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Abstract

To our knowledge, this is the largest study evaluating relationships between 3T Magnetic
Resonance Imaging (MRI) and P300 and memory/cognitive tests in the literature. The 3T
MRI using NeuroQuant has an increased resolution 15 times that of 1.5T MRI. Utilizing Neu-
roQuant 3T MRI as a diagnostic tool in primary care, subjects (N=169; 19-90 years) dis-
played increased areas of anatomical atrophy: 34.62% hippocampal atrophy (N=54),
57.14% central atrophy (N=88), and 44.52% temporal atrophy (N=69). A majority of these
patients exhibited overlap in measured areas of atrophy and were cognitively impaired.
These results positively correlated with decreased P300 values and WMS-III (WMS-I11)
scores differentially across various brain loci. Delayed latency (p=0.0740) was marginally
associated with temporal atrophy; reduced fractional anisotropy (FA) in frontal lobes corre-
lated with aging, delayed P300 latency, and decreased visual and working memory
(p=0.0115). Aging and delayed P300 latency correlated with lower FA. The correlation
between working memory and reduced FA in frontal lobes is marginally significant
(p=0.0787). In the centrum semiovale (CS), reduced FA correlated with visual memory
(p=0.0622). Lower demyelination correlated with higher P300 amplitude (p=0.0002). Com-
pared to males, females have higher demyelination (p=0.0064). Along these lines, the
higher the P300 amplitude, the lower the bilateral atrophy (p=0.0165). Hippocampal atrophy
correlated with increased auditory memory and gender, especially in males (p=0.0087). In
considering temporal lobe atrophy correlations: delayed P300 latency and high temporal
atrophy (p=0.0740); high auditory memory and low temporal atrophy (p=0.0417); and high
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working memory and low temporal atrophy (p=0.0166). Central atrophy correlated with

aging and immediate memory (p=0.0294): the higher the immediate memory, the lower the
central atrophy. Generally, the validation of brain atrophy by P300 and WMS-III could lead
to cost-effective methods utilizable in primary care medicine following further confirmation.

Introduction

The 3 Tesla (3T) Magnetic Resonance Imaging (MRI) scan is a high-field MRI that allows for
the highest resolution-much higher than the 1.5T MRI. When used in conjunction with Neu-
roQuant software [1, 2], it can accurately predict regions of cerebral atrophy, often an indicator
of Mild Cognitive Impairment (MCI) and a warning sign of other degenerative cognitive dis-
eases. Cerebral atrophy is classified as the degenerative loss of neurons and the links between
such cells [3, 4]. Atrophy is either generalized (overall brain shrinkage) or specific (focal areas
are affected resulting in decreased functionality). Many cognitive diseases are related to cere-
bral atrophy including: Alzheimer’s disease, stroke, multiple sclerosis, dementia, seizure disor-
ders, as well as certain aphasias. If used in combination with memory tests (i.e. Wechsler
Memory Scale-III [WMS-III], MMSE) and P300, the 3T MRI is an appropriate cost-effective
diagnostic tool in determining early signs indicative of dementia and other neurodegenerative
diseases [5, 6].

Epigenetic and Neurogenetic Associations with Cognition

Early cognitive decline may be the result of both the environment and genetics [7]. It is well
established that many reward genes play a significant role in cognitive flexibility, memory and
judgment. For example, Del'Guidice et al. [7] found that stimulation of 5-HT2C receptors
improves cognitive deficits induced by human tryptophan hydroxylase 2 loss of function.
Moreover, Vallender et al. [8] demonstrated that functional genetic variation at the serotonin
transporter 3' untranslated region, independent of SHTTLPR, also associates with performance
in an object discrimination reversal-learning task in rhesus macaques. Other reward genes
related to dopaminergic function have also been associated with general cognition and poten-
tial decline. Specifically, Aarts et al. [9] found that 9R carriers of the common polymorphism in
the DAT1 gene (SLC6A3) exhibited a greater influence of anticipated reward on switch costs,
as well as greater activity in the dorsomedial striatum during task switching in anticipation of
high reward relative to low reward compared to homozygote carriers of the DAT 10 allele.
These data suggest a crucial role for human striatal dopamine in the modulation of cognitive
flexibility by reward anticipation. These results have been confirmed by Richter et al. [10]. Cer-
tainly, there are many other genes that can interact in the brain and influence one’s cognitive
ability [11-16].

Interestingly, modern biology has focused on the role of epigenetic mechanisms in facilitat-
ing the adaptation of organisms to changing environments through alterations in gene expres-
sion. Weaver suggests that the primary challenge for epigenetics in psychology and psychiatry
is to identify how experiences and environmental cues, including the nature of our nurture,
affect the expression of neuronal genes to produce long-term individual differences in behav-
ior, cognition, personality, and mental health [17]. Furthermore, Rudenko and Tsai [18]
reviewed the literature and reported that higher-level cognitive behaviors, such as learning and
memory, are subject to a sophisticated epigenetic control, involving neuronal chromatin modi-
fication such as histone acetylation and DNA methylation.
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3T MRI and Neurofunction

As seen on 3T MRI, the amygdala plays a major role in long-and short-term false memory
[19]. White matter disintegration can be observed on diffusor tensor imaging (DTI) available
on 3T MRI scans and is linked to vascular cognitive impairment [20]. Functional connectivity
changes have also been associated with cognitive scores particularly those related to attention
and memory tasks [21]. Studies have shown that aerobic exercise has positive effects on hippo-
campal volume as observed in older women with MCI [22]. The 3T MRI has a greater sensitiv-
ity than the 1.5T MRI and can therefore resolve any anatomical ambiguities including the
amygdalo-hippocampal border and observation of MRI markers such as cerebral amyloid
angiopathy is made clearer [23, 24].

NeuroQuant and Brain Atrophy

NeuroQuant is a U.S. Food and Drug Administration (FDA) approved software for use in con-
junction with MRI techniques. It detects areas of atrophy, or shrinkage, by measuring the hip-
pocampus, lateral ventricles, and inferior lateral ventricles in the brain. Atrophy is of interest
because it is often correlated with memory decline and MCI as well as being recognized as a
biomarker for Alzheimer’s disease [25-29]. Associations have been found on 3T MRI scans
between cerebellar gray matter volumes/atrophy and information-processing ability, indicating
a strong cognitive relationship [30, 31]. Other important atrophy linked factors evaluated by
the 3T MRI include changes in the volumes of the putamen and thalamus [32]. NeuroQuant
compares a subject’s results to an FDA-approved database of normal healthy brains at the sub-
ject’s particular age. The NeuroQuant software can track the progression of atrophy as well as
other deteriorative effects in the brain. While use of 3T MRI alone for the detection of brain
atrophy remains controversial [33], use of NeuroQuant software in conjunction with the 3T
MRI may prove to serve as an invaluable diagnostic tool in a clinical neurology setting.

WMS-III

The WMS-IIT (WMS-III) is a survey that tests for a wide spectrum of learning and memory
abilities including auditory, visual, immediate, and working memory. Scores vary by particular
ranges: 50-70 demonstrates impairment, 70-80 indicates borderline abilities, 80-90 are con-
sidered low average abilities, 90-110 are average abilities, 110-120 indicate high average abili-
ties, 120-130 are superior abilities, and 130-150 demonstrate very superior abilities [34]. The
WMS-III is sensitive to specific impairments indicative of neuropsychiatric conditions such as
mild cognitive impairment (MCI) and dementia. It consists of several subtests: repetition of
stories, visual recognition and recall, and spatial tasks [35]. While there is some evidence that
the WMS-III can produce false-positive misclassification [36], there is still overwhelming sup-
port that WMS-III can be used to differentiate stages of memory deficits such as subcortical
vascular pathology, mild cognitive impairment (MCI), and Alzheimer’s disease [37, 38]. Due
to such evidence, the WMS-III was utilized in this study as a reliable detector of cognitive
impairment specifically regarding memory abilities, such as word lists and facial recognition
[37-39], but does not account for global cognitive functioning, since the WMS-III does not tar-
get other cognitive domains. We hypothesize that subjects positive for cerebral atrophy would
score lower on WMS-III tasks and thus, have lower memory index scores.

P300

The P300 is a type of evoked potential wave that measures latency (speed) and amplitude (volt-
age) in the brain. It relies on auditory and visual stimuli and respective response times to
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indicate instances of prolonged latency and reduced amplitude, which is typically seen with age
progression [40, 41]. Results can specify changes in cognitive function, especially changes in
decision-making and information processes as well as deficiencies in particular neurotransmit-
ters and other prominent electrophysiological abnormalities (e.g. those suffering from demen-
tia exhibit P300 latency scores >400 ms) [40, 41]. Several studies elucidate the links between
memory and cognitive impairments and negative changes observed in P300 latency and ampli-
tude [42, 43]. Because of this evidence, the P300 serves as a sensitive marker for cognitive dys-
function that affects neurological, psychiatric, and developmental areas of the human body
[40].

