et al., 2006; Golob et 

al., 2009; Thomas et al., 2010; Bajo et al., 2010; Cheng et al., 2012; Green et al., 2015; 

Maestu et al., 2015]. Particularly, neurophysiological studies have found differences in early 

processing of auditory [Irimajiri et al., 2005; Thomas et al., 2010; Cheng et al., 2012; Green 

Golubic et al. Page 3

Hum Brain Mapp. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



et al., 2015] and somatosensory stimuli [Stephen et al., 2006] in MCI/AD patients, affirming 

the possibility of impaired inhibition of redundant stimuli (gating-out) and processing of 

distracting stimuli (gating-in) in the initial phase of symptomatic AD. In addition, increased 

power in delta and theta bands, accompanied by a loss of resting-state functional 

connectivity in lower alpha and beta bands have been detected in AD patients [Stam et al., 

2006]. MEG studies also demonstrated disrupted connectivity among brain regions and loss 

of long-distance synchronization as being responsible for some of the earliest cognitive 

changes in symptomatic AD patients [Stam et al., 2006, Bajo et al., 2010]. Although 

numerous EEG/MEG studies have identified associations between neural processing and AD 

pathology, the reported findings have received limited attention in the search for a biomarker 

of AD. While the analysis of extracranial EEG/MEG signals provides valuable information 

regarding the pathology-related alterations in the amplitudes, latencies, frequency bands, 

spectral densities and coherence of oscillatory brain dynamics, classification based on the 

difference between group means of sensor-level measures generally cannot provide a clear 

boundary between normal and pathological response values and may result in low clinical 

significance [Merlo and Wagner, 2013].

Individual subject heterogeneity and variability of responses is the underlying reason for the 

low discriminatory accuracy of many proposed biomarkers [Poulson et al., 2012]. However, 

MEG spatio-temporal localization of cortical sources underlying extracranial magnetic field 

measurements shows more internal consistency and provides highly reliable and stable 

results of both cortical dynamics (amplitudes and latencies) and topology (cortical location) 

of the activated network [Aine et al., 2000; Josef Golubic et al., 2014a], enabling a search 

for neuropathology markers at the individual level. The sensitivity of MEG to depth, cortical 

extent, cortical geometry and noise level, as well as the stability, reliability and use of multi-

dipole localization methods for identifying cortical sources underlying early and late evoked 

responses has been examined in numerous simulation and empirical studies [Supek and 

Aine, 1993; Supek and Aine, 1997; Josef Golubic et al., 2011; Aine et al. 2012; Sanfratello 

et al., 2014; Josef Golubic et al., 2014a]. Moreover, estimated cortical source dynamics 

garnered from extracranial MEG measurements are analogous to intracranial cortical 

response profiles [Sutherling et al., 1998]. However, cortical source dynamics are not the 

focus of the current study; this aspect was explored previously in Josef Golubic et al., 2014a.

In the present study we explored the sensitivity, specificity and accuracy of MEG source 

localization of early auditory gating modulation to detect AD pathology at the individual 

level. We hypothesized that pathology in the symptomatic AD patients (MCI/AD) should 

manifest as absolute inactivation of the mPFC auditory gating generator. For healthy 

controls, the mPFC gating generator should be activated for both gating-in and gating-out 

phenomena (i.e., evoked by the deviant and the standard tones, respectively).

We utilized MEG source localization estimates from our earlier study which identified 

cortical generators subserving auditory gating processing in elderly controls and 

symptomatic AD patients [Josef Golubic et al., 2014a] along with results from 

neuropsychological tests, including: Mini Mental State Exam (MMSE), Wechsler Adult 

Intelligence Scale-Revised and Rey-Osterreith Complex Figure Test (ROCFT). Multivariate 

analyses such as principal component analyses (PCA) were applied to this dataset to limit 
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the possibility of a chance influence on the discrimination results while clustering methods 

were used to reveal the internal structure of the data and to differentiate between subject 

categories. Non-linear correlations between mPFC gating generator activation and 

psychometric test scores were also conducted. Localization of auditory gating generators 

were derived from non-invasive MEG measurements of evoked neuromagnetic fields 

acquired during a passive auditory oddball paradigm to obtain functional information from 

each patient/subject. MRI scans (structural information) were also obtained from each 

patient/subject [Josef Golubic et al., 2014a]. A multidipole, spatiotemporal algorithm was 

used for cortical source localization [Ranken et al., 2002] which provided the topology of 

the gating generators underlying recorded auditory brain responses. The passive paradigm, 

which is suitable for elderly participants, evokes both gating mechanisms, habituation of 

redundant information (standard stimuli) and pre-attentive memory-based comparison 

processes (deviant stimuli).

2. Material and methods

2.1 Participants

Twenty right-handed elderly individuals (5 females and 15 males) ranging from 63 to 87 

years of age (mean = 76 years) participated in the study. Ten of these individuals, recruited 

from the community (>65 years, mean = 73 years) with self-reported normal status of 

cognitive ability, participated in the study as controls. Ten patients diagnosed as either single 

domain amnestic mild cognitive impairment (aMCI) or AD patients (mean = 78 years), 

recruited from the Memory Disorders Clinic at the New Mexico Veterans Health Care 

System, also participated.

