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Abstract

Inferences of subtle cerebral injury and dysfunction have been historically dependent upon psy-
chometric tests from which clinical neuropsychological profiles are generated. In addition to being
secondary, over-inclusive and crude indicators of cerebral activity, psychometric tests are subject
to economic incentives to “re-norm” traditional methods under the pretense of “ensuring” contem-
porary representations that are sanctioned by regulating organizations dominated by agendas of
control over the interpretations of clinicians. The validity of neuropsychological tests is essential
for their perspicacious application and interpretations. We measured the quantitative electroen-
cephalographic profiles and calculated s-LORETA (standardized Low Resolution Electromagnetic
Tomography) profiles in real time for normal men and women while they engaged in both tradi-
tional and novel neuropsychological tests that were employed to infer localized brain injury. Con-
spicuous alterations in source current density within specific frequency bands occurred within
various regions of the right prefrontal region during performance of the Category, Design Fluency
and Conditioned Spatial Association Test, the prefrontal medial surface during Toe Graphaesthe-
sia, the caudal medial surface during Toe Gnosis, the left temporal region during Speech-Sounds,
and within the right retrosplenial-parahippocampal region for Seashore Rhythms. Results sup-
ported the well established regional associations with the classic neuropsychological tests, veri-
fied the cerebral localization with more recent procedures, and emphasized the utility of mod-
ern real-time, direct cerebral imaging procedures.
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1. Introduction

The performance-based procedures (“tests”’) by which clinical neuropsychologists have inferred the integrity of
neuronal function within regions of the human cerebrum have progressed through several stages of construct-
validity. During the late 19" century and early 20" century the associations between behaviours and conspicuous
structural alterations within the cerebrum were confounded often by the delays of years to decades between the
observation and the post-mortem examination. The development of CT (Computerized Tomography) and MRI
(Magnetic Resonance Imaging) permitted more temporally contiguous comparisons between quantitative mea-
surements of specific behaviours and more detailed alterations of signal organization within the cerebral volume.
However, these measurements were indicators of structural correlates rather than direct functional or dynamic
contributions. Concurrent measurements of the specific class of behaviors and the activity within correlative re-
gions within the cerebrum required the development of the functional tools of imaging such as fMRI, PET (Po-
sitron Emission Tomography) and SPECT (Single Photon Emission Computed Tomography). Although remarka-
bly precise in their differentiation of the location of cerebral activity, reflecting perfusion or a highly correlated
metabolic product of neuronal and glial activity during specific tasks, the equipment is largely static, cumber-
some and expensive [1].

The development of neuroimaging tools has afforded researchers the opportunity to validate neuropsycholog-
ical tests that are used to infer cerebral functioning. However, few studies have been conducted and even fewer
studies employ the use of electroencephalography. Zakzanis et al. [2] attempted to validate the classic trail making
test using fMRI. Results from this study indicated that even after modifications were made to the testing proce-
dure there was significant activation in the left frontal regions including the dorsolateral prefrontal cortex and
regions involved with motor control. In addition to the trail making tests, common neuropsychological tests that
have been studied in this manner include the Stroop test [3] [4], the toe Graphaesthesia test [5], and the Califor-
nia verbal learning test [6].

The convergence of quantitative electroencephalographic technology with algorithms employed to infer activ-
ity within the cerebral volume has allowed a more versatile and dynamic paradigm by which the power within
the patient’s cerebral activity over incremental bands of classical EEG ranges can be imaged within compute-
rized representations of the three axes of the human cerebrum. One of these procedures, s-LORETA (standar-
dized Low Resolution Electromagnetic Tomography), has demonstrated substantial utility within experimental
and clinical settings for monitoring the fluidity of changing behaviours within specific contexts [7] [8]. Al-
though the spatial resolution for the simplest of configurations is in the order of 5 mm, the access to measure-
ments of current densities or inferences of “power” across a range of discrete 1 Hz frequency bands is still re-
vealing and is strongly correlated with the task-specific regions measured by fMRI [9] [10] and PET [11]-[13].
Here we present compelling evidence that s-LORETA profiles of normal volunteers engaged in different classic
and novel neuropsychological, performance-based procedures support the construct validity of these tests and
reveal a realistic perspective of the volume and variations involved with task execution.