Methods

This study was approved by the PATH Foundation NY IRB committee as part of a larger scale
evaluation of showing validation with evoked potentials and memory and personality tests
against neuroimaging such as PET and 3T MRI. Each patient filled out an approved IRB writ-
ten consent form prior to entering the study. While race and gender were obtained we did not
include social economic status. Generally, the descriptive distribution summary of each mea-
sured variable is as follows with the initial sample size of n = 169. Certain neuropsychological
scores and NeuroQuant information were missing, as those patients have not been tested for
that particular scan or test. Certain variables were also dichotomized based on the cutoff values
with the normal ranges given. The Date of Service (DOS) for the 3T MRI or dates in which
patients were administered neuropsychological tests and NeuroQuant were not taken into
account for this analysis.

Participants

A total of 169 subjects were selected from a neuropsychiatric private practice group in New
York. Of these 169 subjects, 47% were male (N = 80) and 53% were female (N = 89) with ages
ranging from 19 years to 90 years (56.27 £ 13.47 years).

3T MRI NeuroQuant and WMS-III, P300 Test Qualifiers

Following is the distribution summary of the 3T MRI qualifiers (Table 1) along with the Neu-
roQuant atrophies (hippocampal, central, and temporal). Reduced frontal anisotropy (FA) in
frontal lobes indicates frontal lobe atrophy/damage while reduced FA in the centrum semiovale

Table 1. 3T MRI Information.

3T MRI Qualifiers Positive Negative
Concussion (n = 168) 40 (23.81%) 128 (76.19%)
Cysts (n = 168) 16 (9.52%) 152 (90.48%)
Calcifications (n = 168) 1 (0.60%) 167 (99.40%)
Small Vessel Ischemia (n = 168) 80 (47.62%) 88 (52.38%)
Demyelination (n = 168) 69 (41.07%) 99 (58.93%)
Empty Sella (n = 1168) 15 (8.93%) 153 (91.07%)
Reduced FA in Frontal Lobes (n = 147) 57 (38.78%) 90 (61.22%)
Reduced FA in Centrum Semiovale (n = 146) 123 (84.25%) 23 (15.75%)
Periatrial (n = 146) 0 (0%) 146 (100%)
Bilateral Atrophy (n = 168) 20 (11.70%) 148 (88.10%)
Mild Ectasia (n = 168) 1 (0.60%) 167 (99.40%)
Developmental Venous Anomaly (DVA) (n = 168) 0 (0%) 168 (100%)

doi:10.1371/journal.pone.0133609.t001
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Table 2. NeuroQuant Information.
NeuroQuant Qualifiers
Hippocampi (n = 156)
Hippocampal Atrophy (n = 156)
Lateral Ventricles (n = 154)
Central Atrophy (n = 154)

Inferior Lateral Ventricles (n = 155)
Temporal Atrophy (n = 155)
Regions of Atrophy (n = 154)

doi:10.1371/journal.pone.0133609.t002

is related to parietal lobe atrophy/damage. Periatrial white matter abnormality is related to
occipital lobe damage but could not be modeled by any other predictor since no patient had
such a condition in the data collected. The same reason applies to ectasia and developmental
venous anomaly (DVA). Under the NeuroQuant (Table 2) information, for the regions of atro-
phy in the study we simply counted the total of hippocampal atrophy, central atrophy, and
temporal atrophy. Under the WMS test (Table 3), the following six scores were collected in raw
(points for correct answers; Raw) and age-adjusted scaled forms (based on the raw scores; SS):
Logical Memory I Recall total score (LMI), Faces I Recognition total score (Faces), Verbal
Paired Associates I Recall total score (Verb), Family Pictures I Recall total score (Fam), Letter-
number Sequencing total score (Letter), and Spatial Span total score (Spat). They were assessed
to give the scores in the following four categories: Auditory Immediate, Visual Immediate,
Immediate Memory, and Working Memory. The following ranges apply: 50-70 extremely low;
70-80 borderline; 80-90 low average; 90-110 average; 110-120 high average; 120-130 superior;
130-150 very superior. In order to perform a logistic type analysis, the scores were also dichot-
omized with low for below 90, and high for above 90. The original (non-dichotomized)
WMS-IIT scores were used as predictor variables initially, but the model fit was either poor (no
significance) or the interpretation of the statistical results was not meaningful. Hence, the
scores were dichotomized in order to produce a better fit along with more meaningful results
from the established models. P300 scores (as measured by Brain Electrical Activity Mapping
[BEAM]) include AEP (auditory evoked potentials) and VEP (visual evoked potentials) values.
It was observed that P300 amplitude (voltage) values were highly right skewed while P300
latency (speed) values were approximately normally distributed (Table 4).

Statistical Methods

We analyzed the 3T MRI and NeuroQuant data of 169 patients along with their BEAM scores
and WMS (WMS) scores. Certain neuropsychological scores and NeuroQuant information
were missing as those patients have not been tested for that particular scan or test. Certain vari-
ables were also dichotomized based on the cutoff values with the normal ranges. Where appro-
priate, observations were grouped or combined to create nominal or ordinal categorical
variables. In order to examine the relationships among the variables, each and every pair of
response and explanatory variables was examined using contingency analyses, bivariate scatter
plots, and simple linear/logistic regressions as well as one-way analysis of variance (ANOVA)
or Welch’s t-test for classification variables. When the test of multiple means turned out to be
statistically significant at 5% or 10% level, all pairs of means were compared using Tukey-Kra-
mer’s HSD as a post-hoc method. With a relatively heterogeneous sample, the sample size was
not sufficiently large enough for a meaningful cross-validation, so reported AUC values may

Positive/Negative Results

61.17 + 26.79 (ranging from 5 to 95)

Yes 54 (34.62%) No 102 (65.38%)
56.30 + 21.82 (ranging from 9 to 95)
Yes 88 (57.14%) No 66 (42.86%)
46.01 + 24.67 (ranging from 3 to 95)
Yes 69 (44.52%) No 86 (55.48%)
0 = 36 (23.38%) 1 =47 (30.52%) 2 =52 (33.77%) 3=19(12.34%)
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Table 3. WMS Scores.
WMS Qualifiers

Logical Memory | Raw Score (n = 145)

Logical Memory | Scaled Score (n = 145)

Faces Raw Score (n = 145)

Faces Scaled Score (n = 145)

Verbal Raw Score (n = 145)

Verbal Scaled Score (n = 145)

Family Pictures Raw Score (n = 145)

Family Pictures Scaled Score (n = 145)
Letter-Number Sequencing Raw Score (n = 145)
Letter-Number Sequencing Scaled Score (n = 144)
Spatial Span Raw Score (n = 145)

Spatial Span Scaled Score (n = 144)

Auditory Immediate Memory (n = 149)

Auditory Immediate Memory dichotomized (n = 149)
Visual Inmediate Memory (n = 149)

Visual Inmediate Memory dichotomized (n = 149)
Immediate Memory (n = 149)

Immediate Memory dichotomized (n = 149)
Working Memory (n = 149)

Working Memory dichotomized (n = 149)

doi:10.1371/journal.pone.0133609.t003

Scores

41.25 + 12.73 (ranging from 1 to 68)
11.08 £ 3.85 (ranging from 1 to 18)
36.48 + 6.26 (ranging from 0 to 47)

11.0 + 3.72 (ranging from 1 to19)
19.96 + 8.70 (ranging from O to 32)
11.57 + 3.38 (ranging from 3 to 19)

38.70 * 14.89 (ranging from O to 63)

9.68 + 3.99 (ranging from 1 to 18)
9.85 * 3.10 (ranging from 0 to 18)
10.39 + 3.16 (ranging from O to 19)
13.22 £ 3.88 (ranging from O to 21)
9.12 £ 3.34 (ranging from 1 to 16)
107.79 + 18.70 (ranging from 53 to 154)
High 128 (85.91%) Low 21 (14.09%)
102.05 + 20.87 (ranging from 45 to 150)
High 107 (71.81%) Low 42 (28.19%)
106.17 + 21.27 (ranging from 45 to 154)
High 115 (77.18%); Low 34 (22.82%)
98.49 + 16.36 (ranging from 49 to 136)
High 112 (75.17%) Low 37 (24.83%)

potentially be too optimistic. As this study was more or less an observational exploratory analy-
sis, a future study is expected to include cross-validations to ensure adequate model perfor-
mance. To develop the predictive models for any forms of atrophy (e.g., hippocampal, central,
temporal) and lobe damages (e.g., frontal, parietal, occipital) using the P300 latencies and
amplitudes as well as the WMS scores, accounting for any (additive) effect of covariate mea-
sured in this study such as age and gender, multiple logistic regression methods were utilized
with certain atrophies and lobe damages as response variables. The empirical receiver operating
characteristic (ROC) curve was constructed for each model to illustrate the relationship
between the sensitivity and the specificity. We thoroughly considered the issue of multiple
comparisons/tests. In order to control the family-wise Type-I error rate at an appropriate level,

the stringent Bonferroni correction was used for multiple tests. All of the statistical analyses
were performed using the SAS 10 and CRAN R ver.3 software.

Table 4. BEAM Scores.