All participants underwent neurological exams performed by Board Certified Neurologists 

with expertise in geriatric and behavioural neurology (J. Knoefel and J. Adair). The five AD 

patients met the criteria for a diagnosis of AD as defined by the National Institute of 

Neurological and Communicative Disorders and Stroke–Alzheimer’s Disease and Related 

Disorders Association (NINCDS-ADRDA) and the Diagnostic and Statistical Manual of 

Mental Disorders, 4th Edition (DSM-IV) [McKhann et al., 1984; American Psychiatric 

Association, 2000]. The five aMCI patients were evaluated for memory complaints and 

demonstrated isolated memory impairment. Specifically, aMCI patients met modified 

Petersen criteria including normal general cognitive functions, indicated by age- and 

education-adjusted MMSE scores above the 25th percentile, were not demented as defined in 

DSM-IV, and were not impaired on routine activities of daily living. Their cognitive 

performance was at least 1.5 SD below age-referenced means on the Hopkins Verbal 

Learning Test 3-trial immediate recall or percent delayed recall.

All participants underwent a screening evaluation including MRI, laboratory tests and 

modified Hachinski Ischemic Scale. For both participant groups, major anatomical 

abnormalities on MRI scans that would result in rejection of a subject’s data include 

structural lesions indicating prior cortical infarct, evidence of prior significant traumatic 

injury, or vascular malformations. To exclude other aetiologies of cognitive dysfunction, 

participants must not have had oxygen dependent chronic obstructive pulmonary disease, 

severe congestive heart failure or neurological or psychiatric disease conditions that could 
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confound study interpretations (e.g. major depression, delusions, hallucinations, 

Parkinsonism, epilepsy, etc.). In addition, the modified Hachinski Ischemic Scale scores 

included only participants indicating a low likelihood of vascular injury (<4). Further 

exclusion criteria included chronic neurological conditions (e.g. seizures, hemiparesis, 

sensory loss and visual field deficits), gait disturbances or sudden behavioural changes. 

Finally, participants were excluded if they met criteria for alcohol/substance use disorder or 

used any drugs that interfered with cognitive functioning (anticholinergic, antipsychotic, 

antiepileptic or antidepressant drugs).

This research was approved by the Human Research Review Committee at the University of 

New Mexico, Health Sciences Center and by the Research and Development Committee at 

the New Mexico VA Health Care System and was conducted in accordance with the ethical 

standards laid down in the 1964 Declaration of Helsinki. Written informed consent was 

obtained from all participants (HRRC# 98-346).

2.2 Neuropsychological evaluations

All enrolled subjects underwent a battery of psychometric tests including the MMSE and the 

Wechsler Adult Intelligence Scale-Revised battery. Visual spatial memory was assessed with 

the ROCFT. Affective symptoms were evaluated with the Geriatric Depression Scale. 

Functional status was measured with the Functional Activities Questionnaire for aMCI and 

AD patients, completed by a knowledgeable informant who accompanied the patient to the 

clinic.

Experimental design, MEG and MRI data acquisition protocols, data processing and details 

of the multi-dipole, spatio-temporal source localization of cortical generators underlying 

gating fields evoked by the auditory oddball paradigm were reported in our earlier study on 

the topology and dynamics of the auditory gating network [Josef Golubic et al., 2014a]. For 

ease of reference these details can be found below.

2.3 Experimental design and paradigm

The passive auditory oddball task consisted of 400 frequent (1000 Hz, p=0.8) and 100 

deviant (1200 Hz, p=0.2) binaurally presented tones. Tone duration was 200 ms. The inter-

stimulus interval was 1s with a jitter range of 200 ms. The tones of the oddball paradigm 

were presented to subjects using NBS Presentation software and were delivered inside a 

magnetically shielded room to the participant’s ear canal using Etymotic Research ER-3A 

sound transducers with plastic tubing. Adjustments in the intensity of the tones were made 

for each participant separately, based on the results of a previous hearing threshold test given 

within the shielded room in order to achieve a level of 60 dB SPL.

2.4 MEG and MRI data acquisition

Anatomical T1-weighted MPRAGE (1.5 mm slices) and T-2 weighted Turbo Spin Echo (1.8 

mm slices) magnetic resonance images were obtained for all subjects from a 1.5-T Siemens 

Sonata MR scanner at the Mind Research Network (MRN) in Albuquerque, New Mexico. 

Magnetic fields were acquired with a CTF 275-channel whole-head system (VSM MedTech, 

Ltd.) inside a 2-layer magnetically shielded room (Vacuumschmelze, GmbH & Co. KG, 
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Nanau, Germany) at the MRN. For artefact elimination, EOG signals were simultaneously 

recorded with the MEG signals. Electrodes were placed above and below the eye for 

monitoring eye blinks or eye movements. The subject’s nasion and the left and right 

preauricular points were registered by the Polhemus head position device for establishing a 

3-D coordinate head frame. An additional 150 points along the surface of the head were 

marked to determine head shape for later precise co-registration with anatomical MR 

images. Subjects were seated comfortably in a chair with the head centered in the 

measurement helmet. The coils were pulsed and localized to establish head position relative 

to the helmet. The data were digitized at 600 Hz with online filters at 0.1 to 200 Hz.

2.5 Data processing and filtering

All data were pre-processed using CTF software for deletion of large amplitude single-epoch 

MEG responses, digital filtering and artefact rejection before offline averaging. MEG epochs 

that contained amplitudes exceeding a threshold of 3pT/cm and/or EOG signals greater than 

75 μV were rejected from offline averaging. All pre-processed raw data for each stimulus 

were used for later averaging. Averaged data were filtered at 0.1 to 50 Hz.