2. Methods
2.1. Subjects

A total of 10 men and women volunteered for this study according to the guidelines of the university’s Research
Ethics Board for Human Subject Participation. The Category Test, Seashore Rhythm Test, Speech-Sounds Per-
ception Test, Conditioned Spatial Association Test, and Design Fluency Test were completed by 3 men and 2
women whose mean age was 24.6 years (SD = 1.8). The final two tests, Toe Gnosis and Toe Graphaesthesia
tests, were performed by five additional participants (3 men and 2 women) whose mean age was 26.0 years (SD =
2.5). All ten individuals were attending university and did not display neuropsychological evidence of hypo-
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function or deficits.

2.2. Neuropsychological Tests

Seven neuropsychological tests, frequently employed for clinical assessments, were selected. There were three
classic tests from the Halstead-Reitan Battery: Category Test, Seashore Rhythm Test, and Speech-Sounds Per-
ception Test, and, four more recent tests: Conditioned Spatial Association, Design Fluency, Toe Gnosis, and Toe
Graphaesthesia. According to traditional interpretations the accuracy or speed, compared to normative data, by
which a subject completes each test reflects the integrity of function within the right prefrontal (dorsal convexity)
region for the Category Test [14] [15] the right superior temporal cortices for the Seashore Rhythm Tests [16],
the left superior temporal cortices for the Speech Sounds Test [17] [18], the right orbital frontal region for the
Conditioned Spatial Association Test and the right more rostral prefrontal region for the Design Fluency Test
[19]. Toe Gnosis was more associated with activity within the medial (paracentral) lobule of the parietal lobe
while activity within the medial rostral prefrontal region has been shown by SPECT to be activated during Toe
Graphaesthesia stimulation [5].

Our rationale for selecting three tests that traditionally involve the right prefrontal region was to discern the
spatial or frequency-dependent differential capacity of s-LORETA within the same gross volume. We reasoned
it could be possible for tasks involving the same cerebral region to be dominated by different frequency bands of
power as discerned from the QEEG. The two temporal lobe tasks would be considered gross reference measures
to reflect the construct validity as well as the face validity of both the “left” (Speech Sounds) and “right” (Sea-
shore Rhythm) bias for these tests.

The Category Test involves the subject selecting from four options of various patterns that reflect a spatial
configuration concept [20] while the Design Fluency is a time-dependent task that requires the subject to gener-
ate as many different four component combinations of novel patterns using two basic shapes [19]. Conditioned
Spatial Association requires the subject to learn which blue light of six identical and proximally clustered blue
lights is associated with a specific number from 1 to 6 when one of those lights is activated [21]. The learning is
by trial and error. The Speech Sounds Test requires the subject to pair a phoneme with the accurate printed gra-
pheme contained within four different options [22] while the Seashore Rhythm task tests the capacity for the
subject to discern if two sequences of tones are the same or different [23].

Historically there has been a relative paucity of tests, except for those by which corpus callosal functions are
inferred, concerning the integrity of the medial surface of the cerebral hemispheres. Yet the rostral region of this
area is serviced primarily by an arterial system, the Anterior Cerebral Artery, which is particularly prone to the
torsional effects from the asymmetrical impact of mechanical energies to the two hemispheres. This is particu-
larly relevant considering that about 20% of the population displays only a single ACA from which the compo-
nent to the contralateral hemisphere is derived.

Toe Gnosis, like Finger Gnosis, involves identification of which toe on each foot is touched (dorsal surface)
lightly with a stylus without the benefit of visual feedback [24]. The order of the toe stimulation employs the
same order that is applied to fingers. Each toe is stimulated five times. Toe Graphaesthesia, like Finger Gra-
phaesthesia, involves printing with a stylus either the number 3, 4, 5, or 6 on the ventral surface of each toe.
Each toe is stimulated five times. The normative information has been published for children [24] [25] and
adults [26].