P300 Qualifiers

P300 Latency (n = 168)

P300 Amplitude (n = 168)

Auditory Evoked Potential (AEP) N1 (n = 166)
Auditory Evoked Potential (AEP) P1 (n = 166)
Auditory Evoked Potential (AEP) N2 (n = 166)
Visual Evoked Potential (VEP) N1 (n = 166)
Visual Evoked Potential (VEP) P1 (n = 166)
Visual Evoked Potential (VEP) N2 (n = 166)

doi:10.1371/journal.pone.0133609.t004

Values

324.0 + 28.17 (ranging from 266 to 406)
4.0 + 3.65 (ranging from 0.8 to 41)

105.58 + 21.83 (ranging from 55 to 160)
201.30  25.18 (ranging from 141 to 258)
297.70 * 43.94 (ranging from 165.6 to 414)
114.71 + 24.31 (ranging from 55 to 184)
211.43 + 31.25 (ranging from 102 to 305)
299.21 + 40.45 (ranging from 141 to 367)
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Test Methods

Patients were scanned on a Siemens Trio, 3 Tesla MRI scanner using: 3D T1 weighted isotropic
MP-RAGE (160 Sagittal 1.2mm slices, 240x256 matrix, TE 2.98ms, TR 2300ms TT 900ms, 160
slices, flip angle 9 degrees); 2D Fast spin echo T2/FLAIR (40 Axial 3.5mm slices, gap 0.82mm,
220x256 matrix, TE 107ms, TR 9000ms, TT 2500, ETL 23ms); and 2D Motion Suppressed
T2-weighted (BLADE) fast spin echo T2 perpendicular to the hippocampus (32 oblique coro-
nal 2.0mm slices, 0.664mm gap, 256x256 matrix, TE 120ms, TR 4830ms, ETL 35). The
MP-RAGE sequence was analyzed by NeuroQuant, a fully automated FDA approved software
program (Cortechs, San Diego, CA) which segments subcortical brain structures yielding a per-
centile volume compared to age matched controls for measurement of hippocampal, lateral,
and inferior lateral ventricular volumes for assessment of hippocampal, central, and temporal
lobe atrophy respectively. NeuroQuant was correlated to the oblique coronal T2 BLADE
sequence and the T2/FLAIR sequence was reviewed by a board certified, fellowship-trained
neuroradiologist. White matter signal abnormality were rated "slight," "mild," "mild-moderate,"

"

"moderate,"” "moderate-severe," and "severe.”

P300 evoked potentials data was collected using Lexicor and Cognitrace. Twenty electrodes
were used: 5 in the frontal region, 2 in the frontal temporal, 3 in the occipital, 2 in the temporal
parietal, 3 in the parietal, and 3 along the central sulcus. Both Lexicor and Cognitrance were
calibrated with repeated scans. Both machines use auditory stimuli of low and high beeps and
produce latency and amplitude values based on preprogrammed age criteria. Lexicor has a
sampling rate of 128 Hz, a gain of 32,000, and operates using a Lexicor Neurosearch 24 ampli-
fier. There are no required pre-processing steps for Lexicor. Cognitrace utilizes an AMP-TRF32
amplifier manufactured by TMSI BV (Netherlands). It has a sampling rate of 2,048 Hz, EEG
recording of 256 samples per second, and a bandwidth of 0-70 Hz (0.27 of the sample rate).
Before Cognitrace analysis, the EEG is band-passed at 0.3-30Hz. Artifact removal does occur
during post-processing of both Lexicor and Cognitrace EEG signals. EEG epochs containing
artifacts are excluded from either spectral analysis or averaging. Values of latency (millisec-
onds) and amplitude (microvolts), selected from a specified waveform, are calculated via a
computer algorithm. All data were made anonymous with confidential IDs matching those of
the 3T MRI scans utilizing NeuroQuant.

WMS-III is a standardized scale [40] used to assess learning and memory abilities, in which
results were organized into index scores (Auditory Immediate, Visual Immediate, Immediate,
and Working Memory), raw scores, and age-adjusted scores (see Table 3).

Table 5 is representative of the subject demographics, indicating percent diagnoses of our
population. A majority of our subjects presented with memory loss, prior traumas (e.g. head or
nasal trauma), and history of headaches and migraines. Others presented with Parkinson’s dis-
ease, seizure disorders, Alzheimer’s disease, ADHD, speech disorders (e.g. aphasia), stroke,
pituitary abnormalities, alcoholism and substance abuse, meningitis, developmental issues,
depression, and Lyme disease. These diagnostic factors are known to correlate with cognitive
deficits, which can be further assessed by our work done concerning atrophy. Some other find-
ings such as hyperlipidemia, hypertension, diabetes, and growth hormone deficiency have also
been linked to cognitive decline [44-46] and therefore, it may be interesting to further investi-
gate these factors in a future study.

Results

The raw data means + S.E. for BEAM, WMS Scores, 3T MRI and NeuroQuant information is
provided in Tables 1-4 and representation of 3T MRI for each brain loci is provided (see Figs
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Table 5. Percent Diagnosis for Subject Population.

Subject History N %
Memory Loss 82 48%
Prior Trauma 44 26%
Headaches 28 16.40%
Hyperlipidemia 20 12%
Hypertension 14 8.20%
Migraines 10 6%
Parkinson's Disease 7 4.10%
Seizure Disorder 3 1.80%
Alzheimer's Disease 3 1.80%
ADHD 3 1.80%
Speech Disorder 3 1.80%
Stroke 3 1.80%
Pituitary Abnormalities 2 1.20%
Diabetes 2 1.20%
Alcoholism/Substance Abuse 2 1.20%
Meningitis 2 1.20%
GH Deficiency 1 0.60%
Developmental Issues 1 0.60%
Depression 1 0.60%
Lyme disease 1 0.60%

doi:10.1371/journal.pone.0133609.t005

1-3) as well as a representative P300 scan (see Fig 4) showing prolonged latency and reduced
amplitude from one of the assessed patients with brain atrophy.

Preliminary Analyses

In particular, extensive contingency analyses revealed that males are more likely to have con-
cussion than females (p = 0.0451; n = 168) while females are more likely to have demyelination
(p =0.0061; n = 168). Also, between different genders, there was no significant difference in
the likelihood of small vessel ischemia (p = 0.2841; n = 168), reduced FA in frontal lobes

(p =0.1632; n = 147), reduced FA in centrum semiovale (p = 0.8223; n = 146), bilateral atrophy
(p = 0.4857; n = 168), central atrophy (p = 0.6239; n = 154), and the number of atrophies

(p = 0.6847; n = 154). It was found however that males are more likely to have hippocampal
atrophy than females (p = 0.0132; n = 156) while female is more likely to have temporal atro-
phy (p = 0.0486; n = 155). Through the simple logistic regressions, it was found that age is not
related to the likelihood of concussion (p = 0.1182; n = 168), demyelination (p = 0.0742;

n = 168), reduced FA in centrum semiovale (p = 0.1648; n = 146), hippocampal atrophy

(p = 0.4435; n = 156), central atrophy (p = 0.4602; n = 154), temporal atrophy (p = 0.8476;

n = 155), and the number of atrophies (p = 0.8742; n = 154). Age was found however signifi-
cantly positively correlated to the likelihood of small vessel ischemia (p<0.0001; n = 168),
reduced FA in frontal lobes (p = 0.0134; n = 147), and bilateral atrophy (p = 0.0067; n = 168).

Logistic Regression Analyses

In order to assess whether any forms of atrophy (e.g. hippocampal, central, temporal) and lobe
damages (e.g. frontal, parietal, occipital) are correlated with P300 latencies and amplitudes
accounting for any (additive) effect of covariate measured in this study such as age and gender,
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Fig 1. 3T MRI of hippocampal atrophy; (1a) Normal hippocampal formations in 60-year-old female;
(1b) Severe hippocampal atrophy in 60-year-old female.

doi:10.1371/journal.pone.0133609.g001

multiple logistic regression models were constructed with certain atrophies and lobe damages
as response variables. Final models were then built by reducing the full models through a
mixed stepwise regression method. Only the main effects were considered in the model and
dependency among the response variables was not considered for an individual examination of
each response variable. Over 1000 combinatorial models were examined, and the following

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 9/24
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Fig 2. 3T MRI of inferior lateral ventricular enlargement due to temporal lobe atrophy; (2a) Normal
inferior lateral ventricular size in 55-year-old; (2b) Severely enlarged inferior lateral ventricles due to

temporal lobe atrophy in 68-year-old male.

doi:10.1371/journal.pone.0133609.g002
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Fig 3. 3T MRI of lateral ventricular enlargement due to central atrophy; (3a) Normal lateral ventricular
size in 55-year-old male; (3b) Moderately enlarged lateral ventricles due to central atrophy in 68-year-

old male.
doi:10.1371/journal.pone.0133609.g003
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PATIENT
AUD P300 ATTENTIVE

MAX MIN
0.51 =1.15
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AUD P300 ATTENTIVE

Fig 4. P300 values in normal vs. cognitively impaired; (4a) Normal P300 (Latency = 320 ms;
Amplitude = 10 pv; Deficiency Present = none); (4b) Abnormal P300 (Latency = 375 ms (delayed);

Amplitude = 0.5 pv (decreased); Deficiency Present = yes).

doi:10.1371/journal.pone.0133609.g004
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Fig 5. Logistic Regression Model for Concussion (ROC Curve: AUC = 0.647).
doi:10.1371/journal.pone.0133609.g005

summarizes the results of each reduced model fit along with the effect estimates. The empirical
receiver operating characteristic (ROC) curve illustrates the relationship between the sensitivity
and the specificity under each model. The area under curve (AUC) value over 0.5 indicates a
reasonable model fit (the higher the better) (Figs 5-13).