MEGAN (MEG ANalysis), an MEG data visualization and analysis tool developed by 

Elaine Best, in the Biophysics group, Los Alamos National Laboratory were used to remove 

baseline noise and for producing NetMEG files from the original CTF data format. Baseline 

correction was made to decrease the low frequency noise effects that result from the offsets 

of individual sensors and slow ambient field fluctuations. It was performed by estimating the 

DC offset of each sensor based on the interval −100 to 0 prior to stimulus presentation and 

subtracting this DC offset from each timepoint of the averaged evoked response.

Later processing was performed using MRIVIEW [Ranken, 2014] to: a) perform semi-

automated segmentation of volumetric MRI data; b) identify the best-fitting sphere; c) 

reconcile coordinate systems (MRI data with MEG coordinate space) and d) obtain multi-

dipole source estimates using a Calibrated Start Spatio Temporal (CSST) tool [Ranken et al., 

2002] for multi-start multi-dipole MEG inverse calculations.

2.6 Source localization

Spatio-temporal localization of early sensory processing was performed assuming point 

sources [Josef Golubic et al., 2011; Sušac et al., 2009; Sušac et al., 2010; Aine et al., 2012; 

Sušac et al., 2014]. The cortical sources of the auditory evoked fields (AEF) were modelled 

assuming multiple rotating current dipoles embedded in a spherical volume conductor 

[Huang et al., 1998]. Individual cortical surfaces were identified and labelled from the MRI 

data (slices) using a semi-automated segmentation tool within MRIVIEW. The 3D 

morphological operations were applied to identify the gray/white matter boundary. 

Segmented cortical surfaces were used to estimate the best-fitting sphere for each individual 

head model. Spatio-temporal source analyses of the empirical data acquired from all MEG 

channels were performed using the multi-dipole CSST algorithm and were not constrained 

to any preselected cortical locations. Spatio-temporal source localization was conducted 

across a 30–100 ms post-stimulus time window. Estimation of the time invariant parameters 

(spatial locations) was derived first using nonlinear minimization and kept constant for the 
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selected time window, while a linear estimation of the associated time varying parameters 

(source strengths and orientation) were calculated for each time instance.

CSST uses a two-stage, semi-automated multi-start downhill simplex minimization [Aine et 

al., 2000; Huang et al., 1998] of the reduced chi-square metric [Supek and Aine, 1993; 

Supek and Aine 1997] for optimizing the locations, strengths and orientations of activated 

cortical sources. Up to 12,000 starting points (for each dipole source model) were used for 

simplex searches and were randomly selected from the realistic head geometry (segmented 

cortex). This algorithm minimizes possible bias of the results toward anticipated areas of 

activity due to investigator selection of starting points.

The minimum model order (number of dipoles, n) was estimated using singular value 

decomposition (SVD) of the spatio-temporal data matrix of the selected time interval. The 

inverse calculations were conducted starting from the estimated minimum model order n, 

and continued subsequently increasing the model order (n+1, n+2 etc.). The adequate (best-

fitting) model was selected based on: reduced chi-square measure of goodness-of-fit for each 

model order assumed [Supek and Aine, 1993], proportion of variance explained (PVE), 

dipole clustering to assess location scatter (an indication of over-modelling) [Supek and 

Aine, 1993], the residual waveforms to assess whether additional signal remained (an 

indication of under-modelling) and the inspection of the estimated source time-courses 

(near-zero amplitude across entire time interval is an indication of over-modelling).

To provide confidence regions for the best-fitting dipole solutions and to estimate effect of 

the measurement noise, 100 Monte Carlo simulations were conducted by using the source 

locations from the best-fitting model as starting locations and adding noise determined by 

the sensor baseline noise variance (-100 to 0 ms).

2.7 Anatomical locations

Anatomical locations of the best-fitting dipole solutions were assessed by reconciling the 

MEG head-centered coordinate system with participants’ MRI coordinate system. Unlike the 

commonly used methods that remove size differences by scaling the structural data (spatially 

normalized to the Talairach stereotaxic system), we retain the original individual head 

shapes to avoid distortion of brain characteristics. The coordinate system corresponded to 

the following convention: the positive x-axis points out toward the nose, the positive y-axis 

points toward the left ear and the positive z-axis points out the top of the head. We manually 

identified STG (right and left hemispheres) on individual MRI scans (Brodmann’s areas 

(BA) 41/42). For the anterior limit of STG we used the first slice showing the white matter 

tract (temporal stem) connecting the temporal lobe with the base of the brain. The posterior 

boundary of STG was defined as the slice where the fibers of the crux of the fornix last 

appeared. The location of a dipole in the anterior portion of the medial prefrontal lobe 

(including frontopolar (BA 10) and orbitofrontal region (BA 11)) was the criterion for the 

mPFC source relative to each individual subject’s MRI.

2.8 Statistical analyses

Cortical locations of each modelled source in the 30–100 ms time window were examined 

for each subject and for the two auditory conditions (standard and deviant tones). Variables 
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of our multivariate dataset (scores on neuropsychological tests and neurophysiologic results 

of MEG source localization in a 30–100 ms time window across participants) were tested for 

the assumptions of the analysis of variance: the Kolmogorov-Smirnov test [Smirnov, 1948] 

was carried out to verify normality and Bartlett-Box test [Bartlett, 1937] was used to check 

homoscedasticity of variance. Post-hoc comparisons of the ANOVA were conducted using 

Tukey Least Significance difference t-test to isolate interaction effects. Two-way repeated 

measures ANOVA was conducted on spatial locations (number of localized dipoles, 

hemisphere) of localized sources across categories of subjects (controls and symptomatic 

AD) and two conditions (standard/deviant tone) after Bartlett-Box test confirmed 

homogeneity of data variance in each group. The factors submitted to ANOVA consisted of: 

Condition (response to Standard and Deviant tone) and Clinical Category (controls and 

symptomatic AD). The Mann–Whitney–Wilcoxon rank-sum test (MWW) [Mann and 

Whitney, 1947] was subsequently used to test the differences in MMSE/delayed-ROCFT 

scores between new categories that emerged after cluster analyses.