2.3. Data Collection and EEG Recording

While the participants were engaging in the specific neuropsychological tasks brain activity was measured con-
currently by a Mitsar-201 portable QEEG system that was connected to a 19-channel electrode cap (Electrode-
Cap International) that contained the 10 - 20 Standard Electrode Placement. Electrode sites included Fpl, Fp2,
F7, F3, Fz, F4, F§, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and O2 that were linked to the ears (Al and A2)
for monopolar recordings. Impedance of all channels was less than 10 kOhm. Data were acquired using WinE-
EG v2.84.44 software with a sampling rate of 250 Hz. A 50 Hz to 70 Hz notch filter was used in the WinEEG
software for all subjects in order to filter high frequency noise during recording. The EEG record was inspected
for movement artifacts; the principal component analyses (PCA) method of artifact correction within WinEEG

software was employed where appropriate.
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2.4. Source Localization (SLORETA)

Source localization analyses were completed by standardized low-resolution electromagnetic tomography (s-
LORETA) according to Pascual-Marqui and colleagues [7] [8] on 10 samples of EEG recorded from the 19
channels during periods when the individuals were participating in the neuropsychological tests. The time each
test was presented (and engaged) was recorded on the EEG record and employed as an aid for determining
where the appropriate segments were extracted. Eyes open and eyes closed baseline data were also collected.

These epochs were divided into 2 s segments that did not overlap for the purposes of analyses. Cross-spectral
analyses were completed on all epochs. Independent t-tests without normalization were utilized within s-
LORETA to discern source localization throughout the telencephalon for each of the software’s defined fre-
quency bands which included delta (1.5 - 4 Hz), theta (4 - 7.5 Hz), alpha-1 (7.5 to 10 Hz), alpha-2 (10 - 13 Hz),
beta-1 (13 - 20 Hz), beta-2 (20 - 25 Hz), beta-3 (25 - 30 Hz) and gamma (30 to 40 Hz).

3. Results

When compared to baseline measurements for each individual before the standardized neuropsychological tests
were initiated the changes within the software-inferred cerebral space were consistent with the traditional inter-
pretations of test functions as well as the inferences of where any damage or hypofunction might be when stan-
dardized tests scores were below normal. The specific patterns of change were extraordinarily similar for all
participants. For the sake of brevity and clarity only exemplary profiles for each test are shown. Within the fig-
ures yellow indicates marked increase in activation while red indicates less increase in activation for the indi-
cated frequency band. For this procedure blue, which was rarely produced during these tasks, indicates dimi-
nished activity. Table 1 shows the primary frequency band in which power was increased during the tasks as
well as the Brodmann (BA) area and the centroid for the Montreal Neurological Institute coordinates.

Figure 1 shows the increased activation during the subjects’ execution of the Conditioned Spatial Association
Test. According to software-indicators, the marked increased gamma frequency power (t = 3.49, p < 0.05) was
localized within the right middle prefrontal gyrus (BA 10). The profiles indicate that the area of marked activa-
tion (yellow) occurred within the right prefrontal region, particularly within the orbital area. During the Design
Fluency Test (Figure 2) individuals displayed increased activation and power within the alpha-2 band within the
right frontal gyrus (BA 11) in comparison to baseline (t = 4.24, p < 0.01).

Figure 3 is an example of the profile while subjects solved the problems in the Category Test. The markedly
increased activation in power (t = 6.99, p < 0.01) within the alpha-1 band occurred within BA-10 (11) according
to the software. However the sagittal profile indicates a much larger region of the prefrontal cortices was in-
volved with this procedure compared to the Design Fluency and Conditioned Spatial Association tasks. Within
the various five subtests of the Category Test, there was a common pattern of secondary increased activation and
power within beta range that was most prominent in the left inferior parietal lobe, particularly within the area of
the supramarginal gyrus (BA 40). The intricate nature of the functional parietal-prefrontal connections is a well

Table 1. Summary of significant findings for each neuropsychological test, spectral band, cortical regions, and Montreal
Neurological Institute (MNI) co-ordinates.