The logistic regression model fit for concussion (Fig 5; n = 167) (logit (Concussion) = 3.527
+ 0.291*Gender- 0.0146*Latency) is significant for predicting concussion as a combination of
gender and P300 latency (p = 0.0182), but low R* = 0.0436 indicates that the fit can be
improved further. Gender takes the value 1 for male and -1 for female, but its effect is only
marginally significant (p = 0.1215). The odds ratios (OR) were calculated based on the likeli-
hood ratios, and for gender, the OR of male versus female is 1.789, indicating that male is more
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Fig 6. Logistic Regression Model for Small Vessel Ischemia (ROC Curve: AUC = 0.740).
doi:10.1371/journal.pone.0133609.g006
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Fig 7. Logistic Regression Model for Demyelination (ROC Curve: AUC = 0.635).
doi:10.1371/journal.pone.0133609.g007

likely to have concussion than female (p = 0.1192). P300 latency was found to be a significant
predictor (p = 0.0358; OR = 0.985), but its meaning is counterintuitive: the higher latency is,
the less likely concussion is.

The logistic regression model fit for small vessel ischemia (Fig 6; n = 167) (logit (Small Ves-
sel Ischemia) = -1.130 + 0.080* Age- 0.0107*Latency) is strongly significant for predicting
small vessel ischemia as a combination of age and latency (p<<0.0001), but low R* = 0.1405
again indicates that the fit can be improved further. The effect of age was found significant
(p<0.0001; OR = 1.083) with the meaning of the higher age is, the more likely to have small
vessel ischemia. The P300 latency on the other hand was found marginally significant
(p =0.1059; OR = 0.989) with a counterintuitive meaning: the higher latency is, the less likely
small vessel ischemia is.

The logistic regression model fit for demyelination (Fig 7; n = 167) (logit (Demyelination) =
-0.0944-0.445*Gender- 0.0769* Amplitude) is significant for predicting demyelination as a
combination of gender and amplitude (p = 0.0082), but low R* = 0.0425 again indicates that
the fit can be improved further. The effect of gender was found significant (p = 0.0064;

OR = 0.410), indicating that female is more likely to have demyelination. The P300 amplitude
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Fig 8. Logistic Regression Model for Reduced FA in Frontal Lobes (ROC Curve: AUC = 0.690).
doi:10.1371/journal.pone.0133609.g008
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Fig 9. Logistic Regression Model for Reduced FA in Centrum Semiovale (ROC Curve: AUC = 0.678).
doi:10.1371/journal.pone.0133609.g009

on the other hand was not found significant (p = 0.2106; OR = 0.926), although its meaning
was intuitive: the higher amplitude is, the less likely demyelination is.

The logistic regression model fit for reduced FA in frontal lobes (Fig 8; n = 128) (logit
(Reduced FA in Frontal Lobes) = -5.229 + 0.0288" Age + 0.0117*Latency + 0.0160*Visual
Immediate- 0.0250*Working Memory) is significant for predicting reduced FA in frontal lobes
as a combination of age, latency, and two WMS scores (Visual Immediate and Working Mem-
ory) (p =0.0115), but low R2 = 0.1405 again indicates that the fit can be improved further. The
effect of age was found marginally significant (p = 0.0730; OR = 1.029), indicating that the
higher age is, the more likely to have reduced FA in frontal lobes. The P300 latency was not
found significant (p = 0.1391; OR = 1.012), although its meaning was intuitive: the higher
latency is, the more likely to have reduced FA in frontal lobes. The visual immediate was not
found significant (p = 0.1271; OR = 1.016). On the other hand, the working memory was
found marginally significant (p = 0.0787; OR = 0.975), indicating that the higher working
memory is, the less likely to have reduced FA in frontal lobes.

The logistic regression model fit for reduced FA in centrum semiovale (Fig 9; n = 130) (logit
(Reduced FA in Centrum Semiovale) = 0.146 + 0.033* Age- 1.094* Visual Immediate dichoto-
mized + 0.724*Immediate Memory dichotomized) is marginally significant for predicting
reduced FA in centrum semiovale as a combination of Age and two dichotomized WMS scores
(Visual Immediate and Immediate Memory) (p = 0.0692), but low R? = 0.0655 indicates that
the fit can be improved further. The effect of age was found marginally significant (p = 0.0791;
OR = 1.034), indicating that the higher age is, the more likely to have reduced FA in centrum
semiovale. The dichotomized values are 1 for high and -1 for low. Here, the visual immediate
dichotomized was found marginally significant (p = 0.0622; OR = 0.112), indicating that high
visual immediate is correlated to less likelihood of reduced FA in centrum semiovale. On the
other hand, the immediate memory dichotomized was not found significant (p = 0.1867;

OR =4.258).

The logistic regression model fit for bilateral atrophy (Fig 10; n = 168) (logit (Bilateral Atro-
phy) = -3.552 + 0.0448* Age- 0.356* Amplitude) is strongly significant for predicting bilateral
atrophy as a combination of age and P300 amplitude (p = 0.0004), but low R* = 0.0655 indi-
cates that the fit can be improved further. The effect of age was found significant (p = 0.0391;
OR = 1.046), indicating that the higher age is, the more likely to have bilateral atrophy. The
P300 amplitude was also found significant (p = 0.0165; OR = 0.700), indicating that the higher
amplitude is, the less likely to have bilateral atrophy.
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Fig 10. Logistic Regression Model for Bilateral Atrophy (ROC Curve: AUC = 0.755).
doi:10.1371/journal.pone.0133609.g010

The logistic regression model fit for hippocampal atrophy (Fig 11; n = 138) (logit (Hippo-
campal Atrophy) = -0.408 + 0.487*Gender- 0.323* Auditory Immediate dichotomized) is sig-
nificant for predicting hippocampal atrophy as a combination of gender and a dichotomized
WMS score (Auditory Immediate) (p = 0.0135), but low R? = 0.0482 indicates that the fit can
be improved further. The effect of gender was found significant (p = 0.0087; OR = 2.648), indi-
cating that male is more likely to have hippocampal atrophy than female. On the other hand,
the auditory immediate dichotomized was not found significant (p = 0.2098; OR = 0.525),
although its meaning was intuitive: high auditory immediate is correlated to less likelihood of
hippocampal atrophy.

The logistic regression model fit for central atrophy (Fig 12; n = 136) (logit (Central Atro-
phy) = -0.544 + 0.0187*Age- 0.501*Immediate Memory Dichotomized) is significant for pre-
dicting central atrophy as a combination of age and a dichotomized WMS score (Immediate
Memory) (p = 0.0364), but low R2 = 0.0355 indicates that the fit can be improved further. The
effect of age was not found significant (p = 0.2001; OR = 1.019), although its meaning is intui-
tive: the higher age is, the more likely to have central atrophy. On the other hand, the immedi-
ate memory dichotomized was found significant (p = 0.0294; OR = 0.367), indicating that high
immediate memory is correlated to less likelihood of central atrophy.
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Fig 11. Logistic Regression Model for Hippocampal Atrophy (ROC Curve: AUC = 0.638).
doi:10.1371/journal.pone.0133609.g011
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Fig 12. Logistic Regression Model for Central Atrophy (ROC Curve: AUC = 0.621).
doi:10.1371/journal.pone.0133609.g012

The logistic regression model fit for temporal atrophy (Fig 13; n = 134) (logit (Temporal
Atrophy) = -4.058 + 0.0125*Latency + 0.0616* Amplitude- 0.663* Auditory Immediate dichot-
omized + 0.634"Visual Immediate dichotomized- 0.593*Working Memory dichotomized) is
strongly significant for predicting temporal atrophy as a combination of P300 latency and
amplitude as well as three dichotomized WMS scores (Auditory Immediate, Visual Immediate,
and Working Memory) (p = 0.0028), but low R? = 0.0984 indicates that the fit can be improved
further. The effect of P300 latency was found marginally significant (p = 0.0740; OR = 1.013),
indicating that the higher latency is, the more likely to have temporal atrophy. The effect of
P300 amplitude on the other hand was not found significant (p = 0.2005; OR = 1.063). Among
the dichotomized WMS scores, the auditory immediate dichotomized was found significant
(p =0.0417; OR = 0.265), indicating that high auditory immediate is correlated to less likeli-
hood of temporal atrophy. The visual immediate dichotomized was also found significant
(p =0.0201; OR = 3.551), but its meaning is counterintuitive: high visual immediate is corre-
lated to high likelihood of temporal atrophy. The working memory dichotomized was also
found strongly significant (p = 0.0166; OR = 0.306), indicating that high working memory is
correlated to less likelihood of temporal atrophy.
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Fig 13. Logistic Regression Model for Temporal Atrophy (ROC Curve: AUC = 0.685).
doi:10.1371/journal.pone.0133609.g013
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Discussion

In this exploratory study we report on a number of important findings regarding potential cor-
relations between evoked potentials, memory/cognition tests (WMS-III [WMS]) and 3T-MRI
and NeuroQuant data.