2.9 Principal component analysis

Principal component analyses were used to reduce dimensionality of the multivariate data 

matrix and limit the possibility of a chance influence on the discrimination of the results by 

decreasing the number of variables used in the analysis [Ahlgren, 1986]. The 20 subjects 

(observations) and results on the neuropsychological tests, together with MEG localization 

results identifying the cortical network underlying auditory gating in both oddball tone 

conditions (variables), were submitted to a principal component analysis. The singular value 

decomposition of covariance matrix was used for estimation of principal components (the 

eigenvectors of the covariance matrix). The percent of variance explained (95%) by principal 

components was employed as a cut-off rule for estimating relevant variables.

2.10 Cluster analysis

Blind cluster analyses were used to provide information regarding data structure (existence 

of subject categories) using a purely data–driven approach, without any a priori hypotheses 

(i.e., clinical diagnosis). To check reliability and internal consistency of categories, different 

methods of clustering were conducted on the dominant variables. Classical clustering 

algorithms with Ward’s minimum variance method [Ward, 1963] as amalgamation rule and 

with Euclidean distance as well as Manhattan metrics and Correlation function as a measure 

of dissimilarity were applied to the data matrix. Then, the neuropsychological variables were 

extracted and clustering methods were re-applied to examine the influence of dichotomous 

neurophysiologic variables.

Blind cluster analyses were performed by an expert in multivariate analyses (L. Caklovic, 

Department of Mathematics, University of Zagreb). No modifications, additions, or 

exclusion were made to the data set and neither the data nor any subsets of it were used to 

assess or refine the model being tested.

2.11 Correlation

Multivariate non-parametric rank correlation coefficients were calculated as a statistical 

measure of a relationship between principal neuropsychological (MMSE, dROCFT) and 
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neurophysiologic (mPFC gating activation) variables. First, results of neuropsychological 

tests were two-step ranked across subjects with MMSE test scores as a basic metric. 

Relevant neurophysiologic variables were presented by a set of binary results (1-localized 

mPFC generator, 0-non-localized mPFC gating generator). The nonlinear regression 

approach fit the neuropsychological test ranks to an unknown binary step function g 
(Heaviside function: g (t) =0, t<c; g (t) =1, t≥ c) that represent neurophysiologic variables. 

The step function was expanded as a generalized Fourier series to estimate the cut-off 

Fourier coefficients (c) from the data. The Levenberg-Marquardt method [Levenberg, 1963; 

Marquardt, 1963] was applied to estimate nonlinear correlation coefficients.

3. Results

3.1 Demographics by diagnostic category

The normality tests (Bartlett-Box test and Kolmogorov-Smirnov test) confirmed that none of 

the data distributions (results of neuropsychological exams, amplitudes and latencies of 

evoked cortical activity) were significantly different from normal. There were no excluded 

data or outliers. There were no significant differences in general demographics between 

males and females (ANOVA age: F(1,10) = 1.66, p= 0.31; years of education: F(1,10)= 1.39, 

p=0.26 ) or as an effect of clinical category (controls vs. patients (aMCI/AD); ANOVA: age 

F(1, 18)=2.48, p=0.08; education F(1,18)=0.89, p=0.54). Significant differences were found 

for MMSE (F(1,18)=35.18, p<0.001), dROCFT (F(1,18)=27.87, p<0.001), performance IQ 

(IQperf) (F(1,18)=12.22, p=0.003), and verbal IQ (IQver) (F(1,18)=5.38, p=0.03) test scores 

as an effect of clinical category (Table 1). There were no significant differences in full scale 

IQ scores (F(1, 18) =1.8, p=0.18) and ROCFT copy (F(1, 18)=2.1, p=0.12) when comparing 

controls to patients.

3.2 Localization of auditory gating generators

The stability and reliability of our spatio-temporal localization approach to identify auditory 

gating generators and the modulatory role of a mPFC gating generators on bilateral STG 

gating activity were reported earlier [Josef Golubic et al., 2014a]. The current work is 

focused on evaluating differences in the gating generators topography as a function of the 

different tone conditions, as a potential biomarker for Alzheimer-type memory impairment.

The multi-dipole spatio-temporal localization of gating generators evoked by the auditory 

oddball paradigm was conducted in the 30–100 ms post-stimulus time window for both tone 

conditions (standard and deviant). The ventral mPFC (BA 10 and 11) and the bilateral STG 

areas (BA 41/42) were identified as cortical regions where the gating generators were 

localized. The average location of mPFC generators in head-centered coordinates was: x = 

(5.58 ± 0.71) cm; y = (-0.15 ± 0.38) cm and z = (2.64 ± 0.68) cm. There was no significant 

y-coordinate asymmetry of mPFC gating generators across subjects (ANOVA mPFC 

hemisphere: F (1, 19) = 1.71, p = 0.22).