Test Frequency Region X Y V4

Conditioned Spatial Association Gamma BAI10 35 40 25
Design Fluency Alpha-2 BA 11 20 60 15

Speech Sounds Theta BA 39 —40 =55 25
Category Test Alpha-1 BA 10 5 45 -25
Seashore Rhythm Test Beta-1 BA 30 10 =50 0
Alpha-1 BA 31 -10 -25 40

Right Toe Gnosis

Alpha-1 BA7 -10 —54 45

Delta BA9 -10 35 22

Right Toe Graphaesthesia
Gamma BA 9 -10 40 25




P. L. Corradini, M. A. Persinger

(Y) SLORETA
v h oA
b5 | A P L R
| (Z) | (2)
0 b+ s
| ¢ ,
-5 o o
- F
_10 * k-5 k-5
‘ -
-5 0  +5cm (X) (Y) +5 0 -5 -10 cm +5om (X)

Figure 1. Increased activation compared to baseline recordings during the Conditioned Spatial Association Task
in the right middle frontal gyrus (BA 10) in the gamma frequency band.
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Figure 2. Increased activation compared to baseline recordings during the Design Fluency Test in the right supe-
rior frontal gyrus (BA 11) in the alpha-2 frequency band.
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Figure 3. Increased activation compared to baseline recordings during the Category Test in the right orbital gyrus
(BA 11) in the alpha-1 frequency band.

known source for the confounding differential for diagnosis of locations in cases of acquired brain injury.

Tasks requiring integration of auditory and cognitive processing were associated with specific changes in ac-
tivity within regions traditionally associated with these functions. Figure 4 shows the predicted increased activ-
ity compared to baseline (t = 4.24, p < 0.01) within the left temporal lobes during the Speech Sounds Test. Inte-
restingly the increased activity and power was within the theta band within the left superior temporal and adja-
cent area 39. The generalized activation of the visual cortical area and parietal regions was also noted. A com-
ponent of this procedure is to visually match the appropriate printed grapheme in a given row of graphemes with

()
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the phoneme. This low-level generalized activity within the visual cortices was noted for all tests.

Figure 5 shows the profile for the Seashore Rhythm Test. Compared to baseline the significant increase in
power (t = 6.81, p < 0.01) within the beta-1 band was primarily within the right hemisphere but not in the tem-
poral cortices which has been typically considered a “weak hypothesis” for inference. Instead source localization
indicated it was within the region of the retrosplenial and parahippocampal region. The general area of activa-
tion was the smallest of all of the tasks and was associated with the least specificity of tasks according to tradi-
tional interpretations.

Figure 6 shows the profile obtained for toe gnosis. As predicted, the greatest change in activity occurred
along the caudal medial surface. There were significant differences (t = 9.68, p < 0.001) found in the left post-
erior cingulate (BA 31) and left precuneus (parietal lobe: BA 7) region (t = 7.87, p < 0.001) during the right Toe
Gnosis Task for the low-alpha frequency band. The MNI coordinates were: left cingulate: X = —10, Y = —25,
Z = 40; left precuneus: X =—10, Y = =54, Z = 45. For the Toe Graphaesthesia Task (Figure 7) the statistically
significant differences were found in the /eff medial frontal gyrus (BA 9) during the right toe stimulation for
both the delta (t = 4.66, p < 0.001) and gamma (t = 4.41, p < 0.001) frequency bands.