Interestingly, we found that males compared to females presented with a significantly
(p = 0.045) higher number of concussions. This is in agreement with Laker et al. [47] who
reviewed the literature and proposed that although males make up a larger percentage of cases
than do females throughout the majority of reviewed non-sports-related mTBI data, the sports
literature indicates that rates are higher in women when similar sports are compared. Moreover
in terms of gender we found that females compared to males have a higher degree of demyelin-
ation (p = 0.0061). This finding supports the work of others [48] showing that even at child-
hood females are at a higher risk for demyelination disorders such as Multiple Sclerosis as well
as having increasing incidence in Relapsing-Remitting MS.

In terms of regional atrophy we found that compared to females our data indicates that
males significantly correlated with hippocampal atrophy (p =.0132). The work of Li et al [49]
found that compared to females as males age they tend to show a decline in hippocampal vol-
ume supporting our finding. However, compared to males our data indicates that females sig-
nificantly correlated with temporal atrophy (p = .0486). The literature also supports greater
age-related deterioration of the brain in one sex compared to the other. For example, opposite
to our findings in the current study, in men, age-specific volume reductions are stronger than
in females in whole brain volume and in the frontal and temporal lobes while women tend to
show stronger reductions in the hippocampus and parietal lobe than men [50-52]. However,
In pathological populations with Alzheimer’s Disease (AD), imaging investigations focusing
on functional brain differences between men and women have found significantly more frontal
impairment in women with AD than men, more temporo-parietal impairment in men than
women [53], as well as reduced phosphorus metabolism in the frontal lobe of women with AD
compared to men [54]. We cannot at this time resolve any fundamental difference from our
current study and the existing literature except that our data represent an unselected cohort
attending a primary care facility.

In our current study, NeuroQuant measured hippocampal atrophy in individuals versus
age-matched controls as normative percentile, so the effect of age upon hippocampal atrophy
was not assessed. However, we did find age to be significantly correlated with small vessel
ischemia (p < 0.0001) [55]; Reduced FA [diffusion imaging technique thought to reflect fiber
density, axonal diameter, and white matter demyelination] in frontal lobes (p = 0.0134) [56]
and bilateral atrophy (p = 0.0067) [57]. In terms of FA status we found a number of interesting
correlations. Reduced FA in frontal lobes is correlated with age, P300 latency, visual, and work-
ing memory (p = 0.0115). Specifically, the higher the age, the lower the FA and the higher the
P300 latency, the more reduced the FA. The correlation between working memory and reduced
FA in frontal lobes is marginally significant (p = 0.0787). Moreover, in the centrum semiovale
(CS) reduced FA is correlated with visual memory (p = 0.0622). In addition we also found that
demyelination is correlated with gender as stated earlier, and P300 amplitude (p = 0.0002),
especially in females (p = 0.0064). This is intuitive because the higher the P300 amplitude, the
lower the rate of demyelination. Along these lines the higher the P300 amplitude, the lower the
bilateral atrophy (p = 0.0165). Hippocampal atrophy is correlated with auditory memory and
gender, especially in males (p = 0.0087). There is an intuitive relationship between hippocam-
pal atrophy and auditory memory. In terms of temporal lobe atrophy we also found in this
present study the following: high P300 latency and high temporal atrophy (p = 0.0740); high
auditory memory and low temporal atrophy (p = 0.0417); and high working memory and low

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 18/24



@’PLOS ‘ ONE

Evoked Potentials & Cognitive Testing Validate Brain Atrophy by 3T MRI

temporal atrophy (p = 0.0166). Similarly, central atrophy is correlated with age and immediate
memory (p = 0.0294). The higher the immediate memory, the lower the central atrophy. To
our knowledge in this, the largest study utilizing 3T MRI and NeuroQuant, our results are in
agreement with the literature [56, 58-62].

Surprisingly, however, we did find that whereas concussion is correlated significantly with
gender as espoused earlier, the finding that p300 latency was significantly correlated with con-
cussions, it is counterintuitive in that the higher the latency, the lower the likelihood of concus-
sion. In fact others have shown the opposite whereby the concussion group showed a decrease
in P300 amplitude compared to controls that was independent of working memory load on the
n-back task. While no performance differences were observed between groups, P300 amplitude
was negatively correlated with response times at higher loads in both groups [42]. Another sur-
prising finding from the current study was while small vessel ischemia is correlated with age as
well as P300 latency (p < 0.0001), the direction of the P300 significance is counterintuitive
because the higher the latency, the lower the likelihood of small vessel ischemia. At this time
we cannot resolve these counterintuitive results.

It is noteworthy that our laboratory has previously published on evoked potentials and
neuropsychological tests to validate Position Emission Topography (PET) brain metabolism in
cognitively impaired patients [63] proposing the incorporation of both electrophysiological
and neuropsychological assessments as cost-effective brain metabolism and MCI indicators in
primary care. Moreover, we also found that P300 latency was an accurate predictor of memory
impairment utilizing the WMS-IIT and MMSE [40]. In the current follow-up albeit a few coun-
terintuitive findings as pointed out above, we once again validated both the P300 and WMS-III
with yet another objective brain measurement to detect not only atrophy (NeuroQuant) but
demyelination (3T MRI) as well. Our main finding that P300 is correlated with temporal lobe
atrophy, frontal lobe reduced FA and WMS-III significantly correlated with certain outlined
brain regions. Our results are in agreement with Onofrj et al. [64] showing P300 negativity in
patients with focal brain lesions (e.g. frontal, parietal and temporal) instead of positive P300
observed in controls. These finding provides the basis for a putative predictive role of both
electrophysiological and memory tests requiring further experiments for confirmation. We
believe that our current findings could have important clinical relevance especially in a primary
care facility where costs are a continuous concern.

Limitations

Since our study sample ranges from ages 11 to 90 years and the normative values for the
WMS-IIT test range is from 16 to 89 years, the data was truncated to meet the normal range in
order to perform statistical analysis. Those subjects with an age lower than 16 years were
excluded from the analysis in order to meet the WMS-IIT normative values. Several model fits
can also be improved further by potentially including other types of data of clinical relevance.
Different analytical methods could also be considered, such as functional data transformation
and other predictive analytical tools. However, this will require statistical development of (pos-
sibly new) model frameworks or extensions of existing ones, and the associated inferential
techniques. Presently, the work done in this study serves as an exploratory analysis and a
descriptive report.

The more recent WMS-IV was not used in this particular study due to restrictions in our
research tools. The WMS-III was available as a potential research tool, and has been used in a
larger study of ours with no issues in obtaining results [63], so it was decided that the WMS-III
would be a good fit for our study given the availability of our resources. Although there were
restrictions in the availability of research tools, inexpensive ‘paper and pencil’ testing (i.e. Trail
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Making Test, Attentional Matrices) were excluded from our study protocol because these tests
would not have had any significant effect on the study’s objective data and the results obtained
from these tests would be rather subjective. We also have not included other tests assessing
frontal executive and attentional measures, as these particular measures will be utilized in a fur-
ther successive portion of the study focusing on attentional deficits. Perhaps, such tests can be
utilized in a further study focusing primarily on frontal lobe damage given appropriate funding
and study design.

Since the completion of this study is dependent on two parts, attentional measures were not
included in the initial portion of this study. This particular study is two-fold: the initial study
focuses on memory impairments utilizing strictly cognitive measures (i.e. P300, WMS-IIT) and
a future study will focus on attention deficits and personality traits utilizing the appropriate
neuropsychological and personality measures (i.e. TOVA, CNSVS, Millon) aside from anxiety
and depression scores. An assessment of psycho-emotional aspects is expected to be included
in the second portion of the study, in which this data may potentially help to better clarify the
etiology of cognitive changes in a heterogeneous cohort, rather than only represent a con-
founding factor. We believe that inclusion of psycho-emotional aspects in the initial study por-
tion would have confounded the results, which provide significant data on memory
impairments alone.

Specific cognitive profiling was not done for each individual subject since the cognitive
impairments provided in Table 5 are so limited (<1.20%) that it would not alter the data signif-
icantly enough to warrant separate profiling. The cognitive impairments provided in Table 5
are based on subject history, indicating previous diagnoses of such clinical conditions. The
number of subjects affected has also been provided. We are cognizant of the possibility that not
all subjects in each sub-population presented with cognitive deficits and as such, realize that
cognitive changes may not be present in all clinical diagnoses recorded in Table 5, even if it is
expected for some of them. Quantification of such information is difficult since we are realisti-
cally unable to distinguish the severity for each subject’s condition given our limited clinical
history on each subject.