We demonstrated three different gating generator topologies identified across subjects and 

two conditions, based on the activation (the detection or absence) of a mPFC generator (Fig. 

1). Sustained activation of STG was found for all subjects regardless of clinical category and 
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tone condition, demonstrating insensitivity of STG gating topology to AD neuropathology. 

Control subjects showed two distinct topologies of the gating generators (panels A and B of 

Fig. 1) which differed according to the presence or absence of a mPFC gating generator 

evoked by the standard tone. The healthy gating topology consisted of the three generators 

evoked by both tones: bilateral STG (green and blue) and mPFC (red), shown in panel A of 

Fig. 1. In contrast, altered gating topology was found in a sub-group of controls, as shown in 

panel B of Fig. 1. This type of gating topology consisted of the three generators activated for 

the deviant tone, mPFC (red) and bilateral STG (blue and green), but the standard tone 

evoked only the two bilateral STG generators without mPFC activation. Panel C of Fig. 1 

shows a gating topology characteristic for symptomatic AD patients. This gating topology 

represented only bilateral STG activation for both deviant and standard tone conditions. The 

complete absence of mPFC generator activation is the main sign of symptomatic AD gating 

topology.

3.3 Principal component analysis

The principal component analyses revealed four non-trivial variables whose linear 

combination explained 94.6% of the total variance (percent of variance explained): MMSE 

results, dROCFT score, mPFC activation in response to the standard tone and mPFC 

activation in response to the deviant tone. Additional variables, IQperf and IQver resulted in 

surpassing 95% percent of variance explained. Table 2 shows individual results for the 

dominant variables: neuropsychological tests and MEG localization of the mPFC gating 

generator across the tone conditions (1- active, 0- nonactive) along with explicit coordinates 

of localized mPFC gating generators. Since there were no significant within-subject 

differences in the spatial positions of the mPFC generators evoked by the two stimulus 

conditions the mPFC coordinates were averaged for individuals who showed mPFC 

activation for both tone conditions. Subjects were assigned numbers from 1 to 20 according 

to the test results achieved on the MMSE. The ROCFT drawings were scored according to 

Meyers & Meyers [Meyers and Meyers, 1995], yielding a scoring range from 0 to 36 for 

delayed recall trial.

3.4 Clustering

Blind cluster grouping of subjects using the principal variables disclosed three well-defined 

clusters with a stable subject distribution as shown in Fig. 2. Clustering results distinguished 

symptomatic AD patients from controls (H) but did not discriminate between aMCI and AD 

patients.

However, two distinct clusters (1 and 2) emerged across the control group. A classical 

clustering algorithm with Ward’s minimum variance method as amalgamation rule and 

Euclidean distance (Fig. 2, panel A), Manhattan metric (not shown) or correlation function 

(Fig. 2, panel B) as a measure of dissimilarity differentiated three clusters across subjects. 

Subject distributions in clusters were identical for all clustering approaches. The first cluster 

included control subjects characterized by an mPFC generator evoked by both tones, the 

highest MMSE scores and the highest performance on the dROCFT. The second cluster 

included lower functioning control subjects with selective activation of the mPFC gating 
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generator evoked by the deviant tone and with significantly lower MMSE and dROCFT 

scores (MWW test; n1=4, n2=7; U1=0 < U(4,7)=3; p=0.05).

The third category coincided with the symptomatic AD patients who lacked mPFC 

activation regardless of the tone condition and had the lowest MMSE and dROCFT scores 

(MWW test, n2=7, n3=9; U2=0<U(7,9)=12, p=0.05). Clustering applied to dominant 

neuropsychological variables only yielded two low-distant clusters which did not detect an 

additional cluster within the control group (panel C).

3.5 Correlation between neuropsychological and neurophysiological measures

Using a multivariate, non-parametric, rank correlation along with the Levenberg-Marquardt 

method to estimate nonlinear correlation coefficients, we found very strong non-linear 

correlations (R2>0.98) between the neuropsychological MMSE/dROCFT results and 

neurophysiological mPFC activation for both standard and deviant tones, as shown in Fig. 3. 

Fourier expansion of discrete function g(t) provided MMSE/dROCFT score boundaries for 

gating activation of the mPFC generator evoked by the oddball paradigm tones: MMSE<26 

and dROCFT<17 indicated absolute mPFC gating inactivation (9/9); scores within 

26<MMSE≤30 and 17≤dROCFT<23 indicated altered mPFC activation, i.e., activation only 

by the deviant stimuli (7/7); and finally, the scores MMSE=30 and dROCFT≥23 correlated 

with mPFC activation for both tone conditions (4/4).

3.6 Diagnostic power

The absence of a mPFC gating generator evoked by a passive auditory oddball paradigm was 

demonstrated (Fig. 2) to have a specificity of 100% (10/10), 95% accuracy (19/20) and 90% 

sensitivity (9/10 symptomatic AD; 4/5 aMCI and 5/5 AD) to detect symptomatic AD 

patients in this sample. The contingency table yielded χ2=16.36 (χ2
0=7.88; α=0.005) with a 

large effect size (rφ= 0.904). The only subject “misclassified” by the above approach 

(assigned as number 8 in Table 2) belonged to the symptomatic AD group with an aMCI 

diagnosis. The proposed biomarker detected impaired mPFC gating activity for this patient; 

i.e., a mPFC generator was absent in this patient for the standard tone. Selective gating-out 

impairment and higher test scores in comparison with other symptomatic AD patients 

(MMSE=29 and dROCFT=26), placed this individual in the lower functioning control 

group.