4. Discussion

The results of direct and real-time measurements of brain activity and source localization for seven different
neuropsychology tests that are often employed to discern or infer acquired brain injury support the traditional
interpretation of the functions and the integrity of brain regions these tests are assumed to represent [27]. The
three tasks that have been inferred to be involved with right prefrontal function, as reflected in patients with
CT-verified, MRI-verified or strongly suspected injury in this region, are associated with conspicuous increases
relative to baseline of power within frequency bands (alpha to gamma) associated with information processing,
organization and concept formation.
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Figure 4. Increased activation compared to baseline recordings during the Speech Sound Test in the left supe-
rior temporal gyrus (BA 39) in the theta frequency band.
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Figure 5. Increased power within the beta 1 range localized primarily within the right Brodman area 30 re-
gion (retrosplenial, parahippocampal region) during the Seashore Rhythm Test.
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Figure 6. Increased activation compared to baseline recordings during the right Toe Gnosis Test in the left post-
erior cingulate gyrus (BA 31) adjacent to paracentral medial surface and left precuneus (BA 7) in the alpha-1 fre-

quency band.
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Figure 7. Increased activation compared to baseline recordings during the right Toe Graphaesthesia Test in the
left medial frontal gyrus (BA 9) in the gamma frequency band.

The Category Test has often been considered an excellent indicator of diffuse injury within the right prefron-
tal region [ 14] [15]. The s-LORETA profiles confirmed the greater involvement of this area during the execution
of the task. The area activated most significantly was larger than the areas involved with the other two prefrontal
tasks. The Conditioned Spatial Association Task showed discrete activation in the right prefrontal region while
the Design Fluency Test, which required recognizing patterns of shapes and placing them over the surface of a
paper, also involved the parietal region.

On the other hand, the task (Speech Sounds) that has been attributed to left superior temporal lobe functions
[17] [22] is associated with activation in this and immediately adjacent areas. From our experiences, the in-
creased power within theta bands for the Speech Sounds Task is consistent with the over-learned nature asso-
ciated with this process, even though the manner in which the detailed stimuli (the graphemes and phonemes)
are presented may have been partially novel.

The absence of enhanced activity within the right temporal region while normal subjects listen to the Seashore
Rhythm Task is consistent with the observation that this procedure, of all of the other tasks, is most vulnerable
to distraction [28]. In fact in traditional clinical neuropsychology practice, the attribution of abnormal scores for
this task to damage or dysfunction within the right temporal lobe is considered a “weak” hypothesis. Conse-
quently, relatively large lesions in the right temporal lobe, such as those often involved with the population re-
cruited for the validation of this test in the original Halstead series, would be required before the adverse effect
influenced the region we measured [29]. Such lesions are likely to involve the parahippocampal region which
has ubiquitous connections not only to the temporal lobe but also throughout the cortical manifold.

The simultaneous activation or diminishment of other areas not typically associated with the task might reveal
compensatory responses within the cerebrum or even the idiosyncratic organization of functional responses.

()
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Changes in “power” or source current density within different frequency bands particularly within increments of
1 Hz could be potentially important for estimating the degree to which the area, activated by specific tasks, was
displaying characteristics of novelty or acquired profiles. All of these possibilities would be expected to increase
the accuracies of inference and consequently facilitate the application of more appropriate interventions.

We suggest that measuring during active engagement of tasks could reduce the inferential errors that accom-
panied strictly behavioural or psychometric tasks. When the clinician is dependent completely upon standar-
dized scores and current norms for over-inclusive performances rather than direct measurements of cerebral
functions, the superficiality of the tests can obscure the complexity of cerebral dynamics. In many cases the
standardized scores are not applicable and have led some clinicians to “not trust the numbers” but rather their
“clinical experience” which can be influenced by people who employs them, political agendas by regulating or-
ganizations, and theoretical fads. The employment of s-LORETA measurements would require the Clinical
Neuroscientist and the Quantitative Medical Practitioner to understand much more about the detailed neuroa-
natomy, dynamic correlates, electrophysiology, and physics of the human brain in order to increase the precision
of diagnostic accuracy and interpretations [30].
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