Conclusion

In conclusion this is the largest study to date that has analyzed the potential relationship
between P300 and WMS-III and 3T MRI and NeuroQuant in cognitively impaired patients
attending a primary care facility in New York City. Albeit a few counterintuitive findings with
regard to the role of P300 and concussion and small vesicle ischemia, the current study did find
that P300 values tend to validate the atrophy and demyelination in various brain loci especially
the temporal lobes. We also found significant correlations with WMS-III across a number of
brain regions as well with differential results occurring with types of memory across the brain
to correlate with atrophy and demyelination values. It is hypothesized that information derived
from this study suggest that while it is well-known that latency and amplitude indicate differ-
ent aspects of brain maturation, these factors serve as pre-cursors for similar cognitive degener-
ative stages [41]. We propose that by coupling the evoked potentials (P300) with WMS-III
together these tests could validate brain atrophy/demyelination as measured by 3T MRI and
NeuroQuant. Cautious interpretation is required and must await further experimentation
along these lines to confirm these potential important clinically relevant results.

Acknowledgments
The authors appreciate the expert editorial work by Margaret A. Madigan.

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 20/24



@’PLOS ‘ ONE

Evoked Potentials & Cognitive Testing Validate Brain Atrophy by 3T MRI

Author Contributions

Conceived and designed the experiments: ERB KB KLH. Performed the experiments: ERB
KLH. Analyzed the data: KLH DH. Contributed reagents/materials/analysis tools: ERB KB
KLH DH KD ML GM. Wrote the paper: ERB KB KLH DH KD ML GM RDB RS MSG.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Ross DE, Ochs AL, Seabaugh JM, Shrader CR, Alzheimer’s Disease Neuroimaging Initiative. (2013)
Man versus machine: comparison of radiologists’ interpretations and NeuroQuant volumetric analyses
of brain MRls in patients with traumatic brain injury. J Neuropsychiatry Clin Neurosci 25(1): 32—39. doi:
10.1176/appi.neuropsych.11120377 PMID: 23487191

Farid N, Girard HM, Kemmotsu N, Smith ME, Magda SW, Lim WY, et al. (2012) Temporal lobe epilepsy:
quantitative MR volumetry in detection of hippocampal atrophy. Radiology 264(2): 542-550. doi: 10.
1148/radiol. 12112638 PMID: 22723496

Petersen RC. (2003) Mild Cognitive Impairment: Aging to Alzheimer’s disease. Oxford: Oxford Univer-
sity Press.

Toth C. (2014) Diabetes and neurodegeneration in the brain. Hand Clin Neurol 126: 489-511.

Moller C, van der Flier WM, Versteeg A, Benedictus MR, Wattjes MP, Koedam EL, et al. (2014) Quanti-
tative regional validation of the visual rating scale for posterior cortical atrophy. Eur Radiol 24(2): 397—
404. doi: 10.1007/s00330-013-3025-5 PMID: 24092044

de Jong LW, van der Hiele K, Veer IM, Houwing JJ, Westendorp RG, Bollen EL, et al. (2008) Strongly
reduced volumes of putamen and thalamus in Alzheimer’s disease: an MRI study. Brain 131(Pt 12):
3277-3285. doi: 10.1093/brain/awn278 PMID: 19022861

Del'Guidice T, Lemay F, Lemasson M, Levasseur-Moreau J, Manta S, Etievant A, et al. (2014) Stimula-
tion of 5-HT2C receptors improves cognitive deficits induced by human tryptophan hydroxylase 2 loss
of function mutation. Neuropsychopharmacology 39(5): 1125—-1134. doi: 10.1038/npp.2013.313 PMID:
24196946

Vallender EJ, Lynch L, Novak MA, Miller GM. (2009) Polymorphisms in the 3' UTR of the serotonin
transporter are associated with cognitive flexibility in rhesus macaques. Am J Med Genet B Neuropsy-
chiatr Genet 150B(4): 467—475. doi: 10.1002/ajmg.b.30835 PMID: 18655075

Aarts E, Roelofs A, Franke B, Rijpkema M, Fernandez G, Helmich RC, et al. (2010). Striatal dopamine
mediates the interface between motivational and cognitive control in humans: evidence from genetic
imaging. Neuropsychopharmacology 35(9): 1943—1951. doi: 10.1038/npp.2010.68 PMID: 20463658

Richter A, Richter S, Barman A, Soch J, Klein M, Assmann A, et al. (2013) Motivational salience and
genetic variability of dopamine D2 receptor expression interact in the modulation of interference pro-
cessing. Front Hum Neurosci 7: 250. doi: 10.3389/fnhum.2013.00250 PMID: 23760450

Tiedt HO, Lueschow A, Winter P, Muller U. (2013) Previously not recognized deletion in presenilin-1 (p.
Leu174del.) in a patient with early-onset familial Alzheimer's disease. Neurosci Lett 544: 115-118. doi:
10.1016/j.neulet.2013.03.056 PMID: 23583593

Dube JB, Johansen CT, Robinson JF, Lindsay J, Hachinski V, Hegele RA. (2013) Genetic determinants
of "cognitive impairment, no dementia”. Alzheimers Dis 33(3): 831-840.

Di Maria E, Cammarata S, Parodi MI, Borghi R, Benussi L, Galli M, et al. (2010) The H1 haplotype of
the tau gene (MAPT) is associated with mild cognitive impairment. Alzheimers Dis 19(3): 909-14.

Lindenberger U, Nagel IE, Chicherio C, Li SC, Heekeren HR, Backman L. (2008) Age-related decline in
brain resources modulates genetic effects on cognitive functioning. Front Neurosci 2(2): 234—244. doi:
10.3389/neuro.01.039.2008 PMID: 19225597

Helbecque N, Codron V, Cottel D, Amouyel P. (2008) An apolipoprotein A-l gene promoter polymor-
phism associated with cognitive decline, but not with Alzheimer's disease. Dement Geriatr Cogn Disord
25(2): 97-102. PMID: 18073484

Croes EA, Dermaut B, Houwing-Duistermaat JJ, Van den Broeck M, Cruts M, Breteler MM, et al. (2003)
Early cognitive decline is associated with prion protein codon 129 polymorphism. Ann Neurol 54(2):
275-276. PMID: 12891686

Weaver IC. (2014) Integrating early life experience, gene expression, brain development, and emer-
gent phenotypes: unraveling the thread of nature via nurture. Adv Genet 86: 277-307. doi: 10.1016/
B978-0-12-800222-3.00011-5 PMID: 25172353

Rudenko A, Tsai LH. (2014) Epigenetic modifications in the nervous system and their impact upon cog-
nitive impairments. Neuropharmacology 80: 70—-82. doi: 10.1016/j.neuropharm.2014.01.043 PMID:
24495398

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 21/24


http://dx.doi.org/10.1176/appi.neuropsych.11120377
http://www.ncbi.nlm.nih.gov/pubmed/23487191
http://dx.doi.org/10.1148/radiol.12112638
http://dx.doi.org/10.1148/radiol.12112638
http://www.ncbi.nlm.nih.gov/pubmed/22723496
http://dx.doi.org/10.1007/s00330-013-3025-5
http://www.ncbi.nlm.nih.gov/pubmed/24092044
http://dx.doi.org/10.1093/brain/awn278
http://www.ncbi.nlm.nih.gov/pubmed/19022861
http://dx.doi.org/10.1038/npp.2013.313
http://www.ncbi.nlm.nih.gov/pubmed/24196946
http://dx.doi.org/10.1002/ajmg.b.30835
http://www.ncbi.nlm.nih.gov/pubmed/18655075
http://dx.doi.org/10.1038/npp.2010.68
http://www.ncbi.nlm.nih.gov/pubmed/20463658
http://dx.doi.org/10.3389/fnhum.2013.00250
http://www.ncbi.nlm.nih.gov/pubmed/23760450
http://dx.doi.org/10.1016/j.neulet.2013.03.056
http://www.ncbi.nlm.nih.gov/pubmed/23583593
http://dx.doi.org/10.3389/neuro.01.039.2008
http://www.ncbi.nlm.nih.gov/pubmed/19225597
http://www.ncbi.nlm.nih.gov/pubmed/18073484
http://www.ncbi.nlm.nih.gov/pubmed/12891686
http://dx.doi.org/10.1016/B978-0-12-800222-3.00011-5
http://dx.doi.org/10.1016/B978-0-12-800222-3.00011-5
http://www.ncbi.nlm.nih.gov/pubmed/25172353
http://dx.doi.org/10.1016/j.neuropharm.2014.01.043
http://www.ncbi.nlm.nih.gov/pubmed/24495398

@’PLOS ‘ ONE

Evoked Potentials & Cognitive Testing Validate Brain Atrophy by 3T MRI

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

lidaka T, Harada T, Sadato N. (2014) False memory for face in short-term memory and neural activity in
human amygdala. Brain Research 1591: 74—85. doi: 10.1016/j.brainres.2014.10.003 PMID: 25307137

Lopez-Oloriz J, Lopez-Cancio E, Arenillas JF, Hernandez M, Dorado L, Dacosta-Aguayo R, et al.
(2014) Diffusion tensor imaging, intracranial vascular resistance and cognition in middle-aged asymp-
tomatic subjects. Cerebrovasc Dis 38(1): 24—30. doi: 10.1159/000363620 PMID: 25196863

Castellazzi G, Palesi F, Casali S, Vitali P, Sinforiani E, Wheeler-Kingshott CA, et al. (2014) A compre-
hensive assessment of resting stat state networks: bidirectional modification of functional integrity in
cerebro-cerebellar networks in dementia. Front Neurosci 8: 223. doi: 10.3389/fnins.2014.00223 PMID:
25126054

ten Brinke LF, Bolandzadeh N, Nagamatsu LS, Hsu CL, Davis JC, Miran-Khan K, et al. Aerobic exer-
cises increases hippocampal volume in older women with probable mild cognitive impairment: a 6-
month randomized controlled trial. Br J Sports Med 49(4): 248—254. doi: 10.1136/bjsports-2013-
093184 PMID: 24711660

Derix J, Yang S, Lusebrink F, Fiederer LD, Schulze-Bonhage A, Aertsen A, et al. (2014) Visualization
of the amygdalo-hippocampal border and its structural variability by 7T and 3T magnetic resonance
imaging. Human Brain Mapp 35(9): 4316-4329.