4. Discussion

In the present study we demonstrate the use of MEG localization of a mPFC gating 

generator as a discrete (binary) detector of AD at the individual level. The large effect size 

(> 0.9; binary result) enabled high statistical power despite relatively low sample size.

Our putative biomarker for identifying AD pathology is not based on the use of group means 

and it is not associated with statistically significant changes in a continuous variable (i.e., 

increase or decrease of mPFC gating activity). Its strength lies in the simplicity of using a 

binary value (i.e. activated or not-activated) for the mPFC gating generator. The low 

sensitivity to individual heterogeneity and variability due to the binary nature of impaired 
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mPFC activation is probably the most important property of the proposed method for AD 

detection.

We found three types of gating generator topologies evoked by an auditory oddball paradigm 

that discriminated patients (aMCI and AD) from controls, confirmed the indiscernibility 

between aMCI and AD patients and differentiated two distinct gating generator topologies 

within the controls. To explain the presence of two different types of gating topologies 

within a control group (>65 years) we applied different clustering approaches to disclose 

potentially hidden structure in our multivariate data set (neuropsychological test scores and 

neurophysiological gating network topology).

Clustering based on principal variables demonstrated the existence of three stable groups 

across participants. Although dominant weighting in cluster forming was generated from 

dichotomous neurophysiologic MEG variables, subsequent statistical review of group 

differences on neuropsychological tests confirmed low-magnitude but statistically significant 

differences in MMSE and dROCFT scores between participants in distinct clusters. The first 

group of controls, who were characterized by consistent activation of mPFC gating 

generators for both oddball tones, had the highest MMSE scores and the highest 

performance on the dROCFT was considered to be healthy elderly controls.

The second group of controls characterized by the absence of mPFC gating generator 

activation for the standard tone and significantly lower MMSE and dROCFT scores was 

considered as lower-functioning controls. We speculate that these individuals may be in a 

possible preclinical AD phase since they show both neuropsychological and 

neurophysiological impairments characteristic for an AD type of dementia, although they 

did not yet meet clinical criteria for aMCI. Also, it has been shown that dROCFT is sensitive 

to early AD pathology and may be an indicator of future conversion to AD [Takayama, 

2010] which additionally supports our speculation.

All participants characterized by the absence of a mPFC gating generator regardless of the 

tone condition and had the lowest test results overall, belonged to the patient group with 

aMCI or AD diagnosis (9/9). This result is in line with recent evidence showing that major 

pathophysiological processes associated with AD have already occurred by the time of MCI 

diagnosis [Lazarcyzk et al., 2012], supporting the Key Symposium group recommendation 

that clinically expressed disorders, from MCI to later stages, represent symptomatic AD 

[Morris et al., 2014].

Inactivation of the mPFC gating generator implies that we could not localize any prefrontal 

neuromagnetic source activity within the first 100 ms post stimulus using the multi-dipole 

CSST localization approach. A series of numerical simulations demonstrated that for a deep 

mPFC generator (at 3.5 cm) a source strength of 5 nAm represents a threshold for CSST 

spatio-temporal localization [Josef Golubic et al., 2014a] which is smaller than the 

previously reported estimated limit of the MEG detectable current moment density [Baillet 

et al., 2001]. Moreover, the CSST approach provides high stability and reliability of spatio-

temporal localization of the auditory gating network in elderly and young participants [Josef 

Golubic et al., 2014a; Josef Golubic et al., 2014b]. It has been shown that, contrary to the 
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widely accepted assumption that source orientation is the main limiting factor of MEG 

sensitivity to neural activity, the source depth and its cortical extent are the major limiting 

factors for detection probability [Josef Golubic et al., 2011]. Consequently, MEG sensitivity 

to deep and low-signal prefrontal gating generator signals that are simultaneously active 

with more superficial, extended and more tangentially oriented current dipoles originating in 

the STG can be increased using a high-density sensor array. We used 275 high-order 

gradiometers (CTF 275-channel whole-head system), which are effective at rejecting 

magnetic noise outside the brain, thereby augmenting detectability of low amplitude 

prefrontal generators. Consequently, inability to localize a mPFC gating generator by MEG 

CSST source localization represents a strong indication that early feedback from the mPFC 

to auditory sensory cortices is disrupted.

The present results agree with a recently proposed concept that introduces PFC damage, in 

combination with cingulate damage, as a predictive indicator for the development of AD 

clinical symptoms [Vogt, 2009]. It was found that PFC atrophy preceded dementia onset 

over a six year period and appeared to be a more sensitive predictive factor than 

hippocampal volume [Burgmans et al., 2008]. Recent findings suggest that neurofibrillary 

tangles and amyloid-β accumulation are a necessary but not sufficient condition to produce 

clinical manifestations of AD; cognitive decline develops only with associated synaptic 

dysfunction [Sperling et al., 2011; Giannakopoulos et al., 2007; Jack Jr et al., 2014]. Our 

results suggest that synaptic activation of a mPFC source within the auditory gating network 

topology coincides with stages (possible preclinical and clinical) of Alzheimer’s type 

dementia. In the symptomatic stage of disease (aMCI/AD), gating activation of the mPFC 

source cannot be identified for either standard or deviant tones while selective (impaired) 

activation of post-synaptic gating activity may signify a possible preclinical phase (i.e., 

mPFC activation was identified for the deviant tones only).

Our results suggest that a very early stage of alteration in auditory gating processing is 

associated with an absence of mPFC gating transmission that corrupts habituation to 

redundant inputs [Josef Golubic et al., 2014a]. The impaired mPFC processing during 

endogenous brain activity or during memory tasks in cognitively normal participants who 

were AD risk-factor gene (APOE ε 4) carriers [Cuesta et al., 2015] together with evidence 

of reduced gating amplitude as a predictor of cerebrospinal amyloid-β reduction in MCI 

patients [Green et al., 2015] strongly support our speculation that absent mPFC gating-out 

activation in lower-functioning controls may be associated with a possible preclinical AD 

phase. Also, it has been shown that PFC structures are affected by tau-pathology in the 

possible preclinical stage of AD [Giannakopoulos et al., 2007]. Recent findings provide 

novel evidence that links p-tau pathology in a very early phase of AD type memory 

impairment to reduced functional connectivity affecting the PFC, which is also involved in 

amyloid-β-related hypersynchronization [Canuet et al., 2015]. Synaptic loss and trans-

synaptic or transneuronal spread of pathological tau-forms [Wu et al., 2016] through PFC 

regions, could result in the gating deficit that we have found in a sub-group of controls 

which may reflect a possible preclinical phase of AD pathology.

Progressive failure in sensory gating-out is likely to lead to an overload of working memory 

due to signal to noise reduction and consequently to the first symptoms of memory 
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impairment found in AD patients [Baddeley et al., 1991]. Our results provide evidence that 

mPFC disengagement may take place in symtopmatic stages during both, inhibition of 

redundant stimuli (gating-out) and processing of distracting stimuli (gating-in). Consistent 

with our results, numerous studies confirmed that symptomatic AD pathology strongly 

affects PFC physiology. Lower frontal-parietal correlations of glucose metabolism 

[Rapoport et al., 1986], frontal retention of 11C-Pittsburgh compound [Klunk et al., 2004] 

and prefrontal glucose hypometabolism on 18F-fluorodeoxyglucose PET scans [Coleman, 

2005] were found in AD patients. Moreover, recent longitudinal measurements in AD 

patients found significant hypometabolism in PFC regions that are not strongly affected by 

amyloid deposition, arguing that functional impairment of mPFC may be related to 

longitudinal increases in amyloid deposition in remote but functionally connected brain 

areas such as STG cortices within the auditory gating network [Klupp et al., 2015].

Since one of the major roles of mPFC is control of overall acetylcholine input from 

subcortical neuromodulatory systems [Van de Werd et al., 2010], absence of synchronized 

neuromagnetic activity in mPFC during auditory gating may reflect dysfunction of fast 

cholinergic signal transmission between mPFC and primary sensory areas in AD. Such 

mPFC gating dysfunction may result in PFC hypometabolism reported in AD patients 

[Rapoport et al., 1986; Klunk et al., 2004; Coleman 2005; Klupp et al., 2015]. Moreover, the 

subtype of alpha-7-nAChr bearing neurons which are highly involved in synaptic gating 

regulation [Freedman et al., 2003] and are especially vulnerable to β-amyloid damage [D 

Andrea et al., 2006] are found in PFC regions [Poorthuis et al., 2012].

In line with our results showing a correlation of AD memory impairment and mPFC gating 

functionality, we also found a strong correlation (>0.98) between the presence/absence of 

the mPFC gating generator and performance on the dROCFT. This result enabled us to make 

a quantitative assessment of dROCFT scores that reflect stages of mPFC auditory gating 

functionality. We found scores on dROCFT≥23 to be associated with healthy mPFC 

activation during both gating phenomena, while scores within 17≤dROCFT<23 indicated 

impaired mPFC activation to the deviant tone only, and scores of dROCFT<17 were 

associated with total absence of mPFC gating generators. These results suggest the 

usefulness of the dROCFT scores as a measure of frontal gating functions.

Strict inclusion criteria for participation in the present research study, in line with the Key 

symposium recommendation, suggest a greater probability that the underlying 

pathophysiology of patients diagnosed as aMCI and AD is of the Alzheimer’s type. 

Additionally, broad exclusion criteria provide greater likelihood that the pathology of control 

participants who are possibly in a preclinical phase of dementia (still non-symptomatic), is 

likely due to Alzheimer’s disease (i.e. lower likelihood of having other confounding medical 

conditions). Nevertheless, there is always a possibility that subclinical cardiovascular or 

metabolic disorder may be present in these participants, such as undetected small vessel 

disease, high blood pressure or hypercholesterolemia and insulin resistance, which may 

contribute to cognitive decline as well [Aine et al., 2014]. However, our putative marker of 

AD pathology specifically underlies an auditory sensory gating deficit [Thomas et al., 2010; 

Cheng et al., 2012]. Currently, there is no evidence for a link between corrupted auditory 

sensory gating and metabolic or cardiovascular pathology.
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The diagnostic power of a test that uses the absence of mPFC gating activity as a biomarker 

of symptomatic AD showed very high effect size (0.904), specificity (100%), accuracy 

(95%) and sensitivity (90%) relative to clinical diagnostic category. The only subject that 

was misclassified by our approach was subject 8 with an aMCI diagnosis. The proposed 

MEG marker could have detected AD pathology in this subject in a phase characterized by 

the lack of mPFC gating-out activation and preservation of mPFC gating-in activation. Our 

results could suggest that this type of mPFC gating dysfunction may indicate very early 

gating impairment and possibly mark the preclinical AD stage. Such variation supports the 

dynamic view of AD that considers pathology as evolving progressively over decades before 

the first symptoms [Petersen and Morris, 2005; Dubois et al., 2007; Holtzman et al., 2011; 