Wollenweber FA, Buerger K, Mueller C, Ertl-Wagner B, Malik R, Dichgans M, et al. (2014) Prevalence
of cortical superficial siderosis in patients with cognitive impairment. J Neurol 261(2): 277-282. doi: 10.
1007/s00415-013-7181-y PMID: 24221645

Fortea J, Vilaplana E, Alcolea D, Carmona-Iragui M, Sanchez-Saudinos MB, Sala |, et al. (2014) Cere-
brospinal fluid B-amyloid and phosphor-tau biomarker interactions affecting brain structure in preclinical
Alzheimer disease. Ann Neurol 76(2): 223-230. doi: 10.1002/ana.24186 PMID: 24852682

Bozzali M, Giulietti G, Basile B, Serra L, Spano B, Perri R, et al. (2012) Damage to the cingulum contrib-
utes to Alzheimer’s disease pathophysiology by deafferentation mechanism. Hum Brain Mapp 33(6):
1295-1308. doi: 10.1002/hbm.21287 PMID: 21520352

Woodard JL, Seidenberg M, Nielson KA, Antuono P, Guidotti L, Durgerian S, et al. (2009) Semantic
memory activation in amnestic mild cognitive impairment. Brain 132(Pt 8): 2068—-2078. doi: 10.1093/
brain/awp157 PMID: 19515831

Ivanoiu A, Dricot L, Gilis N, Grandin C, Lhommel R, Quenon L, et al. (2014) Classification of non-
demented patients attending a memory clinic using the new diagnostic criteria for Alzheimer’s disease
with disease-related biomarkers. J Alzheimers Dis 43(3): 835-847.

Sauvage C, De Greef N, Manto M, Jissendi P, Nioche C, Habas C. (2014) Reorganization of large-
scale cognitive networks during automation of imagination of a complex sequential movement. J Neu-
roradiol pii: S0150-9861(14)00178-3.

Nadkarni NK, Nunley KA, Aizenstein H, Harris TB, Yaffe K, Satterfield S, et al. (2014) Association
between cerebellar gray matter volumes, gait speed, and information-processing ability in older adults
enrolled in the Health ABC study. J Gerontol A Biol Sci Med Sci 69(8): 996—1003. doi: 10.1093/gerona/
glt151 PMID: 24170673

Serra L, Perri R, Cercignani M, Spano B, Fadda L, Marra C, et al. (2010) Are the behavioral symptoms
of Alzheimer’s disease directly associated with neurodegeneration? J Alzheimers Dis 21(2): 627—-639.
doi: 10.3233/JAD-2010-100048 PMID: 20555138

De Jong LW, van der Hiele K, Veer IM, Houwing JJ, Westendorp RG, Bollen EL, et al. (2008) Strongly
reduced volumes of putamen and thalamus in Alzheimer’s disease: an MRI study. Brain 131(Pt 12):
3277-3285. doi: 10.1093/brain/awn278 PMID: 19022861

Cover KS, van Schijndel RA, Popescu V, van Dijk BW, Redolfi A, Knol DL, et al. (2014) The SIENA/
FSL whole brain atrophy algorithm is no more reproducible at 3T than 1.5T for Alzheimer’s disease.
Psychiatry Res 224(1): 14-21. doi: 10.1016/j.pscychresns.2014.07.002 PMID: 25089020

Axelrod BN. (2001) Administrations duration for the Wechsler Adult Intelligence Scale-lll and WMS-III.
Archives of Clinical Neuropsychology 16(3): 293-301. PMID: 14590179

Balota DA, Cortese MJ, Duchek JM, Adams D, Roediger HL, McDermott KB, et al. (1999) Veridical and
false memories in healthy older adults and in dementia of the Alzheimer’s type. Cognitive Neuropsy-
chology 16(3/4/5): 361-384.

Brooks BL, lverson GL, Holdnack JA, Feldman HH. (2008) Potential for misclassification of mild cogni-
tive impairment: a study of memory scores on the Wechsler Memory Scale-lll in healthy older adults. J
Int Neuropsychol Soc 14(3): 463—478. doi: 10.1017/S1355617708080521 PMID: 18419845

Suades-Gonzalez E, Jodar-Vicente M, Pérdrix-Solas D. (2009) Memory deficit in patients with subcorti-
cal vascular cognitive impairment versus Alzheimer-type dementia: the sensitivity of the 'word list' sub-
test on the WMS-III. Rev Neurol 49(12): 623—-629. PMID: 20013713

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 22/24


http://dx.doi.org/10.1016/j.brainres.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25307137
http://dx.doi.org/10.1159/000363620
http://www.ncbi.nlm.nih.gov/pubmed/25196863
http://dx.doi.org/10.3389/fnins.2014.00223
http://www.ncbi.nlm.nih.gov/pubmed/25126054
http://dx.doi.org/10.1136/bjsports-2013-093184
http://dx.doi.org/10.1136/bjsports-2013-093184
http://www.ncbi.nlm.nih.gov/pubmed/24711660
http://dx.doi.org/10.1007/s00415-013-7181-y
http://dx.doi.org/10.1007/s00415-013-7181-y
http://www.ncbi.nlm.nih.gov/pubmed/24221645
http://dx.doi.org/10.1002/ana.24186
http://www.ncbi.nlm.nih.gov/pubmed/24852682
http://dx.doi.org/10.1002/hbm.21287
http://www.ncbi.nlm.nih.gov/pubmed/21520352
http://dx.doi.org/10.1093/brain/awp157
http://dx.doi.org/10.1093/brain/awp157
http://www.ncbi.nlm.nih.gov/pubmed/19515831
http://dx.doi.org/10.1093/gerona/glt151
http://dx.doi.org/10.1093/gerona/glt151
http://www.ncbi.nlm.nih.gov/pubmed/24170673
http://dx.doi.org/10.3233/JAD-2010-100048
http://www.ncbi.nlm.nih.gov/pubmed/20555138
http://dx.doi.org/10.1093/brain/awn278
http://www.ncbi.nlm.nih.gov/pubmed/19022861
http://dx.doi.org/10.1016/j.pscychresns.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25089020
http://www.ncbi.nlm.nih.gov/pubmed/14590179
http://dx.doi.org/10.1017/S1355617708080521
http://www.ncbi.nlm.nih.gov/pubmed/18419845
http://www.ncbi.nlm.nih.gov/pubmed/20013713

@’PLOS ‘ ONE

Evoked Potentials & Cognitive Testing Validate Brain Atrophy by 3T MRI

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Seelye AM, Howieson DB, Wild KV, Moore MM, Kaye JA. (2009) WMS-IIl Faces test performance in
patients with mild cognitive impairment and mild Alzheimer's disease. J Clin Exp Neuropsychol 31(6):
682-8. doi: 10.1080/13803390802484763 PMID: 19037811

Nguyen VQ, Gillen DL, Dick MB. (2014) Memory for unfamiliar faces differentiates mild cognitive
impairment from normal aging. J Clin Exp Neuropsychol 36(6): 607—-620. doi: 10.1080/13803395.
2014.919992 PMID: 24848571

Braverman ER, Blum K. (2003). P300 (Latency) Event-Related Potential: An Accurate Predictor of
Memory Impairment. Clinical Electroencephalography 34(3): 124—139. PMID: 14521274

van Dinteren R, Arns M, Jongsma ML, Kessels RP. (2014) P300 development across the lifespan: a
systematic review and meta-analysis. PLoS ONE 9(2): e87347. doi: 10.1371/journal.pone.0087347
PMID: 24551055

Ozen LJ, Itier RJ, Preston FF, Fernandes MA. (2013) Long-term working memory deficits after concus-
sion: electrophysiological evidence. Brain Inj 27(11): 1244-1255. doi: 10.3109/02699052.2013.
804207 PMID: 23875864

Olichney JM, Yang JC, Taylor J, Kutas M. (2011) Cognitive event-related potentials: biomarkers of syn-
aptic dysfunction across the stages of Alzheimer's disease. J Alzheimers Dis 26 Suppl 3: 215-228.
doi: 10.3233/JAD-2011-0047 PMID: 21971462

Talfournier J, Bitu J, Paquet C, Gobron C, Guillausseau PJ, Hugon J, et al. (2013) Relationship
between blood pressure, cognitive function and education level in elderly patients with diabetes: a pre-
liminary study. Diabetes Metab 39(5): 418—-423. doi: 10.1016/j.diabet.2013.02.008 PMID: 23643352