McKhann et al., 2011; Sperling et al., 2011; Jack JR et al., 2014; Morris et al., 2014] and 

suggesting a physiological continuum between absolutely healthy aging and severe AD. The 

dynamic model accommodates variability in the clinical expression of disease changes over 

time depending on individual vulnerability to the initial phases of pathology, the severity of 

AD degeneration on a cellular level and the efficiency of compensatory mechanisms [Morris 

et al., 2001]. We speculate that subject 8 might have been captured in an extended phase of 

transition between preclinical (non-symptomatic) and early symptomatic stage of disease 

(MCI). Perhaps the compensatory mechanisms in this patient were deficient in 

circumventing cognitive decline, therefore this patient may have experienced cognitive 

changes indicative of early features of dementia, although the underlying pathophysiology 

was not yet so severe. However, because we do not have access to amyloid imaging results, 

we acknowledge that the high sensitivity/specificity values are limited by the accuracy of the 

clinical diagnosis itself; i.e., 95% of the time this clinical diagnosis will reflect the 

underlying AD pathology as identified by MEG measures.

In conclusion, our results suggest that MEG localization of mPFC gating activation has the 

potential not only to detect symptomatic AD but also to become a predictor of cognitive 

decline thought to be related to the pathophysiological processes of AD, both at the 

individual level. The statistical independence of the proposed biomarker, non-invasiveness of 

MEG measurements, high reliability of CSST localization of auditory and mPFC gating 

generators along with the non-demanding passive oddball paradigm are additional benefits 

for future clinical use. The potential of our proposed MEG biomarker to recognize a 

preclinical state could represent a major advancement in AD research since it may provide 

much earlier disease-modifying intervention during presumably still reversible stages of 

neurodegeneration. Our MEG biomarker indicates that failure to modulate activity in the 

posteromedial cortices may be an early indicator of synaptic dysfunction that underlies the 

earliest pathological processes associated with AD.

MEG localization of a discrete mPFC gating activation is a promising AD marker at the 

individual level, however, this approach needs to be tested in a large independent sample and 

requires assessment in longitudinal clinical MEG studies. Ideally, studies would track non-

symptomatic elderly with mPFC gating impairment until the first clinical symptoms appear 

(associated with absence of mPFC gating activity) and finally to autopsy for confirmation of 

disease. It would be necessary to directly verify the correlation between MEG-localized 

mPFC gating inactivation and recently proposed early AD biomarkers from National 

Institute on Aging-Alzheimer’s Association workgroups [McKhan et al., 2011]. 
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Furthermore, related to the absence of a completely specific biomarker of AD, it would also 

be necessary to explore cortical mPFC gating dynamics in other dementias and in depression 

to determine the specificity to discriminate AD from other aetiologies of age-related 

cognitive decline.
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Fig. 1. Three distinct types of auditory gating network identified in healthy controls (a), possible 
preclinical AD (b) and symptomatic AD patients (c)
Localization of auditory gating generators estimated in the 30–100 ms time interval evoked 

by the tones of an oddball paradigm in three representative subjects across conditions. The 

best-fitting source locations are superimposed on individual volumetric MRI head data to 

achieve a spatial (3D) rendering of the auditory gating topology. Panel A) shows the healthy 

gating topology type where all three gating generators, mPFC (red dot) in addition to 

bilateral STG sources (green and blue dots; right and left STG generators, respectively), 

were active in processing both tone conditions (4/10 controls). Panel B) shows an altered 

gating topology type characterized by selective mPFC activation only by the deviant tone 

(6/10 controls and one aMCI). Panel C) shows the third topology type where the mPFC 
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generator for both standard and deviant tones was missing. This type of network was found 

in symptomatic AD patients.
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Fig. 2. Three distinct clusters identified across subjects
Dendograms show results of different cluster groupings carried out on the dominant 

variables shown in Table 2. Variables were normalized before clustering. Subjects were 

assigned numbers from 1 to 20 as in Table 2 and grouped into clusters. Clustering algorithms 

with Euclidian distance (panel A) or correlation function (panel B) as a measure of 

dissimilarity yielded identical results: our sample of 20 elderly subjects had an internal 

structure consisting of three well-defined and stable clusters. Panel C shows result of 

clustering conducted only on dominant neuropsychological variables.
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Fig. 3. Correlation between neuropsychological and MEG localization results
MMSE/dROCFT two-step ranked test scores (panel A) and presence/absence of mPFC 

gating activation show very strong non-linear correlation for both tone conditions, R2 

(standard) = 0.97 (panel B) and R2 (deviant) = 0.99 (panel C); p<0.001. Dotted line on 

panels B and C represents discrete step functions g(t) with marked boundary test scores 

which indicate mPFC activation.
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Table 1

Demographics by diagnostic category (mean±standard deviation)

Category Controls MCI/AD

N 10 10

Male 7 8

Female 3 2

Age 74.4±4.8 78.8±5.3

Education (years) 15±4 14±3

MMSE* 29.4±1.6 25.1±3.6

IQ 121±18 105±31

IQperf* 128±10 96±19

IQver* 126±13 101±13

ROCFT (copy) 33±4 26±13

ROCFT (delay)** 22.0±3.1 5.8±5.2

*
Statistically significant difference p<0.001

**
Statistically significant difference p<0.05
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