Gottesman RF, Schneider AL, Albert M, Alonso A, Bandeen-Roche K, Coker L, et al. (2014) Midlife
hypertension and 20-year cognitive change: the atherosclerosis risk in communities neurocognitive
study. JAMA Neurol 71(10): 1218-1227. doi: 10.1001/jamaneurol.2014.1646 PMID: 25090106

Nieves-Martinez E, Sonntag WE, Wilson A, Donahue A, Molina DP, Brunso-Bechtold J, et al. (2010)
Early-onset GH deficiency results in spatial memory impairment in mid-life and is prevented by GH sup-
plementation. J Endocrinol 204(1): 31-36. doi: 10.1677/JOE-09-0323 PMID: 19815586

Laker SR. (2011) Epidemiology of concussion and mild traumatic brain injury. PM R (10 Suppl 2):
S354-358. doi: 10.1016/j.pmrj.2011.07.017 PMID: 22035677

Sumelahti ML, Holmberg MH, Murtonen A, Huhtala H, Elovaara | (2014) Increasing Incidence in
Relapsing-Remitting MS and High Rates among Young Women in Finland: A Thirty-Year Follow-Up.
Mult Scler Int 2014: 186950. doi: 10.1155/2014/186950 PMID: 25431672

Li W, van Tol MJ, Li M, Miao W, Jiao Y, Heinze HJ, et al. (2014) Regional specificity of sex effects on
subcortical volumes across the lifespan in healthy aging. 35(1): 238—47.

Cowell P, Turetsky B, Gur R, Grossman R, Shtasel D, Gur R. (1994) Sex differences in aging of the
human frontal and temporal lobes. Journal of Neuroscience 14:4748-4755. PMID: 8046448

Nieuwenhuys R, Voogd J, Huijzen C. (2008) Hypothalamus. In: Nieuwenhuys R, Voogd J, Huijzen C,
editors. The Human Central Nervous System. Berlin: Springer. pp. 314-320.

Sowell E, Peterson B, Kan E, Woods R, Yoshii J, Bansal R, et al. (2007) Sex differences in cortical
thickness mapped in 176 healthy individuals between 7 and 87 years of age. Cerebral Cortex 17(7):
1550-1560. PMID: 16945978

Herholz K, Schopphoff H, Schmidt M, Mielke R, Eschner W, Scheidhauer K, et al. (2002) Direct com-
parison of spatially normalized PET and SPECT scans in Alzheimer’s disease. J Nucl Med 43(1): 21—
26. PMID: 11801698

Smith CD, Pettigrew LC, Avison MJ, Kirsch JE, Tinkhtman AJ, Schmitt FA, et al. (1995) Frontal lobe
phosphorus metabolism and neuropsychological function in aging and in Alzheimer’s disease. Ann
Neurol 38 (2): 194—-201. PMID: 7654066

Miki Y, Sakamoto S. (2013) Age-related white matter lesions (leukoaraiosis): an update. Brain Nerve
65(7): 789-99. PMID: 23832982

Kemmotsu N, Girard HM, Kucukboyaci NE, McEvoy LK, Hagler DJ Jr, Dale AM, et al. (2012) Age-
related changes in the neurophysiology of language in adults: relationship to regional cortical thinning
and white matter microstructure. J Neurosci 32(35): 12204—12213. doi: 10.1523/JNEUROSCI.0136-
12.2012 PMID: 22933802

Hurtz S, Woo E, Kebets V, Green AE, Zoumalan C, Wang B, et al. (2014) Age effects on cortical thick-
ness in cognitively normal elderly individuals. Dement Geriatr Cogn Dis Extra 4(2): 221-227. doi: 10.
1159/000362872 PMID: 25177330

Erten-Lyons D, Woltjer R, Kaye J, Mattek N, Dodge HH, Green S, et al. (2013) Neuropathologic basis
of white matter hyperintensity accumulation with advanced age. Neurology 81(11): 977—-983. doi: 10.
1212/WNL.0b013e3182a43e45 PMID: 23935177

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 23/24


http://dx.doi.org/10.1080/13803390802484763
http://www.ncbi.nlm.nih.gov/pubmed/19037811
http://dx.doi.org/10.1080/13803395.2014.919992
http://dx.doi.org/10.1080/13803395.2014.919992
http://www.ncbi.nlm.nih.gov/pubmed/24848571
http://www.ncbi.nlm.nih.gov/pubmed/14521274
http://dx.doi.org/10.1371/journal.pone.0087347
http://www.ncbi.nlm.nih.gov/pubmed/24551055
http://dx.doi.org/10.3109/02699052.2013.804207
http://dx.doi.org/10.3109/02699052.2013.804207
http://www.ncbi.nlm.nih.gov/pubmed/23875864
http://dx.doi.org/10.3233/JAD-2011-0047
http://www.ncbi.nlm.nih.gov/pubmed/21971462
http://dx.doi.org/10.1016/j.diabet.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23643352
http://dx.doi.org/10.1001/jamaneurol.2014.1646
http://www.ncbi.nlm.nih.gov/pubmed/25090106
http://dx.doi.org/10.1677/JOE-09-0323
http://www.ncbi.nlm.nih.gov/pubmed/19815586
http://dx.doi.org/10.1016/j.pmrj.2011.07.017
http://www.ncbi.nlm.nih.gov/pubmed/22035677
http://dx.doi.org/10.1155/2014/186950
http://www.ncbi.nlm.nih.gov/pubmed/25431672
http://www.ncbi.nlm.nih.gov/pubmed/8046448
http://www.ncbi.nlm.nih.gov/pubmed/16945978
http://www.ncbi.nlm.nih.gov/pubmed/11801698
http://www.ncbi.nlm.nih.gov/pubmed/7654066
http://www.ncbi.nlm.nih.gov/pubmed/23832982
http://dx.doi.org/10.1523/JNEUROSCI.0136-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0136-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22933802
http://dx.doi.org/10.1159/000362872
http://dx.doi.org/10.1159/000362872
http://www.ncbi.nlm.nih.gov/pubmed/25177330
http://dx.doi.org/10.1212/WNL.0b013e3182a43e45
http://dx.doi.org/10.1212/WNL.0b013e3182a43e45
http://www.ncbi.nlm.nih.gov/pubmed/23935177

@’PLOS ‘ ONE

Evoked Potentials & Cognitive Testing Validate Brain Atrophy by 3T MRI

59.

60.

61.

62.

63.

64.

Pettit LD, Bastin ME, Smith C, Bak TH, Gillingwater TH, Abrahams S. (2013) Executive deficits, not pro-
cessing speed relates to abnormalities in distinct prefrontal tracts in amyotrophic lateral sclerosis. Brain
136(Pt 11): 3290-3304. doi: 10.1093/brain/awt243 PMID: 24056536

Szamosi A, Levy-Gigi E, Kelemen O, Kéri S. (2013) The hippocampus plays a role in the recognition of
visual scenes presented at behaviorally relevant points in time: evidence from amnestic mild cognitive
impairment (aMCl) and healthy controls. Cortex 49(7): 1892—-1900. doi: 10.1016/j.cortex.2012.11.001

PMID: 23266013

Doxey CR, Kirwan CB. (2014) Structural and functional correlates of behavioral pattern separation in
the hippocampus and medial temporal lobe. Hippocampus 25(4): 524-533, doi: 10.1002/hipo.22389
PMID: 25394655

van der Vlies AE, Staekenborg SS, Admiraal-Behloul F, Prins ND, Barkhof F, Vrenken H, et al. (2013)
Associations between magnetic resonance imaging measures and neuropsychological impairment in
early and late onset alzheimer's disease. J Alzheimers Dis 35(1): 169—178. doi: 10.3233/JAD-121291
PMID: 23364136

Braverman ER, Blum K, Damle UJ, Kerner M, Dushaj K, Oscar-Berman M. (2013) Evoked potentials
and neuropsychological tests validate Positron Emission Topography (PET) brain metabolism in cogni-
tively impaired patients. PLoS ONE 8(3): €565398. doi: 10.1371/journal.pone.0055398 PMID:
23526928

Onofrj M, Fulgente T, Thomas A, Locatelli T, Comi G. (1995) P300 asymmetries in focal brain lestions
are reference dependent. Electroencephalogr Clin Neurophysiol 94(6): 432—439. PMID: 7607097

PLOS ONE | DOI:10.1371/journal.pone.0133609 August 5, 2015 24 /24


http://dx.doi.org/10.1093/brain/awt243
http://www.ncbi.nlm.nih.gov/pubmed/24056536
http://dx.doi.org/10.1016/j.cortex.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23266013
http://dx.doi.org/10.1002/hipo.22389
http://www.ncbi.nlm.nih.gov/pubmed/25394655
http://dx.doi.org/10.3233/JAD-121291
http://www.ncbi.nlm.nih.gov/pubmed/23364136
http://dx.doi.org/10.1371/journal.pone.0055398
http://www.ncbi.nlm.nih.gov/pubmed/23526928
http://www.ncbi.nlm.nih.gov/pubmed/7607